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Abstract

Limitation of global warming and a responsible utilization of available resources is
of paramount importance more than ever. Thus motivated, this thesis deals with the
development of new materials and innovative concepts for energy conversion appli-
cations, with the goal to store the surplus of regenerative energy either in form of
chemical bonds in hydrogen or directly in optimized electrochemical energy storage
devices.

Common concepts of water electrolysis, photoelectrochemical water-splitting and
electrochemical energy storage with differently produced nanostructures will be intro-
duced in Chapter 1. Additionally, as degradation mechanisms often take place on the
interface between different materials, atomic layer deposition (ALD) has been proven
to be an optimal method to functionalize or stabilize the surface of advanced materials.
Large part of presented projects in this thesis will be supported by ALD, due to its
unique property to deposit conformal films on porous and high surface area substrates
with a precise control over the film thickness. The basic principles of ALD and a short
overview of different material classes for energy conversion applications will also be
presented in Chapter 1.

Chapter 2 describes the basic principles of characterization methods used in this
thesis. Instrumental means of obtaining crystallographic, optical, compositional, mor-
phological and electrochemical information are discussed.

In the first part of this thesis (Chapter 3, 4, 5 and 6), we will deal with different
techniques for hydrogen production based on water splitting. In Chapter 3 we develop
a novel way for the preparation of a water oxidation catalysts for proton exchange
membrane (PEM) electrolysis. In multiple deposition steps we create a highly nanos-
tructured, conductive and oxidation-stable electrode with a low noble metal loading.
Using carbon soot as immobilized, nanostructured template, a niobium-doped titania
coating is consecutively applied via ALD. After a heating step, the conductive and
corrosion-stable support is loaded with an approximately 1 nm thick coating of crys-
talline IrO,, again by ALD. The resulting electrodes show a high activity towards the
oxygen evolution reaction in acidic media despite their ultra low noble metal loading.
At the end, different ways for the implementation in a PEM electrolyzer are suggested.

Chapter 4 presents a literature overview of current developments in the field of car-
bon based oxygen evolution catalysts. These are of great interest due to their huge
structural and compositional variety and unrestricted abundance. The first section in-
troduces the concept and mechanism of oxygen evolution catalysis for carbon based
materials, highlighting the necessity for modifications of "pure" carbon allotropes. Dif-
ferent concepts for enhancement of stability and activity are elucidated in the following
sections, ranging from unintentionally doped carbon over heteroatom-doped carbon
compounds and carbon/transition metal compounds to metal oxide composites with
carbon being mainly the conductive support. A special focus of this review is on or-
dered carbon framework structures (metal organic or covalent organic frameworks)
which are an emerging class of porous and crystalline materials. Here, certain physical
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properties can be envisioned via exchange of structural building blocks.

Chapter 5 and 6 are dedicated to photoelectrochemical water-splitting, either for the
oxygen or the hydrogen evolution reaction under light. Therefore, molybdenum-doped
bismuth vanadate is used as a photoanode (Chapter 5) and lithium-doped copper ox-
ide (Chapter 6) as photocathode. Both electrode materials suffer from corrosion under
working conditions, making a protection of the semiconductor necessary. In these
projects different metal oxide coatings have been applied via atomic layer deposition;
whereby in both cases an only 2.5 nm thick amorphous layer of niobium-doped tita-
nium oxide led to pin-hole free protection while allowing charge carrier transfer. By
means of an additionally applied catalyst, the desired gaseous products could be gener-
ated. Detailed studies on the electrochemical performance and corrosion mechanisms
are included.

The second part of the thesis deals with different components for electrochemical en-
ergy storage using lithium-ions. Chapter 7 describes the promising way of increasing
the energy density of batteries by decreasing the overall amount of electrochemically
inactive material with freestanding electrodes. Two different strategies are presented
to fabricate antimony doped tin oxide (ATO)-based hybrid materials and their usage
as anode without additional current collector. Freeze-cast ATO composites with re-
duced graphene oxide (rGO) demonstrate an impressive rate and cycling performance
at loading currents. Finally, a freestanding full cell is obtained by the combination with
a freestanding LiFey,MnggPOy4/1GO cathode.

Chapter 8 explores the stabilization effect of a lithium niobate (LNO) protection layer
on a lithium cobalt oxide cathode (LCO) in order to extend the cycle life time at higher
cut-off potentials. Unprotected LCO undergoes several phase transitions above a cer-
tain potential leading to surface degeneration and structure pulverization of the elec-
trode. Atomic layer deposited LNO with an optimized thickness prevents these nega-
tive effects, leading to optimized stability.

Last, but not least, in Chapter 9 we enlarge the family of imidazolate-containing co-
valent organic frameworks (COFs) for the use as lithium-ion solid state electrolyte. We
design two new COFs with increased pore size and density of lithium conduction moi-
eties in order to get more insight in conduction behavior and underlying mechanism.
Unfortunately, we were not able to confirm literature reports and propose possible rea-
sons for this. Therefore, this work highlights the importance of exact analysis of new
material classes before moving to applications.

In conclusion, this thesis shows the great potential of functional enhancements by
modification of interfaces either by protection or by functionalization. For this purpose,
atomic layer deposition is the method of choice for recent and upcoming challenges in
a variety of energy conversion applications.

vii
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1 Introduction

1.1 Responsible Handling of Resources

On 12 December 2015, 196 parties signed the Paris Agreement as a legally binding
international treaty on climate change in order to limit global warming to 1.5 °C in year
the 2050 compared to pre-industrial levels.!! The hope is to avoid irreversible tipping
points in this way, such as the melting of the permafrost or the weakening of the Gulf
Stream. With the adoption of the Kyoto Protocol in the year 1997,?! efforts have been
made to reduce greenhouse gas emissions, but with the new budgets based on the
limitation of the global temperature rise below 2 °C, if possible to 1.5 °C, a significant
tightening of the target is represented and a strong recalibration and acceleration of the

associated reductions and the planned measures is required.
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Scheme 1.1: Schematic presentation of direct and indirect electrification possibilities. Here,
electricity from renewable energy technologies such as solar energy, wind power,
hydroelectric power or biomass is either consumed directly or takes an indirect
conversion step to hydrogen. In a second step, this green hydrogen can then be
used to produce synthetic fuels or industrial raw materials.
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In the context of Germany, the current decision of the Bundesverfassungsgericht
(BVG) on the climate protection act is expected to have a significant influence on
politics.®] According to court ruling, it is essentially forbidden to shift responsibility
for combating climate change to the next generation, which, due to the lack of effec-




1 Introduction

tiveness of current measures has increasingly less room for maneuver and would have
to fear a significant threat to constitutionally guaranteed freedoms.

This judgement represents a turning point for the previous approach. It justifies the
need to implement measures with significant greenhouse gas reduction potential more
quickly and more comprehensively than previously planned, for the benefit of future
generations. The judgement is ultimately based on the fact that emission saved today is
more valuable than one saved tomorrow; this will expand the future room for maneu-
ver. In order to achieve Germany’s climate protection goals, it needs technologies and
products that replace fossil fuels previously used in the areas of industry, transport,
electricity and heating.

Especially in the end-use sectors of buildings, transport and industry, a systematic
changeover in energy sources by direct and indirect electrification must take place by
2030 in order to adapt the course to climate neutrality in 2045.141 Notably, the decar-
bonization of electricity supply can be achieved much faster than that of the non-
electrical energy supply.¥! The way to renewable energies via direct electrification is
characterized by a particularly high conversion efficiency and in addition, many elec-
trifying technologies are already available and are steadily gaining market share (e.g.,
battery electric vehicles and heat pumps). However, improvements of technologies in
the battery sector are desired in order to compete with long-term existing fossil-fuel ve-
hicles. Besides minimizing costs, the focus lies on abundant, stable and safe materials
for the use in the transport sector.

In addition to direct electrification, indirect electrification of energy supply via re-
newable hydrogen and e-fuels plays an important role. The use of renewables via
hydrogen and e-fuels is particularly relevant for the production of primary steel, ma-
terials used in chemical industry and end uses that are difficult to electrify, such as
high-temperature processes or air traffic. In addition, the flexible generation of hy-
drogen can make a significant contribution to the integration of fluctuating renewable
electricity surplus. However, in comparison to the direct electrification, indirect elec-
trification with hydrogen and e-fuels is still in its infancy. A core challenge is the lack
of competitiveness. This is partly due to high efficiency losses and high costs that
arise along the comparatively long conversion chains and are associated with a signif-
icantly increased demand for electricity. A striking example of this is the traffic sector,
where the electricity requirement per driven kilometer is around five times higher for
e-fuels than for battery-electric vehicles.>) The main advantage of hydrogen and e-fuels
is that in some applications they can go beyond the limits of electrification, for example
for ammonia production, primary steel production, basic chemicals as well as air and

shipping traffic. According to the FORECAST sector model, the industrial sector in




1.2 Scope of this Thesis

Germany will need around 40 TWh of hydrogen in 2030.14l

In order to be able to meet Germany’s demand for green hydrogen, in 2020 the
government adopted and published the national hydrogen strategy where the cost-
efficient production, infrastructure implementation and upscaling of hydrogen plants
for the future are funded.l®l Research and development of materials for the direct and
especially for the indirect electrification is of key importance and will be described in
the following chapters.

1.2 Scope of this Thesis

In the field of energy conversion applications ranging from (photo)electrocatalysis to
batteries, the interface between different phases plays a crucial role for the efficiency
and stability. The change of surface area by nanostructuring or the modification of
the surface by ultrathin films offers the possibility to overcome problems and limita-
tions of energy conversion and energy storage devices. This thesis details progress
made in the fields of oxygen evolution catalysis, photoelectrochemical water-splitting
and lithium-ion batteries enabled by the utilization of thin and ultrathin conformal ox-
ide films prepared by atomic layer deposition (ALD), nanostructuring of metal oxides
and their combination. It further describes the theoretical background, working princi-
ples, challenges, practical aspects and state-of-the-art of ALD with special emphasis on
its applications towards oxygen evolution catalysis (OER), photoelectrochemical (PEC)
water-splitting and lithium-ion batteries (LIBs). In a later chapter, the progress in the
field of carbon-based catalysts for the oxygen evolution reaction will be summarized.
Additionally, special focus lies on the development of new materials for lithium-ion
batteries and the challenges for their successful design and characterization.
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1.3 Basics of Atomic Layer Deposition: an Overview

1.3.1 General Principle of ALD

Atomic layer deposition is a self-limiting growth technique for production of thin films
based on the alternating exposure of two gaseous precursors and their exclusive self-
saturating reactions with the surface of the pristine substrate and the growing film,
resulting in the sequential deposition of (sub)monolayers.”8l In the 1960s, first fun-
damental works on ALD, back then called "Molecular Layering", were carried out in
Russia by Aleskovskii and co-workers.1% Related developments were pursued in the
1970s by Suntola and his Finnish co-workers for the growth of luminescent ZnS and
Al,O, insulator films for electroluminescent flat-panel displays.!'"1?] They introduced
the name "atomic layer epitaxy" (ALE) for this kind of controlled growth. With the
decreasing device dimensions in microelectronics, the deposition of high-k oxides be-
came more and more attractive in the 1990s, leading to the investigation of the con-
trolled growth of several other material by ALD. It was around the year 2000, when
the term ALE was changed to ALD, as most of the ALD-grown materials were found
to be amorphous, without showing any epitaxial structure related to the underlying
substrates.[’3! Since then, a wide range of different ALD processes for oxides, nitrides,

chalcogenides and metals have been developed.!®'4!
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Figure 1.1: Basic principle of ALD, illustrated by the process for deposition of Al,O; using TMA
and H,0.




1.3 Basics of Atomic Layer Deposition: an Overview

In contrast to other chemical vapour deposition methods (like CVD or PVD), ALD
relies on at least two self-limiting gas-solid reactions, i.e., chemisorption reactions, en-
abling the uniform coating of high aspect ratio structures.”#! These reaction steps are
separated by the removal of unreacted precursors and side-products from the reaction
chamber. By this, one ALD cycle typically consists of four steps as illustrated in Fig-
ure 1.1. For didactic reasons, the probably most studied ALD process, the deposition
of aluminium oxide from trimethylaluminium (TMA, Al(CHj;);) and water, is used to
exemplify the basic principle of ALD.I*®! First, TMA is introduced into the reactor and
a reaction between TMA and the reactive sites, e.g., terminating hydroxyl groups on
the surface of oxides, starts taking place (step 1). Once all accessible OH groups have
been consumed, the remaining unreacted precursor and the gaseous by-products are
removed from the reaction chamber (step 2). After this, the second reactant, typically
a non-metal reactant (here H,0), is pulsed into the reactor (step 3) hydrolyzing the
previously formed -O-Al-(CHj3) surface-bound moieties. After the removal of excess
water and by-products once again (step 4), a (sub)monolayer of Al,O; is grown in the
optimal case. By repetition of this cycle, thicker films can be grown.[”:1!

Most of the time, a full and dense monolayer can’t be achieved in one cycle due
to the steric hindrance of bulky precursor molecules shielding other possible reactive
sites from additional precursor. As a consequence, a thickness control down to sub-
monolayer coverage is achieved, which can be of key importance for the synthesis of
supported catalysts.[l Additionally, as the growth is limited by available surface sites
and not by mass transport, all surfaces can be coated conformally and with (nearly)
equal thickness, making ALD a strong and unique tool for changing the surface prop-

erties of advanced materials.

1.3.2 ALD Growth Characteristics — Linearity, Saturation, and ALD Window

In an ideal ALD process, the amount or thickness of deposited material increases lin-
early with the number of ALD cycles. This "growth per cycle" or GPC reflects the
amount of material deposited per ALD cycle and is not so much dependent on the
chemical reaction kinetics during the deposition process but determined by the num-
ber of reactive surface sites and the steric hindrance of the ligands.!®!%! The first ALD
cycles occur on the surface of the starting substrate and the ALD-grown material and
tend to delay the linearity of GPC, but after a sufficient number of ALD reaction cy-
cles the GPC is expected to settle to a constant value. The starting of ALD growth is
strongly dependent on the surface and can be divided in four different types, namely
linear growth, substrate-enhanced growth and substrate-inhibited growth (type 1 and type
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2).1151

For achieving a linear ALD growth in a self-terminating gas-solid reaction, the sat-
uration of all accessible sites is necessary. With the change of exposure time of both
precursor doses, a constant GPC should be reached (Figure 1.2).151 If no saturation can
be observed, the ALD process has partial CVD character or the gas-solid reaction relies
not only on irreversible adsorption. For the second case, an elongation of precursor
residence time in the reactor allowing a termination of the adsorption reaction may
help to achieve completion.[!>!

In contrast to CVD, ALD shows only a weak temperature dependence and within a
certain temperature window, the so-called "ALD window", a temperature independent
growth per cycle can be observed. The ALD window is limited by excessively low tem-
peratures, where the lack of thermal energy restricts the irreversible gas-solid surface
reaction.l”#15] In rare cases, a distinctly faster growth is observed, related to multilayer
physisorption of the precursor on the surface.

At high temperatures, thermal decomposition of the precursor on the hot surface
leads to an increasing GPC. Additionally, thermal desorption of chemisorbed species
can lead to a decreased GPC. In some cases, although self-saturating chemisorption is
reached within the ALD window, a decrease in GPC can be observed because of the

lower amount of reactive sites on the growth surface for increasing temperatures.[”81%]

a) b)
A A Physisorption Decomposition
substrate enhanced steady
@ growth GPC @
() ()
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growth no reaction Evaporation
> >
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Figure 1.2: Function of the linear increase of film thickness as a number of ALD cycles (a) and
temperature window (b).

In general, several different ways regarding how the deposited material is arranged
on the surface during ALD growth are possible. These are described as growth modes.
By the definition of ALD, where multilayer adsorption is excluded, a two-dimensional
growth is expected for the growth of a full monolayer per cycle.l'®!7 Here, a layer-
by-layer growth can be observed, where the deposited material always settles in the
lowest unfilled material layer and a complete coverage of the substrate is achieved.
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1.3 Basics of Atomic Layer Deposition: an Overview

However, in most ALD processes this growth mode is not quite valid.">! Especially
in the first cycles of ALD, an island growth can be observed, where the new material
units are preferentially deposited on the ALD-grown material. This type of growth can
be nicely utilized in the field of catalysis, where a very thin distribution of sometimes
expensive catalyst on a supporting material can be realized.['*18] Tt is clear that island
growth may change to another growth mode, when the islands have coalesced into
a continuous layer. In addition to the aforementioned commonly occuring modes, a
random deposition as third growth mode is also possible. Here, the material units are
deposited with an equal probability on all surface sites.['>?%! Figure 1.3 shows the three

different deposition modes schematically.

(VT WY
n| coccccocoen LAY o A X

-0 20000 ... . 000 ... .00 .0 000

a) b) c)

Figure 1.3: Schematic illustration with increasing cycle number n of two-dimensional growth (a),
island growth (b) and random deposition (c).

1.3.3 Types of ALD

In general, a distinction between three different types of ALD processes is possible:
thermal ALD, catalytic ALD and plasma-enhanced ALD (PE-ALD).[781521] These differ
mainly in the driving force for the self-limiting gas-solid reaction. In the case of thermal
ALD, the two precursor reactions are driven by the formation of thermodynamically
favored surface species and volatile byproducts. The desired gas-solid reactions should
be highly exothermic processes to ensure the irreversibility of the process. Many differ-
ent compounds are accessible via thermal ALD, including noble metals, metal oxides,
nitrides and chalcogenides. Advantages include the easy implementation of the ALD
process compared to the other types. However, for thermal ALD there are also some
drawbacks, as not all materials are accessible and a certain amount of impurities can’t
be excluded through small CVD contributions to the material deposition.[”]

11



1 Introduction

The second type of process, catalytic ALD, is much less known and is rarely used due
to its complexity. Here, between the two commonly used precursor pulses, a gaseous
catalyst reagent is added to facilitate surface reactions at low temperatures. This kind
of ALD process is very interesting for the deposition on thermally fragile substrates
(e.g., electronic components, polymers or biological samples) and is mainly used for
the growth of SiO, utilizing pyridine or ammonia as Lewis base catalyst.[”!]

Plasma-enhanced ALD (PE-ALD) also bypasses the need of thermal energy as driv-
ing force for the gas-solid surface reaction by utilization of a preactivated reactant
obtained by means of a plasma source. Typical plasmas are generated by the intro-
duction of the co-reactant (e.g., O,, Hy, N,, and NH; or combinations of these) into
an inductively or capacitively coupled or microwave-induced Ar plasma zone. Any
excited electrons in the plasma gas are able to transfer their energy to the co-reactant
molecules, causing ionization, exitation or dissociation thus yielding electrons, ions,
radicals and photons. The generated radicals or other energetic species in the plasma
induce the reactions with the adsorbed precursor species that are not possible using
thermal energy.l”!]

The main advantages of PE-ALD compared to conventional thermal ALD include
a higher film density with lower impurity content, a better stoichiometry of target
compounds and resulting improved electronic properties. Additionally, the auxiliary
energy of the radicals enables the deposition at lower substrate temperatures and in-
creases the choice of precursors for the deposition of a specific coating, due to the
different gas-solid reaction mechanisms.”!!

Obviously, there are also specific disadvantages using PE-ALD. The highly active rad-
icals easily recombine on contact with solid surfaces, limiting their penetration depth
into high aspect ratio structures. Secondly, other plasma components such as ions
and UV photons may generate specific defects on sensitive substrates and films. Ad-
ditionally, as earlier mentioned for catalytic ALD, the use of a plasma increases the
complexity of the deposition and requires more complicated and therefore expensive
reactor designs.”/2!

1.3.4 ALD Reactants

Since the invention of ALD in the 1970s, there has been a lot of research on processes
for different target compounds and a huge variety suitable for atomic layer deposition
of metals, metal nitrides, fluorides and chalkogenides was found (see Figure 1.4). In
general, the deposition of different elements is only possible if the used precursor
fulfills several necessary requirements.[315! First, they need to be gaseous or vaporizable
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at elevated temperatures, which need to be lower than the ALD reaction temperature
to enable material transportation through the gas phase.
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Figure 1.4: Overview of reported possible material combinations by ALD.[??]

After arrival in the reactor chamber, the precursor needs to react with the surface sites
of the growth substrates in a saturating, irreversible manner and additionally with the
subsequent co-reactants. Here, a rapid reaction favoring the side of products is more
advantageous. The formed by-products should be inert and not interfere with precur-
sors or ALD growth. The reactants also shouldn’t dissolve in the film and must not
decompose thermally, neither during the storage, at the sublimation temperature nor
at the ALD process temperature in order to prevent impurities in the formed film and
to keep good control over the process. For industrial application it is very important
that the precursor is safe and easy to handle, preferably non-toxic and non corrosive

towards the substrate and the reactor components.[31415]

Typically, the combination of a metal and a non-metal containing precursor is used to
obtain ALD growth. Metal precursors can be divided into alkyls, alkoxides, cyclopen-
tadienyls, p-diketonates, amides and imides, amidinates, phosphines, silyls, halides
and pure elements (see Figure 1.5).515] Amongst these, each type offers advantages
and disadvantages regarding reactivity, stability, gaseous by-products, handling and
impurities left in the film. Depending on the desired application, one should evaluate

benefits and drawbacks in order to find the best solution.

For non-metal ALD reactants, there is a much smaller selection compared to metal
reactants. For thermal ALD processes, the hydrides of non-metal elements, like water
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Figure 1.5: Overview of classes of metal and non-metal reactants used in ALD.[®!

(H,0), ammonia (NHj;) or hydrogen sulfide (H,S) are commonly used in order to grow
oxides, nitrides and sulfides, respectively.”#13 These offer generally a high stability
and good reactivity over a broad temperature range and are relatively easy to handle.
Additionally to these, ozone (O3) can be used for the deposition of oxides. Especially
for the reaction with metal-containing precursors having bulky ligands, which are less
reactive with water, ozone has shown favorable results. For example, the reaction of
ozone with Ir(acac); results in ALD growth of IrO, at a temperature of 200 °C, whereas
no reaction with water can be observed.[?3! Of course, there are also some drawbacks
for the use of ozone as reactant, as it can also oxidize the surface of the underlying
substrate or even destroy a carbon-based template. As mentioned earlier, PE-ALD
uses preactivated reactants for atomic layer deposition offering specific benefits and
disadvantages. Most common are the plasmas of oxygen (O,), hydrogen (H,), nitrogen
(N,), ammonia (NH;) or a combination of those.”#151 An overview of typically used

metal and non-metal reactants is given in Figure 1.5.

By innovative combination of these different precursors it is possible to deposit a
variety of conformal and functional films ranging from pure metals (e.g., Al, Ti, Pt, Ru
and Ir)?432 o binary or ternary metal oxides (e.g., Al,O;, TiO,, ZnO, Nb,Os5, RuO,,
IrOZ)[12'33441 to nitrides (e.g., AIN, GaN, TiN, TaN)[#4-33] and to different chalkogenides
(e.g., ZnS, TiS,, CdSe).l?*0!l These materials can be doped during deposition, either by
alternation of pulse sequence and consecutive heating or by mixing of applied precur-
sors prior to deposition. Additionally, by the combination of different ALD processes,
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nanolaminates with element gradients can be created.[¢?]

1.3.5 In-Situ Characterization Techniques

Due to the closed vacuum system of the ALD reactors, the investigation of the process
parameters sometimes seems like a "black box", where only a subsequent analysis after
several cycles is possible.”] In order to understand the growth mechanism and support
the ALD process development by monitoring the substrate surface or generated species
in real time, several different in-situ techniques have been implemented into the ALD
work-flow.

In order to monitor film growth as a function of the number of ALD cycles by mea-
suring the mass gain per cycle, a quartz crystal microbalance (QCM) can be used. Here,
a quartz crystal coated with metal electrodes is placed within the reactor during de-
position. By probing the resonance frequency of the oscillating piezoelectric crystal,
the added mass can be determined with a resolution below 1 ng cm™. Key challenges
include the prevention of backside deposition and dealing with temperature effects of
the quartz crystal. Special care needs to be taken for data analysis as apparent mass
transients and apparent mass drifting can lead to misinterpretation.[63-6]

A quadrupole mass spectrometer (QMS) can be used to measure the composition of
gaseous species present in the reactor or the exhaust line. Hereby, a fraction of the
reactor gas is ionized by electron impact from a hot filament and subsequently sepa-
rated on the basis of its mass-charge ratio. Commercially available QMS are relatively
easy to implement on ALD reactors by means of sample withdrawal at the exhaust
line through a small pinhole. This allows for a time-resolved monitoring of reaction
products generated both from the sample and the reactor wall surface.[06-6%]

Spectroscopic ellipsometry (SE, see also section 2.2) is another powerful tool for in-
situ characterization and very helpful for fast process development. It is based on the
change in polarization of an incident light beam upon reflection from the sample. By
applying a specific theoretical model for the change of polarization, the change in film
thickness and important optical and electrical material properties, like refractive index
or bandgap, can be calculated. When everything is set up well, a thickness resolution
of 0.1 nm can be achieved for SE, nearly making monolayer growth visible.[”"!

Gas-phase and surface infrared spectroscopy can also be used to evaluate growth
mechanisms during deposition. Here, the absorption of infrared light by vibrational
transitions of molecular species either in the gas-phase or on the surface is measured.
Typically, a differential spectrum is used to monitor the change of surface and gas-
phase composition due to a high signal-to-noise ratio during deposition.!”1-7!
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In general, both spectroscopic and ellipsometric in-situ characterization techniques
struggle by the coating of the excitation and detection windows implemented in the
ALD reactor. This can be prevented by "blocking" the precursor by a stream of inert
gas or a switchable shutter during precursor pulses. Because of this issue, other more
complex photon, electron- and ion-based spectroscopic techniques (e.g., X-ray photo-
electron spectroscopy, low-energy ion spectroscopy or scanning tunneling microscopy)
have been developed as supporting analysis methods for use in-vacuo, but here a move-
ment of the sample to an attached additional chamber is commonly necessary in order
to avoid coating of instrument parts and is therefore not suitable for the analysis during

deposition.”]

1.4 Atomic Layer Deposition in Energy Conversion
Applications

The coating of geometrically complex surfaces with pinhole-free films with utmost
control of coating thickness gives ALD a unique advantage. Especially when con-
verting energy into another form, for example light into electricity or vice versa (in
solar cells and light-emitting diodes), light into chemical energy and vice versa (pho-
tosynthesis and chemiluminescence) or electricity into chemical energy and vice versa
(electrolyzers, fuel cells and batteries) the charge carriers are always transported to
and away from an interface after the transfer of electrons has taken place at the phase
boundary.[””l This electron transfer is the most crucial step in many energy conversion
processes and occurs at the interface of two (or more) materials, which are strongly
dependent on the type of device. In batteries and electrolyzers there is typically a
solid-liquid interface, where the charge carriers are transferred into molecules or ions
in the electrolyte.””l Making this conversion step as efficient as possible can help to
save enormous amounts of energy. The control of this interface by means of a thin
functional layer can have a major impact on the energy conversion application. In this
context, the unique properties of atomic layer deposition make it ideally suited for the
preparation of energy conversion devices by conformal coating of structured substrates
and especially of nanoporous frameworks.””78 These offer an increased geometric area
of their interfaces and - depending on the process - a potentially higher throughput of
charge carriers.

The use of ALD in energy conversion devices can be generally divided into three
different categories. Firstly, ALD thin films for a direct device function, like light ab-
sorbers in solar cells, conductive supports or electrocatalysts in electrolyzers, or lithium
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uptake in batteries. Secondly, ALD can be used to separate interfaces and protect the
active material against erosion or corrosion in electrochemical devices.[””] Finally, ALD
can be used for interface engineering, such as defect passivation in solar cells or pre-
vention of charge recombination by tunnel barriers, and for a change of the electronic
structure of an underlying semiconductor. The following section of this work will focus
on the basics of water electrolysis and energy storage in lithium-ion batteries and the
application of ALD thin films in these energy conversion applications.

1.4.1 Water Electrolysis
Basics of Water Electrolysis

In standard water electrolysis, upon applying an electrochemical driving force, water
is split into hydrogen and oxygen at the interface of the respective electrodes, i.e.,

hydrogen at the cathode and oxygen at the anode.[”%#l

1
H,O — H, + EOZ (1.1)

The required voltage for the reversible water splitting reaction can be calculated from
Gibbs free (AG) energy according to equation 1.2 under standard conditions, where n
is the number of involved electrons, F the Faraday’s constant (96500 C mol') and AG
the change of Gibbs free energy (237.22 kJ mol™).7940

AG

E;fgy - ﬁ - 1.23 V (1.2)

Due to the generation of entropy during water splitting, it is also instructive to con-
sider the change in enthalpy AH for potential calculations. Taking a change of enthalpy
of AH = 285.84 k] mol™! under standard conditions (po =1bar, T? = 298 K) into account,

a theoretical minimum required voltage for thermo-neutral (Ery) water electrolysis is
obtained.[79/80]

AH AG TAS
= op o =148V (1.3)

As outlined before, the water-splitting reaction takes place on two spatially separated

Ern =

electrodes and can therefore - from a mechanistic point of view - be separated into
the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).l794l
Depending on the pH value of the electrolyte (acidic or alkaline) the formulation of the
two half-cell reactions is possible. Under acidic conditions, protons are the main redox

active species:
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Red.: 2H' +2¢~ — H, (1.4)
Ox.: 2H,O — 4H' + Oy + 4e™ (1.5)

In alkaline media, hydroxide anions are mainly involved in the redox reactions:

Red.: 2H,O +2e~ — 20H™ + H» (1.6)
Ox.: 40H™ — Oy 4+ 2H,0 + 4e~ (1.7)

Oxygen Evolution Reaction

Independent of the acidic or alkaline media, the water oxidation step always involves
a four-electron transfer process, leading to a typically much higher overpotential to
drive at significant rates than the hydrogen evolution reaction. Many different reaction
mechanisms have been proposed, often depending on the catalyst materials, which
consist of at least two different adsorption intermediates (HO* and O*) with a suggested
third HOO* intermediate. For DFT calculations, the classic DFT peroxide pathway
suggested by Rosslmeisl et al. is used to calculate the reaction energetics:/81/82!

2H,0 — HO* + HO+ H' +e™ (1.8)
— O* + HyO +2H" + 2e™ (1.9)
— HOO* +3H™" +3e”~ (1.10)
— Oy +4H"' +4e” (1.11)

Due to the rather complex OER mechanism, the search of novel, highly active cata-
lysts in order to decrease the overpotential and increase the overall efficiency of water
electrolysis is of strong research interest. Many different transition metal electrodes
with defined porosity and nanomorphology have been investigated for OER under
acidic, alkaline or neutral pH-regime. No matter which metal is used, due to cost min-
imization the dispersion on a cheap, high surface-area support is a key challenge for
OER catalysts.[79/80]

Chapter 4 gives an overview of different carbon-based oxygen evolution reaction cat-
alysts ranging from "pure" or unintentionally doped carbon allotropes over heteroatom-
doped carbonaceous materials and carbon/ transition metal compounds to metal oxide
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composites where the role of carbon is mainly assigned to be a conductive support.
Special focus of this work is on the recent developments in the field of ordered carbon
framework structures, where a rational design allows to deepen the understanding of
the OER mechanism.

Currently used technologies for hydrogen production from water can be divided
into three different categories: alkaline, polymer electrolyte membrane (PEM) and
solid oxide electrolyzers (SOE). Solid oxide electrolyzers typically operate at temper-
atures above 500 °C with water in the form of steam. However, the most efficient
and promising methods for water splitting are alkaline water electrolyzers and PEM
electrolyzers.””! Their operating principles are shown in Figure 1.6.

Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis
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Figure 1.6: Schematic illustration of the three different main types of electrolyzers. Addapted
from[”]

In alkaline electrolyzers, the anode and cathode electrodes are immersed in a lig-
uid alkaline electrolyte, most commonly potassium hydroxide. The two electrodes are
separated by a diaphragm permeable for OH™ which has the function of separating
the product gases. In solid oxide and PEM electrolyzers the solid electrolytes, either
ceramic or polymer, fulfill the role of gas separator.”>#%83] The main advantages of al-
kaline electrolysis are low cost due to the use of non-noble metal electrodes as well as
a good long-term stability. However, concerning the method of alkaline water splitting
three major weak points have to be mentioned: low partial load range, limited current
density and low operating pressure. These disadvantages can mainly be attributed to
the diaphragm and the electrolyte, as the gas separator is not completely tight and
causes problems due to gas permeation. This leads to safety issues as well as a loss
of efficiency.””84 During the last years, a new trend in alkaline electrolysis emerged

based on polymeric membranes with anionic (OH") conductivity, also known as anion
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exchange membranes (AEM). This new technology, named solid alkaline electrolysis, is
promising since it can combine the strengths of both alkaline and PEM electrolysis.["!

In a PEM electrolyzer a proton-conducting membrane (e.g., Nafion®) is coated with

[798086] Typically the catalysts

two thin porous layers of electrocatalysts on each side.
are carbon-supported Pt on the cathode and TiO;-supported IrO, on the anode side.
The gaseous products (hydrogen and oxygen) accumulate at the backsides of the PEM
cell and are collected with titanium separator plates. PEM electrolysis has a number
of advantages over the alkaline electrolysis, including higher power density, faster re-
sponse to load changes and the possibility of pressurized operation.”?8%81 One of the
key challenges of PEM electrolysis is the corrosive acidic regime, provided by the pro-
ton exchange membrane, which requires the use of special materials. The employed
materials must withstand the harsh corrosive low pH conditions and the high applied
overpotential, especially at high current densities. The required corrosion resistance not
only applies to the used catalysts, but also for current collectors and separator plates.
Only a few materials can be selected that can perform in this harsh environment. This
demands the use of scarce, expensive materials and components such as noble metal
catalysts (platinum group metals-PGM e.g., Pt, Ir and Ru) as well as titanium based
current collectors and separator plates.!”%/8080]

Concerning the noble elements and their oxides, it was found that RuO, shows the
lowest overpotentials for the oxygen evolution reaction (OER), but suffers from corro-
sion in acidic and oxidizing environment.®”l By mixing RuO, with the promising IrO,
a significant improvement in stability during the OER can be achieved. By adding rela-
tively small amounts of IrO,, the corrosion rate of the oxide could be reduced to about
4 % of the original value.®¥] In addition to ruthenium, iridium based catalysts show the
best catalytic properties for the OER in acid electrolytes. At the same time, less severe
corrosion can be observed compared to Ru. Therefore, the great majority of studies on

PEM water electrolysis for the OER have focused on these catalysts.[*]

Suitable OER rates and reasonable stability have also been obtained with other mixed
oxides, such as RuxIryTaZOZ,[%] RuxIryCoZOZ,[gl'gzl RuxIrySnZOZ,[%] Sn,Ruy_ 0,4
Ir,Sn;_ O, and IrxTintzoz.[%] These materials, due to their content of inexpensive
metal oxides, are more economically priced than pure Ir and Ru-based catalysts. How-
ever, the resulting reduced conductivity compared to pure IrO; can be a concern, and
recent research focuses on the lowering of the Ir-content by increasing the mass-based
catalytic activity. The decreased iridium amount is thereby essential for making PEM
electrolysis an economically competitive technology for future green hydrogen produc-
tion. The ability of thin film deposition on nanostructured templates is shown in Chap-
ter 3, where an OER catalyst consisting of a conductive oxide coated by an ultra-thin
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film of IrO; is created by ALD.

1.4.2 Photoelectrochemical Water-Splitting

Photoelectrochemical (PEC) water-splitting is another electrolysis related process to
generate green hydrogen from water and solar energy. Since the pioneering work of
Fujishima and Honda in 1972, who used an illuminated TiO, photoanode to split water
into Hy and O,,1”! PEC water-splitting on semiconducting materials has been stud-
ied extensively.”81%1 A typical PEC cell is composed of two conductively connected
electrodes (at least one photoelectrode) immersed in an aqueous electrolyte. Upon il-
lumination with light the semiconductor absorbs photons with an energy higher then
its bandgap (Eg), resulting in separation of electron-hole pairs, which are then able
to drive reduction and oxidation reactions if charge injections into the reactants are
thermodynamically favourable.l! The electrons can be inserted at the cathode, where
typically a p-type semiconductor is used. The oxidation reaction at the anodic side
is driven by an n-type semiconductor. By spatial separation of the electrodes and the
corresponding half-cells it is possible to collect the generated hydrogen to serve as a
means of energy storage or to feed it into subsequent processing like e-fuel production.
For potential commercialization, a solar-to-hydrogen (STH) conversion rate of at least
10 % is desired.[?8-1921 However, there are still some major drawbacks for PEC water-
splitting devices, including low stability and limited efficiency to meet the necessary
requirements.[%‘loz]

It is worth noting that the PEC water splitting takes place at the interface of elec-
trodes and electrolyte. Therefore, it is necessary to understand the conditions of the
interface so as to have more insights into the entire reaction processes.l'%! The follow-
ing section will give a short introduction into the theory of PEC water-splitting, how it
is working, which requirements need to be fulfilled and the key challenges to be met

for a commercial application.

Semiconductor-Electrolyte Interface

When a semiconductor is immersed into a redox-active electrolyte, an equalization of
the Fermi level with the electrochemical potential takes place by a flow of charges
between the two phases leading to the formation of a Helmholtz double layer.['93-105]
This junction between solid and electrolyte can be compared to a Schottky barrier at
a semiconductor-metal interface. In addition to the short-range potential drop at the
Helmholtz double layer (inner (IHP) and outer (OHP) Helmholtz layer (II), about 3-

5 A in thickness), a further long range potential (¢) drop within the electrolyte at low
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ion concentration in the so called Gouy diffuse layer (III) can be observed (Figure 1.7a).
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Figure 1.7: Model of the double-layer structure of an n-type semiconductor electrode in contact
with the electrolyte under equilibrium conditions (a). Electron energy profile for an
isolated n-type semiconductor (b), a semiconductor liquid junction at quilibrium in
the dark (b) and a semiconductor-liquid junction under illumination (c).1103]

For a solid semiconductor, a space charge layer (I) with thickness of ~0.1-1 ym is
formed because of the nonequilibrium of Fermi level (Er) between semiconductor and
the redox potential of the electrolyte (Eg.i0x) Which dictates the electrode potential.
Depending on the type of semiconductor, the potential of the space charge layer (¢sc)
is shifted downwards for p-type and upwards for n-type semiconductors (so called
band bending).'931%4] For example at a p-type semiconductor, with excess holes in the
bulk (more positive Fermi level), in order to equilibrate, holes flow from the surface
of the semiconductor into the electrolyte, leaving a negative charge behind. Resulting
from Fermi-Dirac-statistics, the Fermi level lies in the middle between valence and con-
duction band for an intrinsic semiconductor as there are equal numbers of holes and
electrons. By doping of the semiconductor the Fermi level shifts to more positive poten-
tial for cations and more negative potentials for anions. For low or moderately doped
semiconductors, the shift in the Fermi level mainly appears across the space charge

region as there are only few energy states available compared to the electrolyte.[103‘105]

Charge Carrier Generation

Photons with an energy equal or higher than the bandgap of a semiconductor can be
absorbed by electrons in the valence band (VB). These photoexcited electrons can than
be transferred from the top of the valence band to the bottom of the empty conduc-
tion band (CB), leaving positively charged holes (h*) in the VB. The photogenerated
electron-hole pairs (excitons) can travel to the surface of the semiconductor and act as
redox species for water-splitting, organic decomposition or the reduction of CO;. Due
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to recombination of the electron-hole pairs within the semiconductor, an external bias
is commonly applied in a PEC system in order to promote the migration of the excited
charges and suppress the opportunity of recombination.!'%410%] For the reduction of wa-
ter to hydrogen, electrons in the CB need to have a reduction potential more negative
than the redox potential of H* /Hj, which is defined as 0 V vs. Normal Hydrogen Elec-
trode (NHE). Water oxidation can take place for a hole potential more positive than the
redox potential of H,O/O, which is according to equation 1.2 Egeio, = -1.23 V.1103104]
Therefore, the used semiconductor requires at least a theoretical bandgap of 1.23 eV.
Supposing that only photons with energy larger than the bandgap of the semiconduc-
tor can be completely absorbed and that all of the absorbed protons can be converted
into one elementary charge of current, the theoretical photocurrent density, j,; ., can
be calculated using equation 1.12, where E; is the bandgap of the semiconductor and

I(A) represents the photon flux at wavelength of A.

. Akg
ot max = € / I(A)dA (1.12)

As outlined in equation 1.3, a much higher energy is necessary to drive the pho-
tocatalytic reaction due to energy losses, hence, a distinct overpotential is required
to drive the two redox reactions and to build up the driving force for charge carrier
transportation.l'%104 Minimum required bandgaps for a single device photoelectro-
chemical water-splitting system range from 2.0 eV up to 3.0 eV according to literature.[1%7]
The potential at which the HER/OER starts under light irradiation is defined as the
photocurrent onset potential (Eyuset) and is influenced by the open circuit photovoltage
(V) and the kinetic overpotential (171().[108'109] According to equation 1.13 an increase

of (V) or a decrease of (1) leads to an decrease in (Eonset)-

ERedox — Eonset = Vph — Tk (1-13)

Besides the width of the bandgap, the levels of VB and CB are also very important.
Here, the position of the VB must be more positive than the potential of O, in order to

r.[110111] Moreover, the CB of the semiconductor

allow the oxygen production from wate
must be more negative than the required redox potential for the hydrogen evolution.
Several different semiconducting materials like silicon, silicon carbide, metal oxides
and chalkogenides have been explored as possible electrode materials (small overview
of commonly used materials in Fig. 1.8). The general trend for metal oxides shows
a very deep (positive vs. NHE) valence band position, facilitating stable oxidation
reactions, simultaneously showing a large bandgap and therefore a limited light ab-

sorption. However, non-metal semiconductors with smaller bandgaps and higher light
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absorption show more negative band positions with the risk of photocorrosion during

the oxygen evolution reaction.

Vvs. NHE
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Figure 1.8: Overview of band positions and magnitudes of commonly used semiconductors,
inspired by Jing et al.[1?]

Challenges in PEC Water-Splitting Materials over the years

As already mentioned above, a main requirement for bringing PEC water-splitting sys-
tems into commercial application is an STH conversion rate of at least 10 %. This
conversion rate is highly dependent on the bandgap and the resulting photocurrent
and onset-potential of the material. In addition to the bandgap requirements, elec-
trode materials should consist of abundant and low-cost elements, easily processable
devices and most importantly be robust enough to withstand continuous and long-
term PEC operation in the presence of electrolyte and oxygen.['For many decades,
TiO; (Eg = 3.0-3.2 eV) and WO3 (Eg = 2.7 eV) have garnered an enormous amount of
attention due to their easy processability and remarkable stability under PEC working
conditions. A big drawback of these classical transition-metal oxides is the rather large
bandgap, only absorbing a small fraction of the available solar spectrum. In general,
the solar spectrum (Fig. 1.9) of light ranges from ultraviolet (UV) rays (A < 400 nm)
over visible light (400 nm to 800 nm) up to infrared (IR) rays (A > 800 nm). Under
AM1.5G conditions, 4 % of the total solar energy are in the UV region, 53 % in the
visible and the remaining 43 % in the IR range. Using equation 1.12, a semiconductor
with a bandgap of 2.0 eV can absorb light up to a wavelength of 600 nm leading to
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a theoretical maximum efficiency of approximately 16 % for a quantum efficiency of
100 %.[104]
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Figure 1.9: Solar spectrum under AM1.5G conditions with the bandgaps of photoelectrode ma-
terial candidates.[104]

In reality, there is no quantum efficiency of 100 %. Reasons can be found in the rather
short life time of the photogenerated charge carriers due to a bad separation and a high
concentration of charge recombination centers. The excited electrons tend to recom-
bine with holes, this being a major factor of energy losses in photoelectrodes as only a
small portion of excited charge carriers can be utilized for the respective water-splitting
reaction.[”8-19] For instance, n-type semiconductor hematite (Fe,O3) has a bandgap of
2.2 eV and a suitable valence band position for the oxygen evolution reaction.!!13114]
However, hematite generally suffers from rather poor PEC activity showing a strong
anodic shift in on-set potential and a low to moderate photon conversion efficiency.
Many different strategies have been applied in order to overcome these issues ranging
from nanostructuring in order to provide a shorter transport path for the photogen-
erated holes!!!3115-123] gyer improving the charge transport properties of hematite via
doping with various elements!!17124-12%] to enhancing hole injection behavior by apply-
ing a co-catalyst on the surface.[11¢130-136] Splar water oxidation photocurrents of up to
approximately 4 mA cm? are still considerably lower than the theoretical maximum
photocurrent of 12 mA cm at standard conditions under AM1.5G. The proper extrac-

tion of photogenerated charges remains an unsolved problem and motivates ongoing
research.[113114,137]
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Another promising candidate for PEC water-splitting is bismuth vanadate (BiVOy)
with a bandgap of 2.4 eV and beneficial band positions.[1?133-140] The mixing of the s?
cation Bi** with the d° cation V°* creates a coupling between the s and O 2p orbitals
forcing an upward dispersion of the valence band, whereas the coupling between the d
bands from the d° cation and the p band from the s? cation leads to a low conduction-
band minimum.[3¥! Depending on the crystal structure, BiVOy can either behave like a
p-type semiconductor with tetragonal zircon structure or as n-type semiconductor with
monoclinic scheelite structure (see Figure 1.10).[141] However, BiVO, suffers from poor
electron transport due to limited overlap between vanadium and bismuth orbitals in the
conduction band, reducing the theoretical maximum photocurrent. Doping of BiVOy,
with Mo®" or W8 can lead to an increased electronic conductivity and thus higher
carrier collection efficiencies.['421%°] ke hematite, BiVO, has rather slow oxdiation
reaction kinetics which makes the use of co-catalysts such as cobalt phosphate or Fe
and Ni oxyhydroxides essential.l145-14]

BiVO,,
I41/amd

BiVO,, C 2/c

CuO, C2/c

Figure 1.10: Crystal structures of n-type scheelite BiVO, (a), p-type tetragonal BiVO, (b) and
tenorite CuO; oxygen (red), copper (blue), bismuth (green), tetragonally coordi-
nated vanadium (turquoise).

The latter act as water oxidation catalysts, or reduce surface recombination by pre-
vention of back-electron transfer or by chemical passivation of surface traps.1>’! The
underlying mechanism is still not clear and constitutes a topic of present research
activities. With optimized charge carrier collection efficiency applying a type II het-
erojunction combined with nanostructuring not exceeding the carrier diffusion length
(70 - 200 nm), a record value of 6.72 mA cm? measured at 1.23 V vs. RHE under
AM1.5G was achieved.!'>!] This corresponds to ~ 90 % of the theoretical current den-
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sity for BiVO4. However, in comparison to earlier discussed metal oxides, the stability
under working conditions is rather poor. Corrosion or more specifically, the dissolution
of vanadium ions and the degradation of the pristine material to photocatalytic inactive
species limits the performance. In this context, Chapter 5 of this thesis shows an inno-
vative way to protect the surface of Mo:BiVOy by utilization of atomic layer deposition
of an ultra-thin protection layer of corrosion stable niobium doped titanium oxide and
consecutive deposition of a transition metal oxide based catalyst on top. To reach the
goal of STH efficiencies of 10 % and higher, however, materials with a smaller band gap
than BiVOy are needed.!!!

In this context, the combination with a photocathode with a lower band gap in a
tandem cell can increase the amount of accessible sunlight. One approach is to use ana-
logues of binary copper oxide (CuzO, E; = 2.47 €V; CuO, E,; = 1.58 eV) which possess
a suitable bandgap and band energy levels for the hydrogen evolution reaction.[152-156]
However, these are not stable under aqueous conditions.!'””! Various protection tech-
niques with different metal oxides have been applied resulting in high current densities
of up to 8 mA cm? vs. RHE at 0 V for CupO. With its low bandgap, CuO is a perfect
candidate for a tandem cell bottom electrode, but its intrinsic instability has not been
viewed as detrimental as in the case of Cu,O.[1%8! Suffering from a strong charge car-
rier localization makes the doping with various dopants like Li, Mg, Fe, Co, Ni, Zn
necessary.[152157159-163] The photoelectrochemical behavior of Li:CuO will be discussed
in detail in Chapter 6. While Li:CuO also suffers from corrosion under working con-
ditions, a corrosion stable, but charge permeable amorphous niobium doped titanium
oxide layer will be applied via ALD and subsequently equipped with a Pt catalyst to
promote efficient hydrogen evolution.

As outlined above, today there is no single semiconducting material which can satisfy
the required performance and either photocurrent or conversion efficiency to meet effi-
ciency and stability goals due to their intrinsic limitations on performance such as large
bandgap, short charge-carrier lifetime, low conductivity and severe photocorrosion un-
der illumination.'! Some of these challenges can be met by surface modification of
the semiconductor either by protection or enhancement of charge extraction.

Atomic layer deposition is the technique of choice to coat nanostructured semicon-
ductors due to its unique properties. M. F. Lichterman et al. proposed the requirements
for protective films under the acronym "SABOR", meaning "Stable in the thermody-
namic, kinetic, and mechanical senses when incorporated onto the semiconductor, im-
mersed in the electrolyte, and operated at the potentials of interest; Active catalytically
for the OER/HER, either possessing intrinsic catalytic activity or integrating the activ-
ity of a cocatalyst; capable of providing Built-in electronic asymmetry to allow for the
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separation of electrons and holes, or to allow for a separate buried junction to perform
efficiently; Optically transparent to provide optical properties that are optimized for
the transmission of light; and, capable of providing low Resistance, to allow for charge-
carrier conduction with minimal performance loss due to iR drops".'"®Although the
device complexity increases with protective thin films, a greater variety of possible
semiconducting materials can be thought of as the direct parasitic semiconductor-
electrolyte junction can be avoided. Typically, metal oxides or a combination of those
are utilized for protective layers by ALD, e.g., Si0,,1165166] T, [167-176] NjjO, [177-179]
and CoO,.["® Among these, TiO, is probably most promising due to the rather large
bandgap and the high stability under working conditions. Most of the time, compar-
atively thick layers (up to 100 nm) need to be applied in order to get a pin-hole free
protection film on top of the semiconductor.'®! Reasons include the crystalline de-
position of TiO; by atomic layer deposition and the resulting voids between formed
crystallites. However, by incorporation of niobium oxide within the titanium oxide
layers, suppression of the crystallization is possible and one can obtain pin-hole free
and corrosion-stable films for an ultra-thin thickness of few nanometers. As outlined

before, this unique property of ALD is used in Chapters 3, 5 and 6.

1.4.3 Electrochemical Energy Storage

Rechargeable batteries, or secondary batteries, are the most attractive method for di-
rect storage of electrochemical energy. For the transformation from a fossil fuel based
society to an renewable one, batteries are believed to be one major key factor.!182-184] A]-
ready today, the global market for electric vehicles explodes due to the announcement
of several governments around the world to ban fossil fuel driven cars in the future.
Therefore, the need for next-generation secondary batteries with higher performance in
terms of energy density, specific power, charge/discharge efficiency, operating voltage,
cycle durability, safety and reduced cost is tremendously high. Until now, lithium-ion
batteries (LIBs) are most widely used due to their high energy density, small memory
effect and low self-discharge rate. Several different attempts for the performance en-
hancement and development of new materials for LIBs are made in this thesis. The
following section will provide an overview of lithium-ion batteries, underlying princi-

ples and some important materials.

General Principle of Battery Technology

In general, a battery is a source of electric power containing one or more electrochem-

ical cells. Depending on the device and application, these may be connected in series
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or parallel to provide the desired voltage and power. Each electrochemical cell itself
consists of two half-cells connected via an ion-conductive, but electronically insulating
electrolyte. These half-cells exhibit a certain potential (relative to the standard hydrogen

electrode) that can be calculated using Nernst's equation (equation 1.14).182]
RT
Epatf—cen = E° — TIHQ (1.14)
e

Here, EY is the standard electrode potential derived from equation 1.2, z. the number
of electrons transferred, F the Faraday’s constant, T the temperature, R the gas constant
and Q the reaction quotient. If an external electrical conductor connects both half cells,
the electromotive forces try to equalize resulting in an open circuit voltage (Voc), which

is defined as:

Ecell = Ecathode - Eanode (1-15)

The anode is defined as negative electrode, where the oxidation reaction takes place
and electrons are released into the external circuit, whereas the reduction and uptake of
electrons occurs at the cathode. During the discharge cycle of a battery, the reaction and
electron transfer take place spontaneously, while for charging of the battery a certain
voltage has to be applied. This implies that the sign of electrodes inverts and the
negative electrode becomes the positive one. For simplification of further discussion,

the electrodes will be denoted as their discharging name.[8?]

A schematic overview of the most commonly used lithium-ion battery is shown in
Figure 1.11. It is typically composed of a graphite anode and a transition-metal oxide
based cathode, which are separated electronically by a thin film separator and an elec-
trolyte. Each electrode is composed of a metal current collector, the active material,
additives that increase the electrical conductivity (usually various types of carbon) and
additives enhancing adhesion, mechanical strength and the ease of processing (typical
polymeric binders, such as polyvinylidene fluoride).['®”! During discharge, lithium ions
diffuse from a lithiated anode into the delithiated cathode leading to oxidation and re-
duction of the two electrodes, respectively. The process is inverted for charging by a

power source.

Depending on the used anode and cathode materials, the cell voltage and the theo-
retical capacity of the LIB can vary due to its dependence on the number of lithium-
ions (np;) involved in lithiation and delithiation. The maximum theoretical capacity
Qtheoretical Of @ certain material is normalized per unit weight (Ah g‘l) and can be calcu-

lated by equation 1.16:
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@ —> @
D discharge

Figure 1.11: Schematic of the operation principles for rechargeable lithium-ion batteries.!186]

nLiF

Qtheoretical = m (1.16)

However, in practice the obtained capacity is most of the time of distinctly lower
value.['82183] The so-called specific capacity of a material is calculated by multiplying
the measured current with time needed for a complete discharge or charge of the bat-
tery cell. This specific capacity is dependent on the rate of charging current, due to the
different lithium insertion and extraction reactions of different materials. It is therefore
necessary to state the charging current rate in addition to the specific capacity in order
to compare potential electrode materials.

Especially for mobile application of LIBs the energy per weight and volume play
an important role.'8”] The specific energy is referred to as gravimetric and volumetric
energy density and can be calculated by multiplying the theoretical capacity by the cell
voltage and the inverse weight or volume.

Chapter 7 of this thesis deals in a more specific manner with the improvement of
gravimetric energy density by development of a freestanding tin oxide based anode,
where the metal current collector can be left out. In Chapter 8, the specific capacity of a
lithium cobalt oxide cathode is increased by stabilization of the active material applying
an ultrathin lithium niobate layer via ALD. Doing this, the cycling to a higher potential
is possible and more lithium can contribute to the storage reaction. Additionally in
Chapter 9, new imidazolate-based covalent organic frameworks will be investigated
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as potential lithium solid-state electrolyte. For a better classification of the obtained
results, the following sections will give a short overview of current developments in

the fields of cathodes, anodes and electrolytes.

High-capacity Anode Materials

For realizing next-generation lithium-ion batteries with higher energy densities, longer
cycle life and better safety, the development of improved anode materials is necessary,
as their choice greatly influences battery capacity and operating voltage. Figure 1.12
shows the potential vs. Li/Li" plotted as function of the specific capacity of commonly
used and potential negative anode materials.!'8¥ The capacity increases from graphite
and porous carbons to fine particle systems, nitrides, different alloys to metallic lithium
with a capacity of approximately 4000 Ah kg!.
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Figure 1.12: Schematic illustration of active anode materials for next-generation LIBs.[184]

These anode materials can be divided into three different groups depending on their
lithium insertion reaction mechanism: intercalation, conversion and alloying materials.
Typical intercalation materials are TiO;, LigTisO12 (LTO) and carbon based materials
like graphite, porous carbon, carbon nanotubes and graphene.!'8¥ Graphite and LTO
are used in commercial lithium-ion batteries, whereas graphite is still the material of
choice due to its low cost, high abundance, low delithiation potential, high Li diffusity,
relatively low volume change, high electrical conductivity and good cycle life time.
Graphite offers a gravimetric capacity of 372 mAh g due to the intercalation of 1 Li
atom per 6 C atoms between the graphene planes.
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Another group of anode materials are so-called conversion materials with a general
formula of MxNy, where M represents a transition metal like Mn, Ni, Co, Fe, Ti etc.
and N is typically a non-metal like O, S, F, P, N. Conversion materials are based on the

full conversion of the transition metal from oxidized to metallic state.[184188189]

MiNy + zLi* +ze~ — Li:N, + xM (1.17)

These conversion reactions often consume more than one Li atom per transition metal
atom, resulting in very high capacities and energy densities. However, these anodes
typically demonstrate a higher working potential (1.0-1.8 V vs. Li/Li"), large voltage
hysteresis and high initial irreversible capacity due to the demanding chemical reorga-
nization resulting in a short cycle life time.[184183/18]

The third class of alloy forming anode materials comprises mainly group IV (Si, Ge,
Sn, Pb) or group V (P, As, Sb, Bi) or light metals (Li, Mg, Al).[184188189] These form
highly reactive alloys upon insertion of lithium, resulting in significant structural and
volume changes. Thereby, they are capable of reaching super high specific capacities
at low working potentials, but struggle with the strong volume changes upon lithium
alloying.

Among these classes, SnO, has recently attracted much attention as a promising an-
ode material combining conversion as well as alloying features, which results in a high
theoretical capacity of 1494 mAh g1.[188190-192] The Jithiation and delithiation of SnO,
can be subdivided into two main steps. First, SnO, undergoes a conversion reaction
resulting in the formation of metallic Sn embedded into a LiO matrix (equation 1.18)
followed by the alloying reaction between lithium and previously formed metallic Sn
(equation 1.19) yielding LixSn (0 < x< 4.4).

SnO, +4Li" 4+ 4e~ — Sn + 2Li,O (1.18)

Sn + xLi" 4+ xe™ — Li,Sn (1.19)

However, the conversion reaction of macroscopic SnO; is not reversible, thus limit-
ing the theoretical capacity to 782 mAh g for the alloying step.[188191193-195] Another
serious issue of SnO, as anode material is the huge volume change during conversion
and alloying reactions of up to 358 % causing internal stress, electrical connectivity fail-
ures and a potential pulverization of the electrode.”*1%7l One way to overcome these
challenges is the use of nanostructured tin oxide particles embedded in a carbonaceous
support matrix (e.g., reduced graphene oxide (rGO), carbon nanotubes (CNTs) or car-
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bon nanofibers) which can buffer the huge volume changes and provide enough electri-
cal conductivity.[192198205] Further improvement of the material can be achieved for the
intrinsic conductivity enhancement via doping with antimony, enabling faster lithium
insertion /extraction.192206-20%1 Additionally, SnO, nanoparticles below 10 nm in size
have shown the ability for a reversible conversion reaction upon lithiation, reaching
capacities above 800 mAh g, whereas for bigger particles only the alloying behavior
can be observed. Reduction of particle size and the associated higher surface to volume
ratio increases the contact area with electrolyte and promotes fast lithium-ion diffusion
within the electrode, leading to a better capacity retention at higher loading currents.

The above optimization strategies have been implemented in 2018 in our group,
when antimony-doped tin oxide (ATO) nanoparticles were embedded in a graphene
matrix synthesised by a microwave assisted in-situ synthesis in tert-butanol. The hybrid
nanocomposite showed a high gravimetric capacity of 1226 mAh g at a charging rate
of 1C and excellent stability with a good capacity retention of 77 % after 1000 cycles.[?10]

Beside the increase in specific capacity of the active material, there is also the possi-
bility of decreasing the overall electrode weight by replacing or omitting the commonly
used copper foil current collector. The resulting, so-called freestanding electrodes are
an innovative concept but require specific features and a more complex electrode pro-
duction compared to conventional electrode manufacturing. In Chapter 7 two ways for
the creation of freestanding ATO-based carbon composites are compared, resulting in
the first freestanding full cell of the working group.

A relatively new class of anode materials are so-called covalent organic frameworks
(COFs). These are based on a modular system, where pre-designed organic building
blocks are forming a crystalline porous network with a two- or three-dimensional topol-
ogy via covalent bonds and 7-7r stacking interactions. By adjustment of the building
blocks, the pore size, shape, interface and environment can be predetermined via either
polycondensation or post-synthetic functionalization. An important feature for the syn-
thesis of highly crystalline frameworks is the reversibility of bond formation in order to
avoid the formation of an amorphous product, by promoting the thermodynamically
most stable crystalline framework. Correspondingly, several reversible organic reac-
tions such as boroxine, boronate ester, Schiff base, triazine, Knoevenagel, imide, amide
and other bond formations were successfully employed for the synthesis of crystalline
COFs.2!1l Several different comprehensive overviews are given in the literature about
the emerging field of functional COFs.[211-213]

Anchored redox active units within the COF skeleton, as well as open channels with
accelerated ion transport are expected to be favourable in comparison to commonly
used carbon materials in anodes. Active sites for lithium storage have been reported
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either as functional groups or in the linkage motif of the COF. Nearly all types of link-
ages for 2D-COFs have been examined for LIBs, such as boronate-ester, -keto-enamine,
imine, imide, CTFs, sp2 (C=C) and hex-aza.[?14-220] Special attention is on so-called exfo-
liated 2D nanosheets as they have shown to increase their specific capacity upon cycling
up to a highest value of 1536 mAh g! for an imine-based COF on CNTs, competing
easily with inorganic or pure carbon-based analogues (see Figure 1.13).22!] Here, the
high lithium storage ability is attributed to a 14-Li* storage per COF monomer with
1 lithium per C=N group and 6 per benzene ring of the COF backbone. Until now, this
massive enhancement in capacity could only be observed for exfoliated COFs, which
leads to the conclusion that some problems exist for bulk COFs, including accessbility
of the active sites and conductivity perpendicular to the planes.
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Figure 1.13: Schematic depiction of the synthesis of COF (a) and the structure of COF@CNTs
with few COF layers covering the exterior surface of CNTs (b). Cycling perfor-
mances of COF and COF@CNTs at 100 mA g!(c) and (d) with the capacity contri-
bution of COF (based on the mass of COF) in COF@CNTs at 100 mA g’l.[zzl]

However, conductivity and stability are the main challenges for COFs as potential an-
ode material for next-generation LIB. Additional focus should be on the charge storage
mechanism for COFs in order to understand, interpret and develop the electrochemical
properties of the covalent organic frameworks.

Solid-State Electrolytes

Today, almost all commercial lithium-ion batteries are based on a liquid, non aqueous
electrolyte comprised of a 1.2 M solution of lithium hexafluorophosphate (LiPF¢) in a
mixture of ethylene carbonate and ethyl methyl carbonate. In order to improve the
formation of a stable and ionically conductive solid-electrolyte interface (SEI), some
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additives like vinylene carbonate are used. This electrolyte exhibits a high conductiv-
ity of ~#10 mS cm™ at room temperature and is electrochemically stable up to 4.8 V
vs. Li/Li*. However, the electrolyte undergoes decomposition above 70 °C, is very
sensitive towards hydrolysis and is highly flammable. Additionally, the growth of Li
dendrites at the anode side is possible, which can lead to short-circuits and a failure
of the battery. Based on these negative attributes, the use of non-flammable solid-state
electrolytes as replacement is a focus of current research.[?227224]

In general, a potential electrolyte for lithium-ion batteries should fulfill a series of
requirements. A sufficient chemical and electrochemical stability over a wide potential
window is highly desired, as well as a high ionic conductivity at the level of at least
1 mS ecm. Of course, there should be no detectable electronic conductivity in order to
avoid short-circuit conditions. In order to enable efficient charge transport, a lithium-
ion transference number above 0.3 is required. In addition, fulfilling the demands of
economy and exhibiting an acceptable operational and environmental safety is crucial

for the commercialization of an electrolyte.[?22223]

High ionic conductivity is one of the key factors that determine the possibility of
applying a solid-state electrolyte in LIBs. In solid electrolytes, the lithium diffusion
takes place inside certain channels, where the binding energy of the lithium ion is
favorably low. This can either be inside three-dimensional framework structures for
inorganic crystalline electrolytes or along molecular dipoles, providing sites for coordi-

nation bonds with lithium-ions, which is the case for polymer + salt electrolytes.[?2222%]

Different quantitative models exist for the description of the temperature dependence
of ionic conductivity. The Arrhenius model is suited for systems with immobile ma-
trices where charge transport occurs as ion hopping between energy barrier-separated
sites.[222226] 1t is usually applicable for crystalline solids with long-range structural or-
der. The frequency of successful jumps I' through the energy barrier decreases ex-
ponentially with the barrier height Up in dependence of the temperature T and the
Boltzmann constant kg ((vg) represents the pre-exponential factor):

( &)
I' = vpexp kgT (1.20)

Upon applying an external field, the energy barrier height in direction of the field
decreases and the frequency of successful jumps in this direction becomes greater than
in the opposite way. Under these conditions, the drift velocity (v4) of the charge carriers
can be expressed as
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u
vy = Eqazc vpex (_kB%) (1.21)
47 QkpT OOP ‘

Here, Eqa®/2 describes the additional energy potential which charges experience in
the external field and ¢y is the probability of finding a free site in the forced direction of
movement. The conductivity can then be described in dependence of the charge carrier
mobility p for the recalculated drift velocity:

Up
o =nqu = ;;li,ncvvoexp( kBT) (1.22)

The pre-exponential factor is dependent on the concentration of charge carriers and
available conduction sites and inversely proportional to the temperature (often denoted
as A/T). The second part is an exponential type dependence on the height of the barrier
Us, the so-called activation energy. In a typical Arrhenius plot, the logarithm of ¢ T is
plotted against 1000/T. The activation energy can than be calculated from the slope of
a fitted linear function.

Another important value for lithium-ion electrolytes is the transference number t*,

which is expressed as the ratio of charge carried by lithium-ions (Ic) to the total electric

charge (Ic + Ia) transferred through the cell:[2%¢]
Ic
th = 1.23

Applying the Bruce-Vincent-Evans technique, the lithium-ion transference number
(tLi+) can be calculated upon application of a constant DC polarization (AV) and the

observation of the initial (Ip) and steady-state (Iss) current values in dependence of

their respective resistance values (Ry and Ry).[227-230]

triv = 1.24
" D(AV - LiRs) (29

Different classes of solid-state lithium-ion electrolytes are topics of current research.
These can be roughly divided into the two main groups of solid polymer electrolytes
and inorganic solid electrolytes.??*l Polymer electrolytes are based on lithium salts
dissolved in solid polymer materials, where one of the most promising polymers is
poly-ethylene oxide (PEO) offering a high donor number for lithium-ions. A main
drawback is the low conductivity, which is typically in the range of 10° to 10® S cm™
depending on the molecular weight of PEO and the used lithium salt.?3!l Several dif-
ferent approaches towards enhancing the conductivity have been explored, including
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the implementation of passive ceramic fillers such as Al,Os, TiO; and Si0,.[232-236]
These additives can act, on the one hand, as suppressor of PEO crystallization, and on
the other hand promote the ion pair dissociation, weakening the bonds between the
lithium ions and the salt anions.

The other main class of solid-state lithium-ion electrolytes are inorganic solid elec-
trolytes, which include crystalline, partially crystalline and amorphous glasses with
the ability for lithium conduction.?* These exhibit a high thermal stability and ionic
conductivity among solid electrolytes. Due to the conduction of ions through vacan-
cies or interstitial sites, the lithium-ion transference number is close to 1. Inorganic
solid electrolytes are mostly comprised of oxides and sulfides and show a wide elec-
trochemical stability window of 0-5 V, but are not truly thermodynamically stable.
Oxide-based solid electrolytes contain different types of structural motifs (e.g., argry-
odite, garnet, perovskite), where pathways through the crystal structure enable good
lithium transport.[??4#2%71 An overview of characterized inorganic solid electrolytes is
given in Figure 1.14, showing the conductivity of different conductors at room tem-
perature. So far, the material with the highest conductivity at room temperature is
Lij9GeP,S1; (LGPS) with a conductivity above 102 S em’l. This super high conduc-
tivity is attributed to the lower electronegativity of S compared to O, which results in
weaker binding of lithium ions along the conduction pathways.!2!

10
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AE , F s s Li 5L,2r,G30 150,
Li S, Liy 3Aly sTiy ,(PO,); LisN
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Figure 1.14: Reported total ionic conductivity of solid-state lithium-ion conductors at room
temperature.[237]

Organic framework based solid-state electrolytes have recently attracted attention,
due to their open framework structure and the use of abundant materials.[?2423] Be-

side metal-organic frameworks, covalent organic frameworks are of high interest for
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solid-state electrolytes in lithium-ion batteries. They can be divided into all solid-state
electrolytes and solid-like electrolytes, where most of the liquid is trapped in the pores
of the COF material. The safety issue regarding flammability is reduced but not com-
pletely solved for these kinds of electrolytes. Different strategies have been applied
for the use of COFs as electrolyte. Initial studies immersed COFs into a solution of
lithium salt in organic solvents, resulting in a lithium-ion conductivity in the range of
10* S cm™ and transference number of 0.7-0.8.1240-2421

Other groups have anchored immobilized ionic centres within the linkage motif of
the COFs. Du et al. proposed a novel type of ionic covalent organic framework con-
structed with a spiroborate linkage, where sp3-hybridized anionic boron centres al-
lowed the tunable use of counter cations. Upon incorporation of Li* and consecutive
solvation with propylene carbonate (PC), a conductivity of 3.05 x 10° S cm™ could be
achieved.[?#’]

A similar approach was demonstrated by Hu et al. who designed a series of crys-
talline imidazolate-based ionic COFs.[?**l They obtained conductivity values in the
range of 102 S cm! for their most conductive COF, concluding that the lithium-ions
can freely move through the intrinsic channels in the presence of PC as organic solvent.
In Chapter 9 of this thesis, we expand the family of imidazolate-based ionic COFs by
doubling the active sites and increasing the pore size. Unfortunately, we were not able
to reproduce the interesting results presented by Hu et al..[?44]

The absence of any solvent is realized in COF-based all solid state electrolytes. Here,
the anions are covalently tethered to the inside of the pores of a sulfonated covalent
organic framework exhibting exceptional ion conductivity of 2.7 x 10° S cm™ and a
high lithium-ion transference number of 0.9 at room temperature, showing the great
potential of COFs for solid-state lithium-ion electrolytes.[**]

However, in order to get more attention in the field of lithium-ion batteries, the
ionic conductivity of COFs must be increased. Additionally, the lithium conduction
mechanism in COFs should be clarified in order to show the additional benefit of using
COFs, which will be a significant challenge for the upcoming years.

High-voltage Cathode Materials

Beside anode and electrolyte, the cathode or positive electrode during discharge com-
pletes a full battery cell. Since the energy density is mainly determined by operating
voltage and specific capacity, the focus of current cathode research is on the develop-
ment of new materials and the improvement of the working potential of existing active

materials. Upon charging of a battery, lithium ions are extracted from the cathode side
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leaving empty voids in the crystalline structure.!'8 When a consumer is connected to
the battery, the potential built within the cathode structure pulls lithium back from the
anode side. Keeping this concept in mind, one can understand why active materials for
the cathode side need to offer a rigid cage-structure in order to store a decent amount of
lithium in the charged state, as well as maintaining the structure for continuous cycling.
Therefore, oxide based transition metal materials are the dominating class of commer-
cialized cathode materials due to their relatively high stability, capacity and working
potential.l'83187] These materials can be classified into layered, spinel and olivine struc-
tures (Figure 1.15) and show different insertion mechanisms depending on their crystal
structure.[240] Representative, important examples are LiCoO, (LCO),[247,248] 1iMn,0,
(LMO),1249-251] jFePQ, (LFP),[252253] 1iNi 33C00.33Mng 330, (NCM333 or NCM)[254-256]
and LiNig gCog15Alp,050, (NCA).1254.257]

layered LiCoO2 spinel LiMn204 olivine LiFePO4
2D 3D 1D

Figure 1.15: Crystal structures of three lithium-insertion compounds.[?4!

Among these, lithium cobalt oxide exhibits the highest theoretically calculated max-
imum volumetric energy density (272 mAh g, 1142 mAh cm™) which is highly im-
portant for the use in portable electronics, where space is critical.[??®?%1 Compared
to the other cathode materials currently used in commercial LIBs, LCO still holds an
absolute advantage due to its easy synthesis, high volumetric energy density, excel-
lent cycle stability, high initial Coulombic efficiency, high-voltage plateau and stable
charge/discharge voltage (see Figure 1.16).

In 1980, Goodenough et al. discovered lithium cobalt oxide as a viable layered struc-
ture cathode material and in 1991 it was successfully commercialized in LIBs by the
Sony Corporation. It crystallizes in the a-NaFeO, structure, where oxygen is arranged
in a cubic close-packing (ccp) and Li* and Co?* are ordered in alternating (111) planes.
Upon slight distortion of the lattice to a hexagonal symmetry, LCO crystallizes in the
space group R3m with a = 2.82 A and ¢ = 14.08 A. During discharge, the oxygen layers

rearrange to a distorted ccp oxygen lattice, resulting in an irreversible hexagonal close
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LCQ  Theorctical specific capacity (mahg") LM Theorctical specific capacity (mah-g")

High-temperature High-temperature
performance (*C) = Vorking voltage (V) performance (°C) Warking veltage (V)
Cydle performance \ _~ Compacted density (gem™)  Cyele performance Compacted density (gem)
Rate capability (100.2C) Rate capability (1C/0.2C)
NCM Theoretical specific capacity (mAh-g") NCA Theoretical specific capacity (mAhb-g')

High-temperature
performance (*C)

\ High-temperature
‘orking voltage (V) performance (*C) Waorking voltage (V)
Compacted density (g-em™)  Cycle performance Compacted density (gem™)

Rate capability (1C0.2C) Rate capability (1C/0.2C)

Theoretical specific capacity (mAh-g”)
A

Working voltage (V)

Compacted density (g-cm® l}

Rate capability (1C/0.2C)

Figure 1.16: Performance comparison of cathode materials in portable electronic products
showing LiCOOz (LCO), LiMl‘le4 (LMO), LiNio.33C00.33Ml‘10_3302 (NCM333 or
NCM) and LiNio.8C00.15A10.0502 (NCA).[187]

packing in CoO, after all lithium-ions have been removed.[248260.2611 1 CO-based batter-
ies have typically an upper voltage limit of 4.2 V vs. Li/Li* equaling a specific capacity
of 137 mAh g and extraction of 0.5 Li per LCO. However, cycling to voltages greater
than 4.2 V causes a significant structural instability and severe capacity fading.[262-267]
Reasons behind this include dissolution of Co and a loss of O from the lattice when the

upper cut-off potential exceeds 4.2 V.

In order to overcome these critical problems, many different strategies have been re-
ported trying to promote long-term stability at high cut-off voltages, e.g., single[265-270]
and mixed element doping,!?”1-273l morphology control, 1?74l post-thermal treatment!?’5-277]

and modifications of electrolyte, separator and binder.128-28%l

Promising results have also been shown by protecting the electrode surface using
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different solid lithium ion conductive coatings, which can impede a direct contact of
electrode and electrolyte and subsequently suppress side reactions, promote surface
charge transfer, inhibit the dissolution of transition metal ions and prevent the struc-
ture from transformation and pulverization.[?#-28] Among these surface coating meth-
ods, a great deal of attention has been paid to the atomic layer deposition (ALD) of
various metal oxide coatings, including Al,O3, TiO; and 710, 12872901 Thege coatings
significantly enhanced the cyclic performance and rate capability of various cathode
materials, but lack in ionic conductivity. [287-290]

In Chapter 8 of this thesis we develop a process for the atomic layer deposition of a
lithium niobate protective coating for an LCO based cathode which shows promising

results regarding capacity and cycling stability.
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2 Methods

For the investigation of material properties many different methods can be used. How-
ever, only the combination of these techniques leads to a complete information con-
cerning the structure, shape, morphology and electrochemical properties of a certain
material. Within this chapter the applied experimental and characterization methods
and their theoretical background will be briefly introduced.

2.1 X-Ray Diffraction

X-ray diffraction (XRD) is one of the most important techniques in materials science
and is used for non-destructive structure determination of crystalline materials. Besides
phase composition, unit cell and lattice parameters, the size of crystalline domains can
be determined. The method is based on the principle of constructive interference of
monochromatic X-rays scattered by the periodic lattice planes in crystalline materials.

Bragg’s law describes the requirement for constructive interference (see Equation
2.1). It is fulfilled when a multitude n of the radiation wavelength A is equal to the path
difference. This difference consists of the lattice spacing d and the diffraction angle ¢
(see Figure 2.1).112]

n-A=2d-sin(6) (2.1)

Based on the broadening of the measured reflections, the average crystallite size D
can be calculated by using the Scherrer equation (see Equation 2.2).

K-A
b= B - cos(60)
K describes a geometrical factor called Scherrer coefficient (0.9 for spherical particle),
B is the full width at half maximum (FWHM) of the respective reflection, A is the
wavelength of the X-rays (A(Cu-Ka) = 1.5406 A) and 6 is the Bragg diffraction angle of
the respective diffraction peak.[]

(2.2)

2.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a common optical technique for the determination of the
thickness and the optical constants of thin films. It relies on the polarization changes of
light caused by reflection or transmission from a material structure. The polarization
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Figure 2.1: Schematic drawing of the diffraction of X-rays on a periodic lattice illustrating
Bragg’s law.

change is represented as an amplitude ratio ¥ and the phase difference A. The mea-
sured response depends on the optical properties and thickness of individual materials.
Ellipsometry is mostly used to determine the thickness of films, but it can also be ap-
plied to characterize composition, crystallinity, roughness, doping concentration and
other material properties associated with a change in optical response. A schematic
setup is depicted in Figure 2.2.

p-plane

Elliptically polarised

Sample

Figure 2.2: Schematic setup of an ellipsometric measurement.

Electromagnetic radiation is emitted by a light source and linearly polarized before
it is reflected off a sample. Thereby the light gets elliptically polarized due to different
reflectivity for the components of the incident beam which are perpendicular (s-plane)
and parallel (p-plane) to the plane of incidence. The amplitudes of the s and p compo-
nents are denoted by 75 and r, after reflection and normalization to their initial values
(Figure 2.3).51

The change of polarization can be described by the complex ratio p of the reflec-
tion coefficients 7; and r,, which leads to the basis for the fundamental equation of
ellipsometry with the amplitude ratio ¥ and the phase difference A:
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Figure 2.3: Field vector of elliptically polarized light and the amplitude of the different compo-
nents 75 and 7.

p= :—Z = tan(¥)e™ (2.3)

Ellipsometry is an indirect method as the optical constants cannot be calculated di-
rectly from the measured ¥ and A. Therefore ellipsometry data analysis requires an
optical model defined by the optical constants and layer thickness of a sample. Using
an iterative procedure (least-squares optimization), the unknown optical constants and
thickness parameters are varied and ¥ and A values are calculated using the Fresnel
equations. The best matching values for ¥ and A to the experimental data are then
used to calculate the optical constants and thickness parameters of the sample.!®!

2.3 Electron Microscopy

Electron microscopy is an important tool to study the morphology and phase com-
position of nano-materials. This analytical method is based on the interaction of an
electron beam with the sample. The generated signals provide information about the
external surface morphology, the internal microstructure or the chemical composition
using scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
together with energy dispersive X-ray spectroscopy (EDX).

2.3.1 Scanning Electron Microscopy

The working principle of SEM is based on scanning the sample surface with an electron
beam, typically generated by a field emission gun with an acceleration voltage between
1 kV and 30 kV. Magnetic condensers and objective lens systems are used to reduce
and focus the spot size of the electron beam to a diameter of 2 nm to 10 nm, which is
important for a high resolution (Figure 2.4). The interaction of the incident electrons
with the sample results in an emission of electrons and photons. The detected signals
are collected and the information is used to produce an image of the surface. There
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are two signals which can be used for creating an image, secondary and backscattered
electrons. Secondary electrons (SE) are generated by inelastic scattering of the primary
electrons. They are used for high-resolution images of the surface morphology. Because
of the low energy of these electrons (<50 eV), only those electrons that are generated
near to the sample surface can escape into the vacuum and be detected.[*!

~ Electron Gun

Condenser
Aperature

Anode

Alignment — [
Coils

Condenser Lens 1

Variable Aperature

Holder
X-ray
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Condenser Lens 2

=

o | Hp— ; /Stigmator
/
@ /,_ Deflection Coil
=]
Secondary/
Backscattered
Electron
Detectors
Specimen on| P——Condenser Lens 3
Stage
Specimen
Chamber
Vacuum

|

Figure 2.4: Tllustration of a scanning electron microscope.[°!

Additionally, backscattered electrons (BSE) are generated by elastic scattering of the
primary beam and therefore have a higher energy than SE. Due to the strong depen-
dence of back scattered electrons on the atomic number, the BSE can be used to obtain
information about the elemental distribution in a specimen. Moreover, the quantita-
tive composition of the material of interest can be further investigated by analysis of
characteristic X-rays generated in the interaction volume of the primary beam. These
characteristic X-rays are created when an electron from an inner shell is ejected by
the primary electrons and outer shell electrons fill the inner shell vacancies. During
this transition the atom emits radiation of a very short wavelength. These X-rays are
characteristic for an element and can be utilized for chemical composition analyses.*!
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2.3.2 Transmission Electron Microscopy

TEM analysis can be used to determine the sample morphology and the phase compo-
sition at a very high resolution of up to 0.1 nm (HR-TEM). In contrast to SEM, a wide
area of the sample is illuminated with the primary electron beam passing through the
sample. Usually acceleration voltages in the range of 80 — 400 kV are applied to send
electrons through a very thin sample (below 100 nm). After focussing the transmitted
electrons with several lens systems, the electrons are detected with a contrast caused
by thickness variation in the specimen, the elemental composition and the density of
the sample (Figure 2.5).

Electron gun

Condensor aperture

Specimen port = Objective aperture

Objective lens

) Z Diffraction lens
Intermediate aperture =4
j Intermediate lens
EQ DE Projector lenses
Binoculars Em\ =Y )

L

/D Fluorescent screen

Image recording system

—

Figure 2.5: Tllustration of a transmission electron microscope.[®!

In TEM diffraction mode electron diffraction (ED) patterns can be generated that
reveal the crystal structure of the analyzed material. Scanning transmission electron
microscopy (STEM) enables imaging by scaning the sample like SEM but with a much
higher resolution because of a highly focussed primary beam. High angle scattered
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electrons are then recorded by a ring detector located around the optical axis resulting
in imaging with a high mass contrast in the so-called high-angle annular dark-field
mode (HAADF).”]

2.4 UV-Vis Spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy can provide valuable insights in the electronic
structure of materials by probing optical transitions from the ground state to various
excited states. This method is often applied for the quantitative and qualitative de-
termination of the absorption properties of solutions or solid materials. The relation
between absorbance and concentration of the absorbing species is generally given by
the Beer-Lambert law:

A(A) = —logIIO =e€(A)-c-L (24)

Where the absorbance A(A) at a certain wavelength is equal to the negative logarithm
of the measured intensity I divided by the intensity of the incident beam Iy (measured
without inserted sample). By calculation of the absorbance one can determine the
concentration of the absorbing species ¢ with the material-specific extinction coefficient
€ and the pathlength L through the sample.l*8] For this measurement it is assumed that
all light is either absorbed, reflected or transmitted resulting in the following equation:

%A + %R + %T = 1 (2.5)

The calculation of the correct absorbance value requires that the substrate’s reflectance
is being taken into account. For this purpose, the samples are measured in both trans-
mission and reflectance mode. Additionally the transmittance and reflectance of the
uncoated substrate are measured as a reference. The absorbance of the material A, at
a given wavelength A is then calculated from the experimental reflectance and trans-
mittance data, using the expression:

Tsim(A)/Ts(A)
~ Rsym(A) —Rs(M)
Ts(A)?
Here Tsyp(A)/Ts(A) and Rsyp(A)/Rg(A) correspond to the wavelength-dependent
transmittance and reflectance of the substrate and the coated substrate, respectively.
By absorbing light of a defined wavelength, electrons from the valence band (VB) will
be excited into the conduction band (CB). By applying the Tauc relation (Equation 2.7)

the band gap of semiconducting materials can be evaluated by means of the measured
UV-Vis spectra.l’]

AM = —lOglO (26)

1

a-hv=C-(hv—Eg)" (2.7)
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Here the absorption coefficient & multiplied with the photon energy hv is related
to the band gap energy E;. C is a constant and the value of n specifies the type of
transition. For direct transitions n takes the value of 1/2, for indirect transitions 7 is
equal to 2. By plotting (a-hv)? against hv in the so called Tauc plot, the direct band gap
can be estimated. The intersection with the abscissa obtained from extrapolating the
linear regime of the resulting plot yields the E, value of the examined material.

2.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a commonly used surface sensitive and quan-
titative spectroscopic technique for the determination of the elemental composition, the
empirical formula, and the chemical and electronic state of the elements existing within
a material. XPS is also known as Electron Spectroscopy for Chemical Analysis (ESCA)
because of the chemical information that this technique provides. This analytical tech-
nique is based on the photoelectric effect depicted schematically in Figure 2.6. In order
to collect the electrons emitted from the sample, ultra-high vacuum (UHV) is required
(below 107 hPa). XPS can only determine the composition on the surface of the sub-
strate to a depth of about 2 nm.

Photoelectron @

Efermi level

3/2

2p
X-ray (photon)

L) o
2s L//&&. @
1s O o —_—

Figure 2.6: Schematic drawing of the formation of photoelectrons through X-ray radiation.

Binding energy
- 1/2

For an XPS measurement the sample is irradiated with characteristic X-rays (such as
Mg K, or Al K,) with a certain energy hv leading to the displacement of a core level
electron with the Energy E;. The emitted photoelectron has then the kinetic energy Ey.
For the relationship between incident X-ray photon energy hv, E; and E the following
equation is valid:

Eb:Ek—h'l/—q> (28)

The kinetic energy Ej is measured by the instrument and ¢ is the work function of
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the spectrometer. This is an adjustable instrumental correction factor which depends
on the spectrometer and the material. As hv is known from the applied characteristic
X-ray source, the binding energy E;, of the emitted electrons can be calculated from
the measured E;. As the binding energy E, is characteristic for each element, the
composition of the material can be determined by plotting E;, against the amount of
electrons measured. The area under the peak is proportional to the amount of element
in the material. Based on small shifts in the peak positions of an element, often the
oxidation state can also be identified.!*1"]

2.6 Sorption

Sorption is a powerful tool to study porous materials, in particular the surface area,
porosity, pore size and pore size distribution."!l The principle of sorption measure-
ments is based on physisorption, mainly consisting of van der Waals interactions be-
tween the adsorbed gas molecules (adsorbate) and the surface of the porous sample
(adsorbent). Sorption measurements are usually carried out using argon, krypton or
nitrogen as adsorbates. The measurements are performed by recording the amount of
adsorbate adsorbed by an adsorbent as a function of varying relative pressure at a con-
stant temperature (usually at 77 K, the boiling point of nitrogen). In 1985 the IUPAC
recommended six basic types for the classification of physisorption isotherms."l Due
to the identification of new characteristic types of isotherms with close relationship
to particular pore structures, an updated version with a refined classification of ph-
ysisorption isothems and associated hysteresis loops (see Figure 2.7) was proposed./?!

The characteristic shapes and hystereses of those isotherms are dependent on the
structure and the size of the porous system and the interaction strength between ad-
sorbate and adsorbents.

Type I isotherms are given by typical microporous materials (pores < 2 nm) showing
a reversible behavior. Due to the small pore diameter of these materials, a steep increase
of adsorbed volume at small relative pressures can be observed. The micropores are
consequently filled, reaching a maximum value defined by the accessible micropore
volume. Type I isotherms can further be divided into Type Ia for materials with narrow
micropores (< 1 nm) and Type Ib for materials with a range of wider micropores and
narrow mesopores (< 2.5 nm).

Reversible Type II and Type IIl isotherms are characterized by unrestricted multilayer
adsorption on nonporous and macroporous (pores < 50 nm) materials with strong and
weak adsorbate-adsorbent interactions, respectively.

In the case of Type IV isotherms, the adsorption behaviour is mainly determined
by the adsorbent-adsorptive interactions in mesopores (pores between 2 nm - 50 nm)
and also by the interactions between the molecules in the condensed state. The initial
monolayer-multilayer adsorption takes the same path as the corresponding part of a
Type II isotherm and is followed by pore condensation. Here, the gas condenses to
a liquid-like phase in a pore at a pressure p smaller than the saturation pressure py
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Figure 2.7: Classification of physisorption isotherms.[?]

of the bulk liquid. Type IVa isotherms are accompanied by hysteresis of the capillary
condensation. This occurs for pore widths exceeding ~4 nm. Completely reversible
Type IVb isotherms are observed for mesopores of smaller width exhibiting conical or
cylindrical pore shape, which is typical for covalent organic frameworks.['!

The shape of Type V isotherms is very similar to that of Type III due to the weak
adsorbate-adsorbent interactions. The hysteresis loop can be attributed to capillary
condensation within the mesopores.

Type VI shows a stepwise multilayer adsorption on a highly uniform and non-porous
surface. Each step in the uptake represents the capacity for an adsorbed monolayer on
the surface.

Several models and theories have been developed to interpret the results of sorption
measuremets on microporous and non-microporous materials, for example the Lang-
muir theory, Freundlich method or the Brunauer-Emmett-Teller (BET) theory. The BET
theory is based on three main assumptions, which state that a) there is no interaction
between adsorptive species within each layer; b) the energy of adsorption in all lay-
ers is the same except in the first layer due to the adsorbent-adsorbate interactions;
c) the number of adsorbed layers becomes infinite at p/py = 1.1'! For low pressures
(p/po < 0.3) the BET equation can be expressed in simple and linear form:
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Po 1] - nyC o nyC op
p

where 7 is the adsorbed gas quantity, 7, the adsorbed monolayer gas quantity, pg the
saturation pressure, p the equilibrium pressure and C the BET constant. With the BET
plot of 1/n[po/p-1] against p/py a linear plot is derived, where the adsorbed monolayer
gas quantity n,, can be determined from the intercept 1/n,,C and the slope (C-1)/n,,C.
From this, the specific surface area As(BET) of the material can be calculated according
to the equation:

1 1 CcC—-1
LC-1p

(2.9)
n|

As(BET) = ”mmﬂ (2.10)
S

With the Avogadro constant L, the molecular cross section area a,, and the sample

mass m;,. For nitrogen adsorption measurements, it is supposed that nitrogen forms a
closed-packed BET monolayer resulting in a,,(N7) = 0.162 nm? at 77 K.

2.7 Hall Effect Measurement with Van der Pauw Method

Hall effect measurements with the van der Pauw Method can be used to determine
the electrical properties of different samples. This method is based in principle on the
Lorentz force. Basically, this describes the force (here voltage) acting perpendicular
to the moving direction of a point charge in an applied perpendicular magnetic field.
With the "right hand rule" the direction of the force on a charge carrier based on its
direction of motion and the direction of the applied magnetic field can be determined.

A Hall effect measurement system can be used to determine several material param-
eters, such as the carrier mobility (i), the carrier concentration (1), the Hall coefficient
(Rp), the resistivity or the conductivity type (n or p). The resistivity of a certain material
can be determined using a four-point probe or the van der Pauw measurement tech-
nique. Here the bulk resistance is calculated from the sheet resistance of the sample,
whereas the sheet resistance Rg can be calculated from a series of resistance measure-
ments shown in Figure 2.8.

R14,23= Vi3/lia R23,14= Via/ly3 R43,12= Vio/las R43,12= Vas/li

1 L
Folrce 4 sample 4 sample 2 Folrce
Y o N
Meas

Meas!
\J \J

Figure 2.8: Resistance measurements based on the van der Pauw technique.

For van der Pauw resistivity measurements, the current is forced on adjacent nodes.
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Then the voltage is measured on adjacent nodes on the opposite side so everything that
is being forced and measured is on nearest pins.

_ R2134 + R12,43 + Ra3,12 + Raap1

R
A 4

(2.11)

_ R3p41 + Ro3 14 + Riap3 + Ra132
4

Rp

The sheet resistance Rg can be calculated from R4 and Rp with the van der Pauw
equation:

7'L'RA 7TRB
(-—5—) (=)
e Rs 4e¢ Rs' =1 (2.12)

The product of the sheet resistance Rs and sample thickness (d) leads to the resistivity
p and therefore to the conductivity ¢ of the material.
1
p:E:RS-d (2.13)
Additionally, the charge carrier concentration (1,) and the mobility (x) can be ob-

tained from the Hall voltage (V). The Hall voltage is measured by applying both a
magnetic field perpendicular to the sample and a current through the sample. The

IB
magnitude of the Hall voltage is equal to qnd’ where [ is the current flow, B is the mag-

netic field, d is the sample thickness and g (1.602 - 107 C) is the elementary charge.

In some cases, it is convenient to use layer or sheet density (1n; = nd) instead of bulk

density. One then obtains the sheet density of charge carriers by measuring the Hall
voltage:

IB

= — 2.14

= (2.14)

The Hall mobility () can be determined by Equation 2.15 from the sheet density and
mobility.

IR
M= RsIB ~ qn.R,

(2.15)
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2.8 Electrochemical Characterization

2.8.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is the most important potential technique for the characteriza-
tion of electrochemical properties of different materials.'31 CVs are typically measured
in a three-electrode setup containing a working electrode, at which the reaction of inter-
est is investigated, a reference electrode with a constant defined potential and a counter
electrode. A schematic representation of an electrochemical cell for CV experiments in
acidic electrolyte is shown in Figure 2.9.

Potentiostat

RHE
reference

/ electrode

Masked titanium

Pt coil foil substrate
counter (working electrode)
electrode
Electrolyte Catalytic film

(0.5 M HyS04)

Figure 2.9: Three-electrode setup for electrochemical measurements (example).

The potential of the working electrode is swept with a certain scan rate v over a
potential range AE, while the current i is recorded (Figure 2.10a). A typical current
response from a random redox couple is shown in Figure 2.10b (one Gauss-type peak
for a single electrode reaction), from which the peak voltage (E,) and peak current (i)
can be identified. The ratio of peak currents and the difference of peak voltage (AE,)in
cathodic and anodic segments can be used to determine if the electrochemical system
is reversible. The capacity of the reaction can be calculated by integration of the current
curve with respect to potential and scan rate. Applying the voltage versus capacity
profiles (Figure 2.10c), the discharge and the charge plateaus will correspond to the
cathodic and anodic peak voltages. For a known electrode weight, the y-axis can be
specified as specific current (in units of A g!) and the integral value will provide the
specific capacity (in units of mAh g™). For catalytic reactions in liquids, the exposed
area which is exposed to the electrolyte is more important than the mass of the elec-
trode. Therefore, it is more convenient use the current density (in units of A cm™) than
the specific current.
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Figure 2.10: (a) Cyclic potential sweep and (b) the resulting cyclic voltammogram. (c) voltage
versus inegral current curves.[14

The scan rate of the measurement controls how fast the applied potential is changed.
When increasing the scan rate, higher currents are observed due to a decrease in the
size of diffusion layer.151 By this, the real electrochemically active surface (ECAS) for
an electrode immersed in electrolyte can be determined by CV. At a potential where
only capacitive currents flow and no electrochemical reaction takes place, the mea-
sured current i is proportional to the scan rate dE/dt and the electrode capacitance
C (Equation 2.16).

. dE
ieap = Cgy (2.16)

By plotting ic,, vs. dE/dt, a line with slope C is obtained, allowing determination of
the electrode capacitance, which is proportional to the electrochemically active surface
area.

For a given potential, where the measured current is assigned to a charge transfer
between redox active species, the Randles-Sevcik equation (see Equation 2.17) describes
the dependence of the peak current i, on the scan rate. For electrochemically reversible
electron transfer processes involving freely diffusing redox species, plots of i, versus
11”2 should be linear. For known scan rate and peak currents, the diffusion coefficient
of the diffusing species (Dy, cm? s) can be obtained by taking electrode surface area A
(cm?) and the bulk concentration of the analyte C (mol cm™) into account. Addition-
ally, Faraday constant F, number of charges n, temperature T and molar gas constant R
complete Equation 2.17.

nFl/DO )1/2

P 0
ip = 0.446nFAC"( RT

2.17)
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2.8.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful and widely used non-
invasive technique for the characterization of electrode processes and complex inter-
faces. An electrochemical system can be described as the combination of physical
components such as capacitors and resistors, where a linear, frequency-dependent re-
sponse between applied potential and current is given. The most common technique is
to measure the impedance under an applied sinusoidal potential with a low amplitude
(=10 mV) over a wide frequency range (0.1 - 1 MHz). When representing an electro-
chemical cell as an electrical equivalent circuit (EEC, known as Randles circuit), it is
important to account for every subsequent process, e.g. electrolyte/electrode double
layer, charge carrier transfer kinetics and diffusion of active species. For the proper
characterization of the working electrode, it is important to minimize side processes
and reactions between the other components of the electrochemical set-up.!*4!

-Z" (ohm)

7 (ohrr-l)
Figure 2.11: Randles circuit model and the corresponding Nyquist plot composed of the series

resistance Rg, the charge transfer resistance Rcr connected, the Warburg impedance
Z and the parallel connected double layer capacity Cpy.[14]

EIS data are usually presented either as Nyquist plot (the real part vs. the negative
imaginary part of the impedance) or as Bode plot (the log of the impedance Z and
phase shift vs. log of frequency). An exemplary Nyquist plot and the corresponding
EEC is given in Figure 2.11. Here, Rs represents the series resistance, which combines
the resistances of wiring, electrode materials and electrolyte. At the interface between
electrode and electrolyte, double layers are formed (see section 1.4.2), which are pre-
sented by Cpr. This double layer capacity is set parallel to the charge transfer resistance
Rer and the Warburg impedance Zy, which is based on a semi-infinite linear diffusion
and is inversely proportional to the square root of frequency.'”! For a given potential,
where diffusion of active species and therefore the Warburg impedance is negligible,
the real and imaginary parts of impedance can be expressed as Equation 2.18 and
Equation 2.19 with w as angular frequency.

R
Zge = Rg+ —— L (2.18)
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CUCDLchT

_ —ULTCT 2.19
1+ w2Ch, RZ, (2.19)

Im =

For low applied frequency regions, the double layer capacitor can be treated as

blocked and be removed from the equivalent circuit. The impedance is simplified

to Equation 2.20, where oy is the Warburg coefficient. By fitting the linear relation-

ship between Zg, and w'/? the Warburg coefficient can be obtained and the diffusion
coefficient Dy can be calculated according to Equation 2.21.

Z = Rs + Rer + oww™ /2 (2.20)
R2T?
P = sanirics?, 2.21)

Here, R is the gas constant (8.314 ] mol K!), T is the temperature (298 K), A is the
surface area of the electrode, n is the number of electrons participating per formula
unit, F is the Faraday constant (96485 C mol™) and C is the concentration of active
species in the electrode.

2.8.3 Chronoamperometry and Chronopotentiometry

The long-term stability of electrodes is very important. In chronoamperomety (CA)
a fixed potential is applied to the electrode and the current changes are recorded. In
(PEC) water electrolysis, where the concentration of the electrolyte is stable, the de-
crease in current density can then be attributed to a reduced activity and stability of
the electrode. In chronopotentiometry (CP) a fixed current is applied to the electrode
and the potential changes to a value at which the flux of the electroactive species is
sufficient to supply the applied current.!51¢] In electrocatalysis it is common practice
to use CP to observe the overpotential of a reaction catalyzed by the electrode at a fixed
current density. For commercial applications, the overpotential should be minimized
and the stability should be as high as possible.

Galvanostatic measurements are a special form of chronopotentiometric techniques
and are typically used to determine the specific capacity, reversibility, stability and rate
capability of a battery material. In a typical measurement, a defined constant current is
applied to the working electrode causing oxidation/reduction of the observed material
(see Figure 2.12). The resulting potential change is recorded and the current is inverted
at a distinct potential point (cut-off potential). Depending on the type of investigated
electrode, the start and end point has to be chosen carefully. As the measurement is
conducted against a Li/Li* reference, the starting point is typically at 3.0 V vs. Li/Li*.
A cathode will then be charged by increasing the current to reach a distinct potential,
whereas for an anode the potential will be decreased to a maximum lowest point of
0.01 V vs. Li/Li*. Reversible insertion and extraction reactions should exhibit the same
integral of oxidation/reduction current and therefore the same capacity. Depending on
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Figure 2.12: (a) Applied curent profile and (b) the resulting galvanostatic charge/discharge
curve of a generic battery electrode. (c) Typical cycle stability and (d) rate ca-
pability performance. According to Yang et al.l'4]

the current applied compared to the active electrode mass, charging and discharging
rates can be specified. The cycling stability and rate performance can be determined by
repeated cycling experiments at different charging rates.[1l

Li-insertion and conductivity measurements were carried out using an ECC-PAT-
Core electrochemical test cell from EL-Cell GmbH, an AUTOLAB potentiostat/galvano-
stat PGSTAT302N with FRA32M module operating with a Nova 1.11 software. The
set-up of the ECC-PAT-Core testing cell is schematically depicted in Figure 2.13.

The main parts of the assembly are the stainless steel upper (4) and lower plunger
(9), which serve as current collector and are contacted via the lid (3) and the cell base
(11), respectively. In-between are the working (8) and counter electrode (5), which are
separated by an insulation sleeve (7) and an electrolyte-soaked glass fiber separator
(6). For half-cell experiments, Li foil is used as counter electrode, while the working
electrode is either freestanding, coated on aluminum foil as anode or coated on copper
foil as cathode. The insulation sleeve (7) has an integrated Li reference ring, which is
in contact with the electrolyte and a reed contact on the outside in order to relate the
applied voltage to Li/Li" reference potential. For Li-ion conductivity measurements
the solid state electrolytes are contacted via the stainless steel current collectors. The
cell is airtight, closed by a PE seal (10) which is pressed via lid and cell base in the
bracket (2) by turning the wing nut (1).
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Figure 2.13: Construction of the ECC-PAT-Core electrochemical testing cell.['8]
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3 Carbon-templated Conductive Oxide
Supports for Oxygen Evolution Catalysis
This chapter is based on the following publication:

Alexander G. Hufnageli, Sebastian Héiringeri, Michael Beetz, Bernhard Boller, Dina
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ductive oxide support, performed conductivity measurements, morphological inves-
tigations, electrochemical measurements and wrote the corresponding parts of the
manuscript.
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Abstract

We present a novel route for the preparation of supported IrO, catalysts for the oxygen
evolution reaction in proton exchange membrane electrolyzers. It uses carbon soot as a
nanostructure template, which is sequentially coated with a conductive niobium-doped
titanium oxide (NTO) layer and an ultrathin, highly pure IrO, catalyst layer by atomic
layer deposition (ALD). The NTO acts as an oxidation-stable conductor between the
metal current distributor and the catalyst. The highly controlled film growth by ALD
enables the fabrication of electrodes with a very low noble metal loading. Nonetheless,
these electrodes exhibit very high catalytic activity and good stability under cyclic and
constant load conditions. At an IrO, content of less than 10 percent by mass of the ox-
ide material and an area-based Ir content of 153 ng cm?, the nanostructured NTO/ IrO,
electrode achieves an oxygen evolution current density of 1 mA cm™ at an overpoten-
tial of ~250 mV, which is significantly lower than the reported values for particulate
NTO/IrO, catalysts.

3.1 Introduction

If an energy economy independent from fossil fuels is to be established, large-scale hy-
drogen production from renewable energy sources should replace the current practice
of steam reforming natural gas. As renewable energy is mostly harvested in the form of
electricity (photovoltaics, wind turbines etc.), hydrogen evolution by electrolysis of wa-
ter is an obvious, attractive choice. The more recent proton exchange membrane (PEM)
electrolysis technology has experienced an upsurge in research interest in recent years
due to its advantages over the well-established alkaline water electrolysis, including
faster response to load changes (important when the power supply is fluctuating, as
is the case with most renewables) as well as higher current densities and consequently
more compact system design.[2l However, the acidic environment, coupled with the
high anodic potential at the oxygen-evolving electrode, necessitates a stable oxygen
evolution catalyst, which is also efficient and connected via a low-resistance pathway
to the current collector. Because of its excellent catalytic activity and long-term stabil-
ity, state-of-the-art oxygen evolution catalysts for the acidic environment of the PEM
anode are based on IrO,, which at 0.001 ppm abundance (by mass) in the earth’s crust
is one of the rarest elements.l?l Due to this scarcity, many attempts have been made to
reduce the loading of the anode with IrO,. An established method is the dispersion of
the IrO, on a high-surface-area support material, which is also stable against corrosion
and oxidation. The state-of-the-art support material is TiO,.371 However, due to the
low intrinsic conductivity of TiO,, a high IrO, loading is typically needed to establish
a continuous conductive pathway to the current collector.?!

Transparent conductive oxide materials (TCOs) provide a solution to this quandary.
A porous TCO support can be coated with an IrO,-based catalyst and provide the con-
ductive pathway to the current collector.®#l In such a configuration, the expensive
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IrO, is only used in the function where it is difficult to replace (i.e. as an OER cata-
lyst), whereas the current conduction can be handled by the much cheaper TCO. To
ensure maximum utilization of the IrO, and thus enable catalysts with a very low IrO,
loading, the electrochemically active surface area (ECSA) must be maximized. This can
be achieved by either applying the IrO, in the shape of extremely small nanoparticles
or as an ultrathin (< 1 nm) film. A high IrO, loading to achieve conductivity is thus
not necessary. Niobium-doped titanium oxide (NTO, Nb:TiO,) can be assembled into
a variety of porous structures and has shown promise as such an oxidation-stable yet
conductive catalyst support material for the oxygen electrode in both electrolyzers and
fuel cells.[101516] While existing studies have used NTO powders loaded with IrO,,
we propose that nanostructured films with easily accessible meso- and macropores can
be of great advantage as they are based on a continuous conductive matrix, ensur-
ing good current conduction, while the large pores facilitate electrolyte access and gas
evacuation. In PEM fuel cells, such films are formed by commercially available carbon
black agglomerate particles.'”18] However, the considerably higher anode potential in
PEM electrolyzers precludes the use of carbon, which undergoes anodic oxidation at
> 1V vs. RHE.[?! Lately, nanomaterials have been developed that replicate the mor-
phology of carbon in stable oxide materials for a number of applications, including
photodetectors and Li-ion battery electrodes.[?>-26] The conversion of the carbon black
nanostructure into a porous TCO material is expected to result in a conductive and
oxidation-stable OER catalyst support that is well suited for PEM electrolyzer applica-
tions. This replication can be achieved by atomic layer deposition (ALD), which excels
at controlled thin film growth. ALD combines unrivaled conformality in porous struc-
tures with subnanometer thickness control and the ability to prepare doped and mixed
materials by alternating deposition of multiple components. It is thus ideally suited to
prepare ternary oxide films with a complex morphology, using a hard template, such
as carbon black, to direct the resulting film morphology.

Here, we demonstrate the preparation and performance characterization of a new type
of OER catalyst structure for PEM electrolysis. We used atomic layer deposition to grow
macroporous support structures of NTO on carbon-based hard templates derived from
flame soot. We then apply a conformal, ultrathin film (=1 nm) of pure, crystalline IrO,
to the surface of the NTO support and examine its performance as an OER electrode in
an acidic electrolyte. This entirely new approach to the production of a nanostructure-
supported OER catalyst results in electrodes with impressive performance and stability
in spite of their very low IrO, loading. The combination of the nanostructure provided
by the easily scalable soot template with the precisely controlled NTO deposition and
tunable ultra-low IrO, loading by ALD make this a very attractive electrode concept
for overcoming the challenges involved in PEM electrolyzer anode design.
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3.2 Results and Discussion

3.2.1 Preparation and Characterization of Carbon Soot Templates

The multi-step preparation of the nanostructured OER electrodes requires a solid tem-
plate to direct the final morphology. For this purpose, we prepared carbon soot sub-
strates with accurate control over thickness and morphology by manually drawing
smooth, heat-resistant substrates such as soda-lime glass (SLG), fused silica and Ti foil
through the flame of a wick burner fueled with 2-propanol (Figure 3.1a). We found this
to be the preferred fuel as it ensures a good rate of soot deposition and leaves no low-
volatility residue in the deposited film. The burner was constructed so as to produce
a wide sheet of flame that covers the entire substrate, which allows for homogeneous
growth on large areas. The thickness can be easily tuned in the micrometer range by
repeatedly drawing the substrate through the flame. Figure 3.1b, c shows cross-section

Figure 3.1: Photo image of carbon film preparation (a). Cross-sectional SEM micrographs of a
2-propanol soot layer on SLG (b, ¢).

SEM micrographs of a soot layer deposited on SLG. The structure is highly porous
yet continuous. It consists of primary carbon particles that are spherical and ~30 to
50 nm in diameter. These form extended interwoven chains similar to the aggregate
secondary particles found in commercial carbon blacks.”””] The pore system is highly
interconnected with a wide distribution of pore sizes, ranging from tens to hundreds
of nanometers. We expect this structure to be well suited for an OER catalyst support
as it allows easy electrolyte access and gas egress, and the interconnected web ensures
electrical contact and mechanical stability.

3.2.2 ALD of NTO Coatings

The next step of the electrode preparation procedure is the application of the NTO layer,
which serves as a corrosion-stable current conductor. We used alternating ALD of TiO,
and NbO, from titanium(IV) isopropoxide (TTIP), niobium(V) ethoxide (NEO) and wa-
ter to prepare these layers on carbon-soot templates grown on Ti foil as well as on flat
fused silica and Si(100) substrates. The mixing ratio of Nb/(Ti+Nb) in the resulting
layers was varied from 3 to 29 % by varying the cycle ratio of the two ALD processes
(Table S1). The elemental ratio, determined by EDX from as-deposited films grown on
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carbon soot on fused silica, very accurately tracks the cycle ratio of the two ALD pro-
cesses, allowing for accurate adjustment of the Nb content in the films. To crystallize
the oxide layers and activate the niobium dopant, the films were then heat-treated in
5 % H,/N,. Sample XRD patterns of NTO-coated carbon soot films (soot layer ~10 pm,
oxide layer ~80 nm) after treatment at different temperatures are shown in Figure 3.6.
A striking difference is observed between the as-deposited samples containing 3 and
20 % Nb, respectively. While a low Nb content results in a highly crystalline anatase
phase already during deposition, the high Nb content effectively prevents crystalliza-
tion of the film material under the conditions of the deposition.?8! After heating to
600 °C, the NTO film with 20 % Nb has crystallized in the anatase lattice as well. After
treatment at 700 °C, the film with a low Nb content has undergone quantitative phase
transformation into the rutile modification, while a high Nb content prevents this tran-
sition and the film is still composed exclusively of the anatase phase.[?’! Despite the
relatively high niobium content, no segregation of a separate NbO, phase is visible in
the XRD data. Rather, a shift of the reflections of the TiO, phases to lower angles is
observed, most obviously in the anatase (101) reflection at 25.3 © 26. This shift indicates
that the Nb is incorporated into the anatase lattice, expanding it without changing the
crystal structure.l®] The approximate crystallite size was calculated from the broaden-
ing of the anatase (101) and rutile (110) reflections using the Scherrer equation (equa-
tion 3.1, Table S2, K = 0.9). Figure 3.7 shows SEM images of a flat 20 % Nb NTO layer
on fused silica after deposition and after annealing at 700 °C. The as-deposited amor-
phous layer shows no obvious visible features. By contrast, the annealed layer consists
of a mosaic of large crystals on the order of 10 um. This is evidence of explosive crys-
tallization, which has been previously observed in ALD NTO.[2831 Niemeld, Hirose,
Hasegawa, and Karppinen showed that the conductivity-limiting mechanism in ALD
NTO films changes from grain-boundary scattering at low Nb contents to intra-grain
phonon scattering in the larger grains found at high Nb levels.[3?l They concluded that
for applications where high conductivity is required, the high-Nb regime is advanta-
geous. We assume that a similar explosive crystallization process also takes place on the
carbon supports, resulting in the fairly large crystallite sizes on the order of the carbon
soot primary particles (cf. Table S2) and ensuring good grain-boundary contact of the
nanostructured NTO, which is a key requirement for good conductivity throughout the
nanostructured layer. The conductivity of NTO thin films with different Nb contents
and heat treatments was measured using the van der Pauw method on fused silica
substrates. As-deposited, the conductivity was below the detection limit in all cases.
Figure 3.2 shows the conductivities obtained by annealing at 600 or 700 °C. At both
temperatures a similar trend is observed with a clear conductivity maximum at 20 %
Nb. Between 10 and 30 % Nb, conductivity of films annealed at 700 °C is markedly
higher than that achievable by annealing at 600 °C. The conditions as which the high-
est conductivity (440 S cm™) was observed were chosen for the electrocatalyst supports
for use in OER electrode preparation. These supports consist of a ~20 pm soot layer
deposited on titanium foil, coated with a 20 % Nb NTO layer of 40 or 80 nm by ALD
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Figure 3.2: Conductivity of annealed NTO films on fused silica.

and annealed at 700 °C in 5 %H, /Nj,.

3.2.3 ALD of IrO,

To finalize the OER electrodes, the iridium oxide catalyst phase has to be applied with
a low mass loading and high dispersion onto the carbon/NTO structure. One way to
achieve this is a conformal ultrathin film, prepared by ALD. The atomic layer deposition
of iridium metal and iridium oxide has been extensively studied.’>3! It was reported
by Hamaildinen, Kemell, Munnik, et al. that both iridium metal and iridium(IV) ox-
ide can be grown using Ir(acac); and ozone as precursors.®>¥] At temperatures up
to 195 °C, crystallographically pure IrO, is obtained. At higher temperatures, the re-
sulting films exhibited increasing amounts of metallic Ir according to XRD. Because of
this, a deposition temperature of 188 °C was chosen for this study. This resulted in
the growth of rutile IrO, with no crystalline impurities or Ir metal detectable by XRD
(Figure 3.8). The thickness of the IrO, films was determined by spectroscopic ellipsom-
etry on oxide-terminated Si(100) substrates. Good fits were obtained by modeling the
IrO, layer using a dual Lorentz oscillator model as proposed by Kohli, Niles, Rithner,
and Dorhout.[*l The nucleation and growth behavior of the Ir(acac),/O; ALD process
has recently been studied by Mattinen, Hamaldinen, Gao, et al., who report a very long
nucleation delay of 120 cycles and a growth rate of 0.033 nm cycle™. As the present
study investigates extremely low IrO, loading for oxygen evolution catalysis, the films
studied here were deposited within this nucleation regime, where complete substrate
coverage and uniformity cannot be presupposed. The use of an Al,O; underlayer to
aid nucleation, as demonstrated by Hamaldinen, Hatanpdd, Puukilainen, et al., was
avoided as it might inhibit electrical contact between the conductive support and the
IrO, film.’”] The composition of ALD IrO, films on single crystal Si substrates was
investigated by XPS (Figures 3.9 and 3.10). The detail XP spectrum of the Ir 4f region
(Figure 3.10) shows the Ir 4f;/, and Ir 4f5,, signals are centered on binding energies
of 61.9 and 64.9 eV, respectively, which is in good agreement with reported values for
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anhydrous IrO,.[*!l No evidence of metallic iridium was found, leading us to conclude

that the ALD process yields films in which the iridium is exclusively present as irid-
ium(IV) oxide.

3.2.4 Electrode Preparation and Characterization

To prepare OER catalyst electrodes, the catalyst support structure described above was
subjected to 50 ALD cycles of the IrO, process, which resulted in a layer thickness
of between 0.64 and 0.87 nm on Si witness substrates, determined by ellipsometry.
Fluoride-doped tin oxide (FTO) substrates were processed in the same IrO, ALD pro-
cess to obtain a flat catalyst electrode. Due to the small amount of IrO, present in
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Figure 3.3: Raman spectra of a carbon/NTO support (black), support with IrO, layer (blue) and
electrode after electrochemical testing (red). The inset shows a magnification of the
IrO, signals. Assignment of signals according to refs [42, 43].

the nanostrucutred electrodes as well as the small particle size, crystalline IrO, could
not be detected by XRD. Figure 3.3 shows Raman spectra of a Ti/C/NTO film and a
Ti/C/NTO/IrO, film. The anatase crystal is strongly scattering and its signals dom-
inate the spectra. The E¢, Biy and Aj, modes can be clearly assigned, according to
Stagi, Carbonaro, Corpino, et al., who also observed the small shoulder at 200 cmt.[43]
IrO, has distinct Raman signals at 560 (E¢) and 720 cm™ (A1g, Bzg).[42] Despite the small
amount of IrO, deposited onto the electrode support, these signals can be clearly ob-
served in the magnification of their Raman spectra (inset in Figure 3.3). The E, signal
appears as a peak between the neighboring anatase signals and the Alg/ Bzg signal
is visible as a shoulder on the TiO, peak centered on 628 cm™!. Scanning (SEM) and
transmission (TEM) electron microscopy was used to investigate the structure and com-
position of the electrodes (Ti/C/NTO/IrO,). Figure 3.4a shows an SEM image of the
fractured cross-section of a Ti/C/NTO/IrO, electrode. The porous nanostructure of
the carbon soot has been preserved through the NTO deposition, annealing and IrO,
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Figure 3.4: Cross-sectional SEM secondary electron image of a complete -electrode
(Ti/C/NTO/IrO,) (a). SEM back-scattered electron image of a fracture site in the
oxide nanostructure (b). HAADF-STEM image of one isolated particle of the elec-
trode structure (c). Bright-field TEM image of part of an electrode particle (d). EDX
element distribution maps of the area highlighted by the red frame in the STEM
image (e).

deposition. There is no evidence of pore clogging at the surface of the carbon layer and
the deeper pores are still accessible. Figure 3.11 shows EDX element distribution maps
for Ti, Nb and Ir of a similar cross-section. All three are evenly distributed throughout
the entire thickness of the nanostructured film. We therefore expect a similar composi-
tion in terms of the Nb content of the NTO, and thus uniform conductivity, as well as
the IrO, catalyst loading of the entire electrode. The atomic ratio Ir/(Ti+Nb+Ir), deter-
mined by area-averaged EDX excluding the substrate, was found to be 3-4 % at different
spots of the cross-section, which corresponds to an IrO, mass fraction of 7-9.5 % of the
oxide material. Figure 3.4b shows a detail back-scattered electron image of the fracture
face of a carbon/oxide particle. Due to the atomic number contrast inherent to this type
of image, the components of the structure can be clearly distinguished. The carbon sup-
port (darkest) is still present, encased by the NTO layer. Everything is covered by the
IrO, layer, which appears brightest due to its high atomic weight. No major holes in
the iridium oxide layers are visible. An HAADF-STEM image of a particle from the
electrode structure is shown in Figure 3.4c. This imaging mode also shows the thin
IrO, layer, bright due to its high scattering cross-section, evenly coating the outside
of the particle. The continuous inner pore structure containing the carbon template is
also visible. A detail TEM image of a single particle is shown in Figure 3.4d. It reveals
that the IrO, layer consists of closely packed crystalline particles. This implies that the
electrode presents a large surface area of IrO, to the electrolyte, which is in good elec-
trical contact with the underlying NTO. Figure 3.4e shows a HAADF-STEM image of
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3.2 Results and Discussion

an electrode particle together with EDX element distribution maps of the marked area.
Ti and Nb are co-located in the center of the particle with the exception of the template
hollow. Iridium is found at the surface, as demonstrated by the strong signal observed
at the particle circumference, where the electron beam passes tangentially through the
particle surface rather than axially, thus exciting a larger volume of IrO,.

3.2.5 Electrochemical Characterization
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Figure 3.5: Cyclovoltammograms (2" cycles) of Ti/C/NTO/IrO,, Ti/C/NTO and FTO/IrO,
electrodes recorded in 0.5 M H,SO, at 20 mV s (a). Chronopotentiometric stability
data of a Ti/C/NTO/IrO, electrode at 100 mA cm? (b). OER overpotentials at
1, 10 and 100 mA cm? extracted from the anodic scans of prolonged cycling of a
Ti/C/NTO/IrO, electrode (c). Tafel plot of a Ti/C/NTO/IrO, electrode (d).

With the successful application of the iridium oxide, this Ti/C/NTO/IrO, structure
represents the completed OER electrode. Its oxygen evolution activity was investigated
in a three-electrode electrochemical cell using gently stirred 0.5 M H,SO, as the elec-
trolyte. All electrochemical measurements were performed at room temperature. First,
in order to investigate whether the IrO, layer in the electrode nanostructure is indeed
fully contacted and accessible to the electrolyte, we performed cyclic voltammetry at
varying scan speeds in the range between 0.55 and 0.85 V vs. RHE, where no faradaic
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process is observed (Figure 3.12a). As expected for a capacitive region, the currents are
fairly constant in the scanned potential range. The currents at 0.70 V were extracted
from the cathodic and anodic scans and plotted against the scan rate in Figure 3.12b.
As a reference, the same experiment was performed with an FTO electrode coated with
the same IrO, layer. The capacitive currents follow a linear trend in both cases, though
some deviation is observed for the nanostructured electrode at the highest currents. The
slopes give the capacitance of the flat and nanostructured electrodes as 28 puF cm and
3570 pF cm™, respectively. The direct calculation of the electrochemically active surface
area would require an accurate value for the reference capacitance, which is difficult
to obtain, as it depends on the material preparation as well as pseudocapacitance ef-
fects of IrO,.#445] We therefore restrict our analysis to comparing the two electrodes
investigated here. Assuming that the capacitive behavior of the IrO, film is the same
on both the FTO and Ti/C/NTO substrates, the relative specific ECSA is given by the
ratio of the two capacitances. For FTO a roughness factor of ~1.2 was determined by
atomic force microscopy. The ECSA of the Ti/C/NTO/IrO, electrode is therefore 1.2
times the capacitance ratio, i.e. 153 cm?pcsa / Cm2ge0. Figure 3.5a shows cyclovoltam-
mograms of a Ti/C/NTO/IrO, electrode, a reference sample with no IrO, layer and
another reference with the same ALD IrO, applied to an FTO substrate. The nanos-
tructured electrode with no IrO, coating shows no significant water oxidation current
below 1.7 V vs. RHE. By comparison, the Ti/C/NTO/IrO, electrode exhibits signifi-
cant water oxidation activity with an onset at about 1.45 V vs. RHE at 0.5 mA cm™
and reaches a current density of 100 mA cm™ at 1.64 V vs. RHE. The FTO/IrO, sam-
ple also catalyzes the OER. Its current is much lower as a result of the smaller surface
area. The Ti/C/NTO/IrO, electrode was subjected to 50 consecutive CV cycles and the
overpotentials at 1, 10 and 100 mA cm? (anodic scans) are plotted in Figure 3.5¢ (see
Figure 3.13 for full CV cycles). The three data sets show the same trend with a rise of
about 35 mV over the first three cycles, followed by a much slower rise by about 20 mV
over the course of the remaining cycles. Small jumps in the overpotential are a result
of bubble formation and detachment. The overpotential at 1 mA cm is between 240
and 260 mV for all but the first cycle. This is a much smaller overpotential than that
reported for oxide-supported catalysts with comparable IrO, content. For comparison,
Hu et al. reported an overpotential of 300 mV for an NTO catalyst with 17 wt% IrO,,
while Tong et al. measured 397 mV with 13 wt% IrO, on ATO at the same current
density.014

The long-term stability of the Ti/C/NTO/IrO, under constant load was investigated
by chronopotentiometry over 12 h at a constant current density of 100 mA cm™2. Af-
ter an initial increase, the overpotential steadies out at ~0.6 V with a slight positive
drift over the duration of the measurement (Figure 3.5). No sudden potential jumps,
which might indicate a failure of the catalyst structure or conductivity, can be observed.
The ramifications for the stability of the Ti/C/NTO/IrO, electrode structure are dis-
cussed below. A Tafel plot, constructed from data recorded after 50 CV cycles of a
Ti/C/NTO/IrO, electrode, is shown in Figure 3.5d. The overpotential follows a linear
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trend between ~1 and 30 mA cm™ with a slope of 69 mV per decade. This is compa-
rable, though slightly higher, than values reported for Sb:SnO,-supported (ATO) IrO,
catalysts.l'14 Tong et al. reported 62 mV dec? at 13 wt% IrO, loading.['*l Assum-
ing a 1 nm thick crystalline compact layer of IrO, evenly coating the support with the
surface area calculated above, this corresponds to an iridium loading of 153 pug cm™
(178 png cm™? of 1rO,). This value should be viewed as an upper limit, as the IrO,
layer thickness determined by ellipsometry was consistently smaller than 1 nm. At this
loading, a current density of 100 mA cmgeom™ corresponds to a mass-based current of
654 A g1, (561 A gro,™). During potential cycling, this is attained at 7opr < 460 mV
in all 50 cycles (Figure 3.5c). During chronopotentiometric testing, the required over-
potential rises to 620 mV over the course of 12 h (Figure 3.5b). For comparison, Hu et
al. report an initial mass activity of ~400 A gIrOZ_l at 7ogr = 470 mV for NTO loaded
with 17 wt% IrO, and 1500 A gro,” for a 26 wt% loading.l Oh et al. observed ini-
tially 100 A g, ! at 77opr = 310 mV for an ATO-supported 20 wt% IrO, catalyst, which
reduced to ~60 A glr'l after a 15 h chronopotentiometric experiment at 1 mA cmgeom'z.

3.2.6 Post-mortem Analysis of a Ti/C/NTO/IrO, electrode

As our electrodes exhibited some change in their performance characteristics during
cycling and constant load operation, we investigated the aging of the Ti/C/NTO/IrO,
nanostructure under OER conditions by ex-situ analysis of the electrode used in the
chronopotentiometric stability test (Figure 3.5b). As shown in Figure 3.14, the Ti sub-
strate is visible in several places on the electrode, where the catalyst nanostructure
delaminated as a result of prolonged intense bubble formation. We note, however, that
in an actual PEM electrolyzer the catalyst structure is firmly sandwiched between the
current collector and the PEM and that the removal of larger parts of the catalyst struc-
ture is thereby prohibited. The cell impedance was ~3 () before and after the stability
test. Together with the high catalytic activity observed throughout the experiment, this
leads us to conclude that the conductivity of the NTO phase did not suffer at the high
applied potential and that electronic contact with the IrO, layer was retained. The
Raman spectrum after electrochemical testing, repeated rinsing with ultrapure water
and drying at 60 °C is shown as the red curve in Figure 3.3. The signals from both
the anatase NTO and the IrO, phase are still observed after > 12 h exposure to the
acidic electrolyte and highly anodic potential. Both phases, therefore, show remarkable
stability. However, the electrode after OER stability testing shows slightly diminished
IrO, signal intensities compared to the pristine electrode, which indicates that some
of the catalyst material was lost during the measurement. The HAADF-STEM image
in Figure 3.15a reveals that the structure is still conformally coated with the strongly
scattering IrO, overlayer, though it no longer appears as well-formed and continuous
as before the OER experiments (cf. Figure 3.4c). From these results as well as the slight
rise in overpotential during the stability measurement we conclude that the IrO, layer
was partially removed during the experiment. Dissolution of the IrO, is unlikely to
be the cause of this as the reported rate of dissolution of crystalline IrO, during OER

85



3 Carbon-templated Conductive Oxide Supports for Oxygen Evolution Catalysis

in acidic media is on the order of 0.1 ng cm™ min™, juxtaposed to the IrO, loading of

178 pg cm?, calculated for the Ti/C/NTO/IrO, electrode.*®! More likely is a loss of
adhesion at the NTO/IrO, interface, which would cause the IrO, film to flake off. We
expect that close scrutiny of this interface will pinpoint ways to improve its durability
by optimizing the deposition and annealing steps.

3.3 Conclusions and Outlook

We have demonstrated a new type of oxide-based anode structure for PEM water elec-
trolysis. It uses NTO as an oxidation-stable conductive link between the metal current
distributor and the catalyst, which takes the shape of an ultrathin IrO, film with opti-
mum utilization of the noble metal for OER catalysis. The material shows competitive
activity and promising stability at a low Ir loading < 153 pug cm™. The activity of Ir-
based ternary oxides such as Ru,Ir O, has been demonstrated to be superior to that
of IrO,.?l As the ALD method lends itself well to the controlled preparation of mixed
oxides, we expect that IrO, in our system could be easily replaced with an even more
active catalyst. We envision that the anode system reported here can be applied in
practical PEM electrolyzers in a number of ways. Using existing ALD particle coating
technology and commercial carbon black as the substrate, supported catalyst powders
could be made and used for ink-based MEA preparation. Alternatively, our method
could be used to deposit a soot layer onto typical current distributor materials (e.g.
Ti foam) and add the ALD NTO and IrO, layers. The result would be an integrated
current collector/porous catalyst with optimal conductive contact at the interfaces and
excellent Ir utilization at low loading. This could be used directly as the anode in
MEA assembly. ALD has a reputation as an expensive technique that is difficult to
scale to large areas. However, the high power density of PEM electrolyzers implies that
the geometric electrode areas to be coated are quite moderate even for larger systems.
State-of-the-art PEM stacks have a cell area of several hundred square centimeters.!?!
Existing ALD tools for industrial production can process substrate surface areas of
several square meters per batch and larger reactors are in development.[*’] If efficient
reclamation of the excess Ir used in the ALD process is taken into account, it is conceiv-
able that the cost savings due to the reduced IrO,-loading and elimination of ink-based
electrode deposition can easily balance the cost of ALD for this application.

3.4 Experimental Details

The substrates, SLG microscope slides, Ti foil (Alfa Aesar, 99.5 %, 0.25 mm) and pol-
ished Si (100) single crystal wafers were used as received. Fused silica (GVB GmbH,
FN08) and FTO-coated (Pilkington, 7 () square™!) glass slides were cleaned prior to use
by sequential sonication in Extran® solution, ultrapure water and 2-propanol for 15 min
each and dried using nitrogen.
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3.4.1 Deposition of Carbon Soot Nanostructures

Carbon soot nanostructured films were grown by repeatedly drawing the substrates
through the top third of the flame of a custom-built wick burner fueled by technical
grade 2-propanol. The flame sheet was approximately 4 cm wide at the base and
8 cm high. Typically, a microscope slide (25 x 75 mm) was drawn back and forth all
the way through the flame within 1 s and this was repeated 10 times, resulting in a
homogeneous soot film of ~20 pm. Fused silica and Ti foil samples were prepared in
the same way.

3.4.2 ALD of NTO layers

TiO, and NbO, layers were grown using a Picosun R-200 Advanced ALD reactor at a
temperature of 200 °C and a base pressure of 2 hPa. Nitrogen (Air Liquide, 99.999 %)
was used as the purge and carrier gas. The carrier gas line flow during pulses was
40 sccm. Titanium tetraisopropoxide (TTIP, Aldrich, 99.999 %) was evaporated from a
stainless steel vessel at 85 °C, niobium ethoxide (NEO, Strem, 99.9+ %) was supplied
from a glass vessel at 160 °C. Ultrapure water (MilliQ, 18.2 M) cm) was held in a
stainless steel cylinder at 19 °C. Each TiO, ALD cycle comprised two TTIP pulses
(1.6 s pulse, 4.5 s static exposure, 6 s purge) and one water pulse (2 s pulse, 4.5 s static
exposure, 7.5 s purge). The resulting GPC was 0.038 nm cycle with a non-uniformity
of 4 % across a 20 cm wafer.

NbO, was deposited using cycles of four NEO pulses (1.6 s pulse, 6.5 s static exposure,
6 s purge) and one water pulse as in the TiO, process. The GPC was 0.068 nm cycle™
and the non-uniformity was 4 %. Mixed oxide layers were grown by interspersing one
NbO, cycle in the TiO, process at regular intervals as shown in Table S1. Before being
used as electrodes, the films were annealed in forming gas (5 % vol. H,, 95 % vol. N,,
Air Liquide ARCAL F5) at 700 °C with a heating rate of 6 °C min™! and a dwell time of
120 min.

3.4.3 ALD of IrO, layers

Ir(acac); (technical grade) was kindly donated by Heraeus Holding GmbH (Germany)
and used as received. IrO, ALD was carried out in the same reactor at 188 °C. The car-
rier gas line flow during pulses was 40 sccm. Ir(acac); was sublimated from a borosil-
icate glass container at 185 °C. Ozone was supplied by an ozone generator (INUSA
AC2025) from a feed of 500 sccm 1 % N,/O, (Air Liquide, 99.9995 %). Each cycle
consisted of three Ir(acac); pulses and one ozone pulse, separated by purge intervals.
An Ir(acac); pulse comprised a 1.6 s pulse, 5 s static exposure and 10 s purge time.
For the ozone pulse the times were 4 s, 2 s and 10 s, respectively. 50 cycles were used
for the OER catalyst coatings, which resulted in a layer thickness of 0.64 to 0.87 nm,
determined by spectroscopic ellipsometry on Si(100) substrates.
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3.4.4 Electrode Characterization

ALD film thicknesses were determined by spectroscopic ellipsometry (J. A. Woollam
M-2000D) on Si(100) substrates. TiO,, NbO, and NTO layers were modeled using a
Cauchy function. IrO, layers were modeled using a dual Lorentz oscillator model as
reported by Kohli et al..[ "] X-ray diffraction patterns were recorded on a Bruker D8 Dis-
cover diffractometer using Ni-filtered Cu Ka radiation (A = 0.154178 nm). The source
was operated at 30 mA and 40 kV. Reference XRD reflection data were obtained from
the ICSD database. The crystallite size p was calculated using the Scherrer equation
(equation 3.1), where K is the Scherrer constant, FWHM is the line broadening at half-
maximum and 0 is the Bragg angle.

KA

P~ FWHMcoso 3.1)

The conductivity of NTO films on fused silica was measured using the van der Pauw
method (ECOPIA, Model HMS 3000, 0.55 T). The samples were contacted using spring-
loaded gold-plated pins. SEM images were acquired on an FEI Helios NanoLab G3 UC
FEG-SEM equipped with an Oxford Instruments EDX detector at acceleration voltages
between 2 and 20 kV. Cross-section samples were prepared by fracturing the film sam-
ples on Ti foil using a pair of pliers. TEM and HAADF-STEM images were acquired on
a FEI Titan Themis 80-300 kV with an acceleration voltage of 300 kV. For TEM imaging,
particles were scraped off the electrode films, suspended in absolute ethanol and de-
posited on a holey carbon-coated copper grid. Raman spectra were recorded using an
Olympus BX41 optical microscope (10x, N.A. 0.25 objective lens) coupled to a Horiba
monochromator and Symphony CCD detector. A 20 mW HeNe laser, attenuated by
an OD 0.3 filter was used for excitation. The resulting spectra were normalized by the
height of the anatase Eg line at 628 cm™. For X-ray photoelectron spectroscopy (XPS)
a VSW TA10 X-ray source and a VSW HA100 hemispherical analyzer were used. All
spectra were measured with non-monochromatic Mg Ka radiation. Fits of the photo-
electron peaks are based on a convolution of a Doniach-Sunjié¢-function and a Gaussian
function and the subtraction of a linear background.

3.4.5 Electrochemical Characterization

FTO/IrO, working electrodes were prepared by contacting the FTO with Ag-based con-
ductive lacquer, the active area was limited by masking with PTFE adhesive tape with
a 0.238 cm? circular hole. Ti/C/NTO/IrO, and Ti/C/NTO electrodes were contacted
via the Ti foil and masked with epoxy to obtain a comparable active area. Experiments
were performed in a three-electrode electrochemical cell, using a coiled Pt wire as the
counter electrode and a hydrogen electrode (Gaskatel HydroFlex®) as the reference
electrode. The latter was checked against a Hg/HgO reference electrode before and
after the experiments and showed no drift in relative potential. The electrolyte was
aqueos 0.5 M H,SO,, which was gently stirred during the measurements (in air). All
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experiments were performed at room temperature. A Metrohm Autolab PGSTAT302N
potentiostat/galvanostat was used for cyclic voltammetry, chronopotentiometry and
impedance spectroscopy. The CV and CP measurements were corrected for 95 % of the
iR-drop. The cell resistance was determined as the high frequency real axis intercept
of impedance spectra recorded at 1 V vs. RHE. It was typically 3 Q) for the electrodes
on Ti and 12 Q) for electrodes on FTO. Tafel plots were constructed by galvanostati-
cally holding an exponentially increasing range of current densities and reading out
the stabilized overpotential after 30 s.
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3.6 Appendix

Carbon Soot Template

Figure 3.6: Photograph of as-deposited carbon soot on soda-lime glass (SLG).

Carbon NTO Scaffolds

Table 3.1: Compositions of NTO prepared for this study. In the cycle sequence column, Ti
represents one TiO, ALD cycle and Nb one NbO, ALD cycle.

Theor. composition ALD cycle sequence composition (EDX)
Ti:0.97; Nb:0.03 (20xTi +1xNb) xn Ti:0.97; Nb:0.03
Ti:0.91; Nb:0.09 (14 xTi + 1 x Nb) x n Ti:0.90; Nb:0.10
Ti:0.82; Nb:0.18 (6xTi+1xNb)xn Ti:0.80; Nb:0.20
Ti:0.75; Nb:0.25 (4xTi+1xNb)xn Ti:0.71; Nb:0.29

Table 3.2: Crystallite sizes of carbon-templated NTO films calculated using the Scherrer equa-

tion.
composition (EDX) cr. size (as-dep.) cr. size (600 °C) cr. size (700 °C)
[nm] [nm] [nm]
Tig 97Nbg 30, 46 50 56 (rutile)
Tiy 0Nbg 20O, amorphous 38 29
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Figure 3.7: X-ray diffractograms of NTO-coated carbon soot samples on fused silica. The data
have been normalized and offset for visual clarity.

a) 20% Nb as-deposited|b) - 20% Nb 700°C

Figure 3.8: Top-view SEM images of a compact as-deposited NTO layer (=80 nm, 20 % Nb) on
fused silica (a). The same layer after annealing at 700 °C (b).
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Nitrogen sorption

b) —v— Adsorption C/NTO BET surface: 10 m* g
20 v— Desorption C/NTO /
|

—v— Desorption C

v— Adsorption C BET surface: 84 m* g’ ]
"o 100 |

v— Adsorption C/NTO/IrO,

> BET surface: 12m?g" |

Desorption C/NTO/IrO,

Adsorbed Volume / cm
3
N
N
N\
Adsorbed Volume / cm® g”'
>

o
L

T T T T T T |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure / p/p° Relative Pressure / p/p°

Figure 3.9: Nitrogen sorption isotherms of carbon soot (a), C/NTO and C/NTO/IrO; (b) pow-
der samples measured at 77 K.

Figure 3.9 shows the nitrogen sorption isotherms recorded for pure carbon soot, NTO
on carbon soot and iridium oxide on the C/NTO scaffold. The decrease of surface area
per weight can be attributed to the enhanced mass of niobium-doped titanium oxide
in comparison to pure carbon soot. The type II isotherm indicates a nonporous mate-
rial with some textural porosity for the three different materials. Sorption data were
collected on a Quantachrome Autosorb 1 at 77 K in a pressure range from p/po = 0.001
to 0.98. The sample was heated prior to the measurement for 24 h at 120 °C under
vaccum. The BET model was applied between 0.05 and 0.2 p/po.
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Further Characterization of ALD IrO,
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Figure 3.10: Grazing incidence XRD pattern of an ~10 nm ALD IrO, film on oxide-terminated
Si (100).
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Figure 3.11: Survey XPS spectrum, recorded from an ~1 nm ALD IrO, layer on oxide-
terminated Si.

Figure 3.11 shows a survey X-ray photoelectron spectrum of a < 1 nm thick ALD IrO,
layer on oxide-terminated silicon. The strong signals are the O 1s, C 1s, Si 2s, Si 2p and
Ir 4f lines. The presence of adventitious carbon is a result of the sample transfer in air
from the ALD to the XPS chamber. The strong Si signals signify that either the IrO, film
is thin enough for photoelectrons from the underlying Si and SiO, to pass through it or
that it is discontinuous. A detail XP spectrum of the Ir 4f region is shown in Figure 3.12.
The Ir 4f;,, and Ir 4f5,, signals are centered on binding energies of 61.9 and 64.9 €V,
respectively, which is in good agreement with reported values for anhydrous IrO,.!"]
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No peak or shoulder is visible at 60.8 eV, which is the reported Ir 4f;,, binding energy
of metallic Ir. The Ir 4f signal was fitted using four components as reported for IrO, and
good fits were obtained without an added metallic component.[!] From these results we
conclude that the ALD process yields films in which the iridium is exclusively present

as iridium(IV) oxide.
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Figure 3.12: Detail XPS spectrum of the Ir 4f signal region, recorded from an approximately
1 nm thick ALD IrO, layer on oxide-terminated Si. Fitting parameters according to

ref [1].

Figure 3.13: Cross-sectional SEM image of a Ti/C/NTO/IrO, electrode with EDX element dis-
tribution maps of Ti, Nb and Ir.
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Electrochemical Characterization
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Figure 3.14: Cyclic voltammograms of a Ti/C/NTO/IrO, electrode at various scan speeds (a).
Capacitive currents extracted from the CV scans in (a), compared to an FTO/IrO,
electrode (b).
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Figure 3.15: Uncorrected cyclovoltammograms (2™ cycle each) of Ti/C/NTO/IrO,, Ti/C/NTO
and FTO/IrO, electrodes recorded in 0.5 M H,SO, at 20 mV s
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Figure 3.16: Cyclic voltammograms of a Ti/C/NTO/IrO, electrode at 20 mV s
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Post-mortem Analysis

a) : -

Figure 3.17: Photographs of a Ti/C/NTO/IrO, electrode in the electrolyte before (a), during (b)

and after (c) water oxidation for 12 h at 100 mA cm™.

Figure 3.18: HAADF-STEM image of the Ti/C/NTO/IrO, electrode structure after the 12 h
stability test (a). BE-TEM detail image of the structure from (a).
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Abstract

Oxygen evolution reaction (OER) is expected to be of great importance for the future
energy conversion and storage in form of hydrogen by water electrolysis. Besides the
traditional noble-metal or transition metal oxidebased catalysts, carbonaceous electro-
catalysts are of great interest due to their huge structural and compositional variety
and unrestricted abundance. This review provides a summary of recent advances in
the field of carbonbased OER catalysts ranging from "pure" or unintentionally doped
carbon allotropes over heteroatom-doped carbonaceous materials and carbon/ transi-
tion metal compounds to metal oxide composites where the role of carbon is mainly
assigned to be a conductive support. Furthermore, the review discusses the recent de-
velopments in the field of ordered carbon framework structures (metal organic frame-
work and covalent organic framework structures) that potentially allow a rational de-
sign of heteroatomdoped 3D porous structures with defined composition and spatial
arrangement of doping atoms to deepen the understanding on the OER mechanism on
carbonaceous structures in the future. Besides introducing the structural and compo-
sitional origin of electrochemical activity, the review discusses the mechanism of the
catalytic activity of carbonaceous materials, their stability under OER conditions, and
potential synergistic effects in combination with metal (or metal oxide) co-catalysts.

4.1 Introduction: Catalytic Activity of Pure Carbon Allotropes
and Necessity of Heteroatom Doping or Surface
Modification

Driven by the awareness of the global warming potential of a large-scale green-house
gas emission from the combustion of fossil fuels as well as economic considerations,
enormous investments in renewable energy sources were made in the last decades.!?]
Generation of "green" hydrogen by water electrolysis is thereby regarded to gain im-
portance in the upcoming years to convert and store intermittent renewable electrical
energy in form of chemical energy.’! Hydrogen as a versatile energy carrier can thereby
directly be used as fuel or employed in industrial processes replacing petrochemically
generated hydrogen or even hydrocarbons (if combined with CO, electrolysis) allowing
for a decarbonization in chemical industry (also known as "Power-to-X" concept).[3'4]
Prerequisite for an efficient conversion of electrical energy by water splitting is the
catalysis of both half-reactions, namely, the hydrogen evolution reaction (HER: H* + e~
— % H, (acidic), 2 H,O +2 e~ — H, + 2 OH" (alkaline)) and the oxygen evolution reac-
tion (OER: 2 H,0 — O, + 4 H" + 4 e~ (acidic), 4 OH™ — O, + 2 H,O + 4 e~ (alkaline)).
There is a considerable research interest in the development of novel, highly active cat-
alysts for the OER at the anode to increase the overall efficiency of electrolysis. This
is explained by the fact that the OER requires a relatively high overpotential due to a
rather complex four electron and proton-coupled pH-dependent reaction mechanism.[°!
The relatively recent but already advanced acidic proton exchange membrane (PEM)
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electrolysis technology, which enjoys an upswing in the industrial and research interest,
relies on scarce noble metal OER catalyst iridium and its oxide and is therefore limited
regarding a large-scale application.l’! Well-established electrolysis under alkaline con-
ditions offers the advantage of a possible use of earth-abundant, nonnoble transition
metal oxides (TMOs) with a special focus on the highly OER active Fe-doped Ni(OH),
as well as cobalt-based electrocatalysts.[”8] One drawback of alkaline OER employing
conventional TMO electrodes is however the partially low intrinsic conductivity of OER
active "nonnoble metal" TMOs (e.g., NiO, Co30,) that are mainly semiconductors or
insulators, and therefore allowing only a limited possible current density due to high
voltage losses in the electrolysis cell.10]

Carbon-based OER catalysts offer distinct advantages over pure metal and metal
oxide-based OER catalysts: they offer an unprecedented structural variety and, in com-
bination with heteroatoms, also an unrestricted compositional diversity and a good
to excellent electrical conductivity.'!! From the perspective of electrode design, car-
bon offers a light weight combined with a high mechanical flexibility. This combina-
tion increases the electrode stability under oxygen gas evolution (bubble formation),
which can otherwise deteriorate rigid, nonflexible oxide structures under high cur-
rent densities.['?l From an ecological and economical perspective, virtually unrestricted
availability of carbon and inexpensive synthesis are beneficial for a potential large-scale
application of electrolysis technology.

In the following work, we want to introduce the structural and compositional origin
of the electrocatalytic activity of various types of pure, heteroatom-doped, and hybrid
carbon-based OER catalysts to give an overview of the recent developments in this field
of research.

At this point, we want to refer to series of excellent review articles published in the
recent years introducing various aspects of carbon-based electrocatalysis as well as OER
catalysis in particular.

The first highly recommended overview articles to be mentioned were presented
by Wu et al. in 2016 on carbon nanocomposite catalyst for oxygen reduction reac-
tion (ORR) and OER followed by a work from Zhang et al. in 2017 on carbon-based
electrocatalysts for the hydrogen and OER.I'3! More recent general review articles
covering the topic of carbon-based electrocatalysts and to some extent OER catalysis
include papers by Lai et al. and Deng et al. on 3D porous carbon electrodes for
electrocatalytic applications and electrochemical energy storage, as well as a work from
Younis et al. discussing noble metal-free 2D carbon-based electrocatalysts for water
splitting.[15-17]

A more specific but also highly recommended review article from Zhu et al. from
2017 discusses perovskite/carbon composite catalysts concerning their application in
oxygen electrocatalysis and thereby presents an overview over the different types of
interactions of carbon and metal oxides affecting the OER/ ORR activity.!'8! Finally, a
review by Chen et al. from 2018 should be mentioned covering the topic of nanocar-
bon/oxide composites as bifunctional catalysts in alkaline fuel cell applications.[']
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Advanced Carbon-based Materials for OER

Framework structures

Pure carbon structures

Heteroatom doped carbons

*=  Unintentional doping =  Structure derived = Tailored electronic
* Synthesis derived catalytic sites structure

defects = B, N, P, S etc. doping = Molecular building
* Band structure =  Electron acceptor/ blocks

modification donor effects = Defined pore system

Scheme 4.1: Schematic presentation of the different classes of advanced carbonaceous materials
and composites within this review

Our review sets its focus first on a critical discussion of the origin of OER activity in
pure and heteroatom-doped carbon structures as well as highly active transition metal
(metal oxide)/ carbon composite electrodes with a relation to the applied synthesis
route and resulting nanomorphologies (Scheme 4.1). In this context, most recent and
promising examples of the individual classes of carbon-based OER catalysts are dis-
cussed in more detail. Additionally, the influence of heteroatoms and dopants on the
structure and OER activity is critically assessed. Besides updating the literature on
the most prominent carbon-based electrocatalysts, our work adds an overview of the
recently introduced class of ordered carbon framework structures for electrocatalysis
that have not been discussed in the earlier reviews mentioned above. Special focus is
drawn to the relatively recent developments in the field of ordered 3D carbon (cova-
lent organic framework (COF)) and carbon/ metal (metal organic framework (MOF))
framework structures for OER catalysis. By offering various advantages over classical
nonordered carbons, 2D and 3D heteroatom-doped carbon structures with a precisely
controllable porosity, composition and local geometry of heteroatoms, and/or metal
active sites are envisioned to allow the synthesis of carbon-based OER catalysts with
even further increased electrocatalytic activity. Finally, an often neglected discussion
about the corrosion stability of carbonaceous OER catalysts completes this literature
overview.

4.1.1 OER Activity of Undoped Carbon Structures and Necessity of
Heteroatom Doping

The overall efficiency of an OER catalyst is determined by three independent material
properties, namely, the number of catalytically active sites, the intrinsic activity of the
sites, and the electrical conductivity of the electrode (Figure 4.1).12"]
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Figure 4.1: Schematic illustration of the required features for OER catalysts. Reproduced with
permission.[?!l Copyright 2018, Wiley-VCH.

The electrical conductivity of carbonaceous structures is generally moderate to high
and thus is typically not regarded as the limiting factor. The conductivity of graphene-
based compounds greatly depends on their composition including the type of doping
and the doping level as well as the type and the amount of defects, which are very
much affected by the synthesis method.

@ Catom @ "pyridinic” N atom
@ "graphitic” N atom @

Figure 4.2: Schematic illustration of varying local environment of doped nitrogen in graphene.
Reproduced with permission.[??! Copyright 2009, American Chemical Society.

Doping with nitrogen or other foreign atoms can follow via a substitution of car-
bon in the graphitic structure with the formation of so-called "graphitic" N in case
of nitrogen, Figure 4.2, or cause topological defects which act as scattering centers in
the graphene lattice (so-called "pyridinic" N and "pyrrolic" N in case of nitrogen, Fig-
ure 4.2). As a consequence of the distorted lattice structure, a reduction of density of
states (DOS) near the Fermi energy is expected. This opens a gap in the band structure
of the zero-gap semiconductor of pristine graphene, which theoretically lowers the con-
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ductivity in the doped homolog.[?2l A work on chemical vapor deposition (CVD) syn-
thesized graphene by Wei et al. showed a reduction of the mobility from 300-1200 to
200-450 cm? V! s for the N-doped graphene over the undoped homolog.??! Other car-
bon allotropes investigated as OER catalysts include carbon nanotubes (CNTs) which
theoretically exhibit intrinsic mobilities exceeding 106 cm? V- 5! and measured mo-
bilities of 2-8 x 104 cm? V! 57! for undoped nanotubes but also strongly depend on
the amount of defects caused by the synthesis method and dopants.[?>?4] Fragments
(exfoliated graphene nanoribbons) or graphene oxide thereby show lower mobilities of
only up to ~200 cm? V-1 s71.[22]

There is however a conflict between the conductivity and the electrocatalytic activity
of carbon structures. It is widely accepted that pristine, undoped sp? hybridized carbon
exhibits only poor intrinsic OER activity, which is ascribed to the symmetric distribu-
tion of valence and conduction band.[?>?%] These are rather the defects introduced by
synthetic methods or heteroatom doping that create the OER active sites. This explains
the intensive research activity on heteroatom (N, S, P, B, etc.) doped carbon struc-
tures for OER catalysis in the recent years, which is further discussed with selected
examples in Section 3. The origin of catalytic activity is thereby assigned to lattice
defects introduced by heteroatoms as schematically depicted in Figure 4.9. The lattice
defects can i) act as active sites on their own, ii) tune the electronic structure of the sur-
rounding carbon phase, and/or iii) modulate the hydrogen binding energy[16'20'22] For
N-doped graphene, a modulation of the electronic structure of graphene in the vicinity
of dopants resulting in catalytically active carbon sites is explained by a conjugation be-
tween the nitrogen lone-pair electrons and the graphene 7r-system.[?”] More specifically,
the more electronegative nitrogen withdraws electron density from the neighboring car-
bon atoms to transform them into OER active sites, but does not show a favorable OER
activity as active site itself.[?’]

The simplest case of nitrogen doping is given by a carbonto-nitrogen substitution
resulting in an isostructural graphitic nitrogen-doped single-walled carbon nanotube
(SWCNT) or graphene structure. Further possibilities include pyridinic N with a present
vacancy, and a pyrrolic N. The latter is either accompanied by a vacancy or obtained by
a Stone-Wales rotational defect, and can be combined with protonation or oxidation.[?8!

The multistep OER mechanism on doped carbon species is not fully described on an
atomistic level in detail yet. However, significant progress has been made in elucidating
potential active sites, the potential-determining step (PDS), and the spatial relation to
doping atoms and defects in N-doped graphene or CNTs by theoretical methods based
on the assumption of a four-step single-site water nucleophilic attack mechanism.[?728l

In a recent work by Murdachaew and Laasonen, the active sites in undoped and
N-doped SWCNTs and graphene with doping concentrations of around 1 at% were
theoretically examined by density functional theory (DFT) methods. The authors com-
pared the active sites originating from different lattice defects (atomic substitutions,
vacancies, and Stone-Wales rotations) and different nitrogen functionalities (graphitic,
oxidized, pyridinic, and Stone-Wales pyrrolic nitrogen systems) regarding their differ-
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ence in binding energy of adsorption intermediates (AG*O — AG*OH) of the PDS of the
OER mechanism to calculate respective overpotentials as depicted in Figure 4.3 with
their corresponding structures.?8!
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Figure 4.3: Calculated OER free energy step diagram (red line) for the b) graphitic N1-SWNT
and d) Stone-Wales pyrrolic N1b-SWNT system. The dotted black line shows for
comparison the step diagram for the ideal case (step height 1.23 eV). Panels (a) and
(c) as well as the insets show the structures and some interatomic distances of the
*OH (panels (a) and (c)), *O, and *OOH intermediates, and the Ar values are the ra-
dial displacements of the underlying C atoms upon adsorption of the intermediate.
The PDS and the corresponding overpotential 77ogr are also indicated. Reproduced
(adapted) with permission.[?8! Copyright 2018, American Chemical Society. Original
article direct link: https://pubs.acs.org/doi/10.1021/acs.jpcc.8b08519. Permissions
related to the material excerpted should be directed to the ACS.

Initial step in the assumed OER mechanism, which is also widely accepted for transi-
tion metal (metal oxide) active sites, is the binding of an *OH adsorption intermediate
at the partially negative charged carbon atom. In a second step, an *O intermediate is
formed by a proton-coupled electron transfer reaction, followed by the formation of a
peroxide (*OOH) intermediate as third step. The second and the third steps are both
regarded as possible PDS or rate-determining step of the overall reaction (indicated in
Figure 4.3b, d with corresponding overpotential). Finally, the reaction cycle is com-
pleted by the fourth step corresponding to the release of one oxygen molecule and the
regeneration of the carbon active site.

It could be further shown by DFT methods that the carbon active sites also follow
the so-called scaling relation. This relation, which was introduced initially for isolated
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or noncooperative active sites on transition metals and metal oxides, describes a linear
dependency between the absorption energies of intermediates (*OH, *O, and *OOH)
that does not allow for an independent optimization of the individual reaction steps by
modification of the active site.[?8%]

Besides nitrogen-doped carbon, a variety of single and multiheteroatom doping ex-
periments were conducted to enhance the overall OER activity. The overview of het-
eroatom doping with some selected examples is discussed in Section 3.

Beyond nitrogen, also other nonmetal heteroatoms such as O, B, P, or S can be in-
troduced in sp2 hybridized carbon structures to alter the electronic structure of sur-
rounding carbon and thereby tune the electrocatalytic properties. Selected examples
that show an improved OER performance include S-doped CNT-graphene nanolobes
or N and O co-doped carbon hydrogel films.[3*3!l Codoping carbon with a second or
third heteroatom can thereby further enhance the OER activity due to synergistic effects
between the dopants and due to doping-induced defects.?’!

The synergistic effect of N and P co-doping was investigated by Zhu et al. on a
porous 3D carbon nanofiber hybrid material. By DFT calculations on pristine, N-doped
as well as N and P-codoped carbon, the authors could verify the formation of electroac-
tive sites with optimized charge distribution, which coactivated the neighboring carbon
atoms (Figure 4.4a) via charge transfer between the carbon and the heteroatoms.!®? Re-
sults on the calculated overpotentials versus differences in the adsorption energies of
OER intermediates, which typically form a "volcano" plot (Figure 4.4b), further confirm
a slightly lower required overpotential for the dual doped carbon as compared to the
single nitrogen-doped carbon structure. The former is significantly lower than the pris-
tine carbon or even an IrO, reference structure. Indication of a synergistic effect of the
N, P dualdoped carbon could be further attributed to an increased DOS at the Fermi
level as compared to single N-doped or the pristine carbon structure (Figure 4.4c).[3?]

However, clear reaction mechanisms describing the effects of multiheteroatom-doped
carbon OER catalysts are still yet to develop. It is expected that it is not the intrinsic
activity alone that is the cause of an enhancement by the co-doping, but mere a com-
bination of several factors including defect density, nanomorphology, and conductivity
that leads to an even higher electrocatalytic activity as compared to single doped coun-
terparts.

Vapor-based or wet-chemical synthesis methods that are typically employed for fab-
rication of doped carbon structures provide limited possibilities for rational design and
arrangement of heteroatoms around active site carbon atoms. Furthermore, analysis of
the sites is often limited to spectroscopic measurements of ensembles, which further
complicates the investigation of the OER active sites on the atomic level required for
a detailed understanding of the mechanism. A chance to overcome this issue by the
use of carbon-based framework structures with precisely defined atomic arrangements
inherited by molecular building blocks is introduced in Section 5.
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4.1.2 OER Activity in Carbon/Transition Metal (Metal Oxide) Composites:
Conductive Carbon Matrices and Synergistic Effects

Besides the metal-free carbon-based OER catalysts, metal and metal oxide electrodes
as well as single atom catalyst bound carbon structures were intensively investigated
in the recent years with results presented in Section 4 in detail. At this point, the
motivation and benefits of these composite catalysts should be highlighted.
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Figure 4.4: a) Initial structure of N and P co-doped carbons and the corresponding structures.
b) Volcano plots of OER overpotential versus the difference between the adsorption
energy of O* and OH*, i.e., AG(O*) - AG(OH*), for the simulated carbon structures.
¢) The DOS for the chemically doped carbon structures. Reproduced (adapted) with
permission.[3?] Copyright 2017, Wiley-VCH.

Main advantages of a carbon-based composite electrodes are the high conductivity,
structural variety, and robustness as well as flexibility with a possible high surface area
and porous morphology enabled by complex continuous 3D structures.!151¢]

As discussed in the previous section, heteroatom (N, O, B, S, P, etc.) doping can
further modulate the electronic structure leading to a further increased conductivity
and formation of carbon active sites, but also modify the interface for an efficient bind-
ing of an inorganic phase.['®! The combination of nonmetal (focus on nitrogen) and
transition metal doping led to the development of Me-N-carbon composites with out-
standing OER activity."l For an introduced Co, N co-doped porous graphene like
carbon nanosheet composite, the nonmetal doping with nitrogen is expected to present
potential nucleation and anchor sites for Co and Co;0, nanocrystals.*3l According to
Zhang et al. , it is however not always clear whether the transition metal actually par-
ticipates in the OER, as a similarly low overpotential has been observed also for only
heteroatom-doped carbons.[4]

Another broad class of composite compounds is TMOs, nitrides, phosphides, etc.,
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supported on various types of (heteroatom-doped) carbon substrates. The catalytic ac-
tivity of these composites is mainly determined by the intrinsic activity of the typically
nanosized inorganic phase. Thus, the catalytic activity of N-doped carbon composites
reported by Zhang et al. follows the trend FeNi > CoNi > FeCo < Ni < Fe, which is the
same as the activity trend of unsupported first-row transition metal (oxy)hydroxides
in alkaline media determined in the group of Boettcher group earlier.l”#l The trend
thereby follows the Sabatier principle with an optimum in the adsorption strength of
OER reaction intermediates on transition metal and oxide crystal facets, which can be
used for the construction of a "volcano" curve of electrocatalytic activity of composite
compounds.[34

A synergistic effect of carbon/transition metal (metal oxide) composite catalyst is also
reported for the composite class of core-shell structures. The OER transition metal (or
metal oxide) active core is covered by a thin carbon shell, which increases the stability
against dissolution under operation conditions and prevents agglomeration of small
metal or oxide particles, which is a well-known cause for catalyst inactivation. The
core structure of transition metal particles as well as their oxides, carbides, nitrides,
phosphides, sulfides, or selenides is thereby regarded to affect the electronic structure
of the thin carbon shell to increase its OER activity.'4%]

To extend our knowledge about synergistic effects on the OER mechanism of metal-
heteroatom-carbon composites, a rational material design and synthesis is required,
which gives a precise control over the composition, porosity, and surface functionaliza-
tion acting as anchor sites for the metal active sites.’*! All these requirements can be
potentially met by carbon-based framework structures known as COFs and MOF that
consist of molecular building blocks and eventually metal ions as coordination sites and
linking nodes, respectively. These material classes will be introduced in more detail in
Section 5.

4.1.3 Stability of Carbon-Based Electrocatalysts under OER Conditions

The stability of carbon-based OER catalyst is often referred to as insufficient for long-
term industrial application in PEM electrolyzer anodes when compared to TMOs cat-
alysts such as IrO,.”] Tt has to be however kept in mind that also IrO,, the "gold
standard" of OER catalysts for PEM electrolysis, undergoes corrosion, albeit at a low
rate.l%] There are recent studies on carbon corrosion related to the OER catalysis con-
cerning carbon electrodes,*#%1 support material,*1#?) and hybrid OER catalyst.[4344]
Furthermore, the stability of carbonaceous materials was thoroughly investigated re-
garding the application as ORR catalysts supports in fuel cells.*>#! The major concern
using carbonaceous OER catalysts and support materials is thereby an oxidation-driven
corrosion process that can lead either to a degradation or inactivation of the catalyst,
or a loss of contact to attached metal (or metal oxide) nanoparticles.[37]

It is the low thermodynamic stability represented by low standard electrochemical
potentials of 0.207 V versus standard hydrogen electrode (SHE) for CO, and 0.518 V
versus SHE for CO formation by oxidation, respectively, that presents the challenge
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for the application of carbonaceous materials under OER conditions at potentials ex-
ceeding 1.23 V versus SHE.!*”1 However, it is the reaction kinetics (corrosion rate) that
decides on the durability of the carbonaceous material under certain operation condi-
tions. Thus, for the use of carbonaceous materials as supports in fuel cell electrodes, it
should be kept in mind that a typical operation cathode potential of ~0.9 V versus SHE
significantly exceeds the onset potential of the carbon oxidation reaction. However,
even in these thermodynamically unfavorable conditions, the corrosion reaction kinetic
is still slow and negligible even for longterm operation. It is mainly the prolonged
extended open-circuit potential step, or startup and shutdown cycles with possible re-
verse current conditions and resulting high potentials, that are reported to lead to a
significant carbon corrosion. !

At even higher potentials required for OER, the carbon oxidation is further acceler-
ated but can still be suppressed. The total anode current is given by the sum of the OER
current and the carbon oxidation reaction current. Under constant current conditions
with independent and competitive reactions, the overpotential, or more precisely, the
decrease in overpotential is mainly determined by the most facile reaction, so that this
reaction is responsible for a dominant portion of the overall current. A highly active
OER catalyst on a carbon support or a metal-free carbonaceous OER catalyst with low
overpotential thereby dominate the overall reaction kinetics, resulting in a low corro-
sion rate and high faradaic efficiency toward oxygen evolution.[#748l

Experimentally, carbon corrosion was investigated by means of in-situ surface-en-
hanced infrared spectroscopy, which proposes an initial CO, formation followed by an
ongoing CO release under OER conditions.*”] Furthermore, differential electrochemical
mass spectroscopy was successfully applied to investigate the reasons for the decreased
faradaic efficiency of the OER (93 % at a potential of 1.45 V vs reversible hydrogen elec-
trode (RHE)) for a carbon-supported IrOx catalyst, which was attributed to an ongoing
carbon oxidation.!¥”! At the same time, there are different examples demonstrating that
carbonaceous electrocatalysts can be operated with sufficient stability even at high cur-
rent densities. Thus, Lee et al. reported a stable operation of a highly OER active
[rCoO, /C electrocatalyst over 216 h at a current density of 5 mA cm™ at a potential
between 1.5 and 1.6 V versus RHE.!*?l After all, this indicates the possibility of a stable
intermediate term operation of carbon-based OER catalysts, but also emphasizes the
requirement for the development of electrocatalyst with high intrinsic activity.

4.2 Undoped and Unintentionally Doped Carbon Structures:
From Synthesis to Surface Modifications

4.2.1 Synthesis and Catalytic Activity of Low Doping Level Carbon
Materials

“Pure,” defect-free carbon materials have almost no appreciable activity toward OER
catalysis as shown by various literature reports.l*%71 However, their performance can

109



4 Carbonaceous Oxygen Evolution Reaction Catalysts

be drastically improved by introducing (non-) metal dopants like boron,®?! nitrogen,
oxygen, 1925356581 and phosphorous,®! by inducing defects!®’! or by the formation of
hybrid materials.[**%1%>%°] The concepts of doping and formation of heterostructures,
which are intensively discussed in literature, will be reviewed in Sections 3 and 5.

The publications on nondoped defect-rich carbon materials for OER catalysis are
scarce. Thus, Jia et al. reported the OER activity of defective graphene (DG),1*! which
was prepared from nitrogen-doped graphene by a high temperature pyrolysis strategy.
The heat treatment decreased the N content from around 3.7 to 0.7 at% as evidenced
by X-ray photoelectron spectroscopy (XPS). The resulting DG possessed a lot of struc-
tural defects, like pentagons, heptagons, and octagons that were assembled in different
manner inside the graphene network. Linear sweep voltammetry (LSV) clearly demon-
strated the beneficial effect of introducing defects or dopants into carbon materials on
their electrocatalytic activity, as “pure” graphene has no obvious catalytic activity to-
ward OER. The comparison of doped and defect-rich graphene reveals that the latter
has a superior performance with a current density of 10 mA cm™ reached at a potential
of 1.57 V versus RHE, and a decreased Tafel slope (97 mV dec™) indicating a favorable
kinetics. The OER activity is even in the same range as a commercial Ir/C catalyst.
Moreover, the DG features also a promising long-term OER stability shown by a 60 h
chronopotentiometry measurement at a current density of 5 mA cm™ with no obvious
change in the catalytic activity. The high OER activity of DG was ascribed by Jia et
al. to the large amount of highly catalytic defect atomic sites supported by mechanistic
OER pathway calculations.!®!

The OER catalytic activity and stability of graphene is also dependent on its struc-
tural integrity. The latter is linked to the number of stacked layers as reported by
Garcia-Miranda Ferrari et al. who prepared mono-, multi-, and few-layer graphene by
CVD.[%l The authors have shown that the OER current density of the monolayer and the
few-layer graphene suffers drastically decreases upon repeated LSV scans. The reduc-
tion in the electrocatalytic activity is accompanied by the destruction of the graphene
sheets, which was clearly visible in corresponding Raman maps. The authors have ex-
plained the observed degradation by an insufficient structural integrity of graphene on
the macroscale, which is not high enough to accommodate the changes in oxidation
state during the OER. As another reason, they have suggested the mechanical destruc-
tion of the surface of the graphene sheets by frictional forces induced by the collapse of
the formed oxygen bubbles (Figure 4.5).

Multilayer graphene shows higher cycling stability. The destruction of the top layer
in this material occurs as well, but the many underlying layers still maintain its overall
stability. Interestingly, the repeated LSV measurements show an increase in the OER
activity assigned to the formation of defects. Consequently, the authors concluded that
only multilayer graphene grown by CVD is applicable as OER catalyst in contrast to
few- or mono-layer graphene.[®]

The importance of defects for the catalytic OER activity of carbon materials was also
reported by Zhao et al. who investigated a carbon quantum dot/graphene (CQD/
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Figure 4.5: Schematic pathway of oxygen bubble-induced damage of mono-layer graphene dur-
ing OER. Reproduced with permission.[®*] Copyright 2019, Wiley-VCH.

graphene) hybrid material.!®’! The hybrid material was prepared by electrochemical
exfoliation of graphite in propylene carbonate followed by a solvothermal step and a
final annealing step. XPS analysis of the samples revealed a small oxygen content; fur-
ther impurities have not been detected or are below the detection limit of XPS. The
CQD/graphene composite reached a current density of 10 mA cm™ at a potential of
1.58 V versus RHE in 1 M KOH being only slightly higher as compared to a commer-
cial RuO, catalyst (1.56 V vs RHE). Besides the favorable kinetics, the hybrid material
showed an excellent stability with almost no changes in LSV after 2000 cycles. The
authors attributed the good catalytic OER performance to the intimate contact between
CQDs and graphene sheets enabling a rapid charge transfer, and to the numerous edge
sites/defects on CQDs and graphene sheets providing a high content of catalytic active
sites.[>]

CNTs attracted also lots of interest as quasi “pure-carbon” based catalysts for OER.
CNTs are typically produced by CVD, which entails, however, the use of metal catalysts
like nickel, cobalt, or iron that cannot be removed completely. Consequently, commer-
cially available pure and high-quality CNTs are contaminated by 0.5-2.0 wt% of metallic
impurities.’!] These impurities drastically influence the electrochemical performance
as demonstrated, e.g., by Suryanto et al.l®] The authors introduced a new two-step
method (Figure 4.6) enabling the reduction of metallic impurities at the surface and the
interior of multi-walled carbon nanotubes (MWCNTSs) down below 0.01 wt%.1°1l In the
tirst step, the as-received MWCNTs are treated with acid to remove surface bond metal-
lic impurities resulting in raw MWCNTs (r-MWCNT). The -MWCNT is subsequently
mixed with melamine and heated to 1000 °C under an inert gas atmosphere yielding
MeIMWCNT, followed by an additional acid treatment. These steps are repeated for
multiple times. After the fourth purification cycle, the metal content is decreased to
100 ppm, equaling to a reduction of 98.8 % (Figure 4.6b).

The authors demonstrated that the OER performance of unpurifed -MWCNT (solid
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black line) and acid-washed r-MWCNT (black dashed line) is very similar. The unpu-
rified melamine-treated MeIMWCNTs (solid red line) reveal an improved performance
as compared to the -MWCNT samples, together with the appearance of the character-
istic Ni?* /3* redox feature. The authors reported that Ni, Fe, and Co ions entrapped
in the interior of the MWCNTs are moved to the outside, which causes an opening of
the nanotubes and thus an increase in the surface area after the melamine treatment.
These structural issues were accounted for the enhanced OER performance. However,
the acid-treated, purified MeIMWCNTs (equaling to a removal also of those metal ions
that have been moved from the interior by the melamine treatment) revealed a higher
overpotential and a lower current density (Figure 4.6), which leads to a conclusion
that the OER performance of MWCNTs is highly influenced by the amount of metallic
impurities.[0!]

Cheng et al. also analyzed CNTs that had metallic impurities like cobalt, iron, molyb-
denum, or nickel of around 3.45 wt%, and hydrochloric acid-treated CNTs whose trace
metal content was decreased to 1.38 wt%.[02] However, the authors observed only little
differences in the electrocatalytic activity of both types of CNTs. Moreover, Cheng et
al. could show that the number of walls drastically influence the OER performance
of CNTs. The highest activity was observed for three-walled CNTs (CNTs-3) with an
onset potential of 1.64 V versus RHE and a current density of 56 mA cm™? at 1.8 V
versus RHE. The catalytic activity of CNTs with an increased or decreased number of
walls is declined following a volcano-type dependency. The authors ascribe this behav-
ior to the dual functionality of CNTs. The outer walls offer absorption and dissociation
sites for different oxygen-containing species, and the inner walls enable fast electron
transfer. With increasing number of walls, there is a reduced driving force for elec-
trons to tunnel from outer to inner walls, thus reducing the OER activity. Moreover,
the authors also compared the performance of the CNTs-3 to other carbon materials
like graphite or activated carbon. Among three materials, the CNTs-3 has demon-
strated the highest OER activity per surface area. Additionally, its performance was
even superior to conventional 20 wt% Ru-C and 50 wt% Pt-C electrocatalysts.l®?] Ali et
al. also observed a correlation between the number of walls of MWCNTs and their
resistance and electrocatalytic performance. The authors found that the resistance of
CNTs gradually decreases with increasing number of walls (from three to five), but the
electrocatalytic performance does not follow this trend. For the MWCNT-3, the onset
potential of 1.63 V versus RHE and a current density of 0.45 mA cm™ were measured,
which change to 1.60 V versus RHE and 0.89 mA cm™ in case of the MWCNT-4. The
performance of the MWCNT-5 is however very similar to that of MWCNT-4, thus an
additional increase in the number of walls does not result in a further enhancement of
the OER performance.!®]

To assess the true electrocatalytic activity of CNTs only not by metal impurities, Gao
et al. prepared SWCNTs in a metal-catalyst-free procedure using a SiO,-coated Si
wafer as substrate.>!! The resulting SWCNTs have an onset potential of 1.54 V and a
current density of 10 mA cm™ at an overpotential of 670 mV under basic conditions
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Figure 4.6: a) Schematic synthesis process of MWCNTs with ultra-low amount of metal
impurities, b) metal content depending on the number of purification cycle
and c¢) LSV curves of different unpurified (solid lines) and purified (dashed
lines) MWCNT products: MWCNTs pyrolyzed at 1000 °C (rMWCNTjqgg) (black
lines) and melamine-treated MWCNTs (MelygMWCNT 1/1000). Reproduced with

permission.[®!] Copyright 2018, The Royal Society of Chemistry.

(0.1 M KOH). The authors demonstrated that the electrocatalytic activity can be dras-
tically increased by loading the SWCNTs with buckminsterfullerene (Cgg). The best
performing Cgo/SWCNT composite revealed an onset potential of 1.46 V and a current
density of 10 mA cm™ at an overpotential of 460 mV, which equals to a 5.3 and 50 times
higher current density as compared to pure SWCNTs and Cgp under the same condi-
tions, respectively. The Cgo/SWCNT composite has even a 1.2 times higher activity in
comparison to a conventional RuO, catalyst. The authors explained the improved cat-
alytic activity of Cg9o/SWCNT by the more favorable kinetics toward OER as compared
to SWCNTs, Cgp or RuO, reference samples.[Sl]

Due to their good electrical conductivity, CNTs are also often combined with non-
carbonaceous materials, like metal oxides, phosphides, and sulfides, improving their
catalytic activity as discussed later.

A compact overview of promising undoped or unintentionally doped carbon mate-
rials is given in Table 4.1.

Table 4.1: Comparison of different undoped and unintentionally doped carbons regarding their

OER activity.
Material Impurity/doping ~ Impurity/doping  Electrolytes Potential  [mV]  Tafel slope  Ref.
elements level versus RHE at [mV dec'l]
10 mA cm?
Graphene N/A N/A 1M KOH No activity N/A 1531
Defective graphene N 0.7 at% 1570 97
Few-layer graphene N/A N/A 0.1 M KOH 1610@ N/A 160]
0.85 pA cm?
Multilayer graphene N/A N/A 1400@ N/A
323 mA cm’
Carbon QD/graphene o N/A 1M KOH 1579 44 159
Raw CVD-MWCNT Fe, Co, Ni, O Ni: 9907 ppm  1MKOH N/A N/A 161]
Fe: 102 ppm
Co: 71 ppm
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HCl-treated MWCNTs Ni: 5204 ppm 1690 153
Fe: 19 ppm
Co: 44 ppm
HCl/melamine-treated MWCNTs Ni: 107 ppm 1630 64
Fe: 13 ppm
Co: <1 ppm
HCl-treated three-walled CNTs Fe, Co, Ni, Mo 138 wt% trace 1M KOH 1680 60/120 162]
metal content
Ceo N/A N/A 0.1 M KOH 2250 50.5 151]
SWCNT O, Si N/A 1900 79.7
Cgo/SWCNT 0, Si N/A 1690 46.7
Surface-oxidized MWCNT Fe, Co, Ni, O Ni: ~25 ppm 0.1 MKOH 1700@ 73 [64]
Fe: =30 ppm 34 mA cm?
Co: <1  ppm
O:1.0 at %
Surface-oxidized MWCNT Fe, Co, Ni, O Ni: 3300 ppm 1M KOH 1590 4 1571

Fe: 3 ppm
Co: 32 ppm
0:22 at%

Surface-oxidized carbon black (@] Ni, Fe, Co: N.D. 0.1 M KOH 1850 69.1 [65]
0: 8.87 at%

Oxidized laser-induced graphene ¢} Ni, Fe, Co: ND. 1M KOH 1594 49 166]
0:11.6 at%

Plasma-etched carbon cloth O 13.09 at% 1M KOH 1680 N/A [67]

Activated carbon cloth [¢) 11.3 at% 0.1 M KOH 1380 124 [68]

Acidically oxidized carbon cloth ¢} ~A7 at% 0.1 M KOH 1707 82 169]

Plasma-functionalized carbon cloth O 5.9 at% 1M KOH 1593 66.7 701

Tyramine-functionalized GO N, O N: 34.3 at% 0.5 M KOH 1760@ 2 mA cm™2 69 [71]
0:9.8 at%

Lysine-functionalized rGO N, O N: 61 at% 05MKOH 1560 80 172]
O: 14 at%

NHz-functionalized carbon dots N 11.8 at% 0.1 M KOH 1600@ N/A [731

16.5 mA cm?

4.2.2 Surface Functionalization

Surface oxidation of CNTs is another interesting strategy to improve the performance
of this material class. Surface-oxidized CNTs can be prepared by acid, O, plasma, hy-
drothermal, and electrochemical treatment or a combination of two or more of these
techniques.l’”%474 The resulting surface-oxidized CNTs have commonly a superior
OER activity as compared to the raw CNTs. The improved performance is generally
attributed to the typically high surface hydrophilicity and the large amount of ke-
tonic C=0 groups influencing the electronic structure of the neighboring carbon atoms,
which increases the adsorption of water molecules and oxygenated intermediates. A
subsequent hydrothermal treatment can further modulate the oxygen functional groups
toward a higher amount of C=0 (Figure 4.7).576474] Defects are also often discussed in
context of surface-oxidized CNTs and their influence on the OER activity. However, in
contrast to many other carbonaceous OER catalysts, a low amount of defects is reported
to be more favorable as an increased electrical conductivity can be achieved, which is
also important for a high OER activity.[¢4]

Luetal. prepared surface-oxidized MWCNTs by combing the three mentioned tech-
niques of acid, hydrothermal, and electrochemical treatment. The best activity was
demonstrated by mildly oxidized MWCNTs whose performance was drastically in-
creased as compared to strongly or weakly oxidized MWCNTs. The authors showed
that the activity toward OER can be further enhanced by a hydrothermal treatment fol-
lowed by electrochemical activation. The resulting surface-oxidized MWCNTs reached
a current density of 10 mA cm™ at a potential of around 1.6 V versus RHE measured

114



4.2 Undoped and Unintentionally Doped Carbon Structures

 epoxy/hydroxyl - ketonic/carboxylic

Physical properties transformation Electrocatalvtic
performance

r-MWCNT 5 p-MWCNT & H-MWCNT

EEE
1 B

of  Amount of defect

of
Oxygen groups ketonic group®

Figure 4.7: Schematic sequence of raw (r-MWCNT), piranha acid-treated (p-MWCNT), and
hydrothermal-treated MWCNTs (H-MWCNT), their physical properties and the
resulting relative OER activity. Reproduced with permission.l®yl Copyright 2016,
American Chemical Society.

in 1 M KOH, equaling to an overpotential of 360 mV. Although nickel impurities were
still detected inside the nanotubes after the acid treatment, the authors demonstrated
that they did not contribute significantly to the overall performance.l®’!

Surface oxidation as a means to enhance the OER activity is applicable not only to
CNTs. There are also reports on surfaceoxidized carbon black,!%] graphene,!%0%71 and
carbon cloth (CC).[%8701 The increased OER activity of those materials, as compared
to the untreated equivalents, is mainly associated with the increasing amount of ke-
tonic groups.[>%] Cheng et al. reported, e.g., surface-oxidized CC prepared via a
piranha acid treatment.l®”! Untreated CC has only a poor catalytic performance toward
OER, with an onset overpotential of 474 mV and an overpotential of 649 mV to reach
5mA cm™. After acidic oxidation of the CC, a drastically improved performance can be
observed. Excessive oxidation should be however avoided due to a decreased electrical
conductivity of the resulting material. The best performing oxidized CC has an onset
potential of 328 mV versus RHE and reaches a current density of 10 mA cm™ at an
overpotential of 477 mV. The oxidized CC delivers also excellent long-term durability
with a loss in current density of only 9.7 % over 1000 cycles.[®]

Another surface functionalization strategy of carbonaceous materials is presented by
Sapner et al. who prepared tyramine-functionalized GO (T-GO) and lysine-functional-
ized rGO (Ly-rGO) materials as catalysts for OER.”72l GO as a reference material
demonstrates rather moderate catalytic activity (current density of 10 mA cm2 achieved
at a potential of 1.88 V vs RHE) in 0.5 M KOH.I"?l After functionalization with tyra-
mine, the potential to reach 10 mA cm? is reduced to around 1.7 V versus RHE.
Chronoamperometric measurements demonstrate a high stability of T-GO during OER
(Figure 4.8c). The improved performance is ascribed to the functional groups of tyra-
mine, which enhance the electron transfer at the interface via a postulate four step
process depicted in Figure 4.8.71]

Functionalization of GO with lysine, which is accompanied by the reduction of GO
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Figure 4.8: a) Schematic structure of tyramine surface-functionalized GO (T-GO), b) Fourier-
transform infrared spectra of GO and T-GO, c) chronoamperometric current stabil-
ity at 1.39 V versus RHE of T-GO and the corresponding LSV curves before and
after this measurement in the inset. d) Probable OER reaction mechanism of T-GO.
e) SEM and f) TEM image of lysine surface-functionalized rGO (Ly-rGO) and the
resulting LSV curve, g) overpotential at 10 mA cm, and h) Tafel slope. a-d) Repro-
duced (adapted) with permission.[”!l Copyright 2019, The Authors. Published by
The Royal Chemical Society. e-h) Reproduced (adapted) with permission.[”?] Copy-
right 2020, American Chemical Society.

to rGO, results in a further enhancement of the OER activity represented by a potential
of 1.56 V versus RHE to reach 10 mA cm™ and a Tafel slope of 80 mV dec™ (Figure 4.8¢,
h). The authors suggest that the increased performance can be attributed to the various
functional groups of lysine enabling an advanced multistep OER.[”?]

Surface functionalization was applied also for carbon nanodots (CDs) to increase
their OER activity.”! Liu et al. have synthesized CDs with a particle size distribution
of 4-8 nm in an electrochemical method and functionalized them with amidogen and
phosphorous surface groups. Such functionalization is mandatory as the "pure" CDs
have no obvious catalytic activity toward OER. The best performing NH,-CDs reached
a current density of 16.5 mA cm at a potential of 1.6 V versus RHE, even outperform-
ing an IrO,/C reference catalyst (13.2 mA cm?, 1.6 V vs RHE).[”3]

4.3 Metal-Free, Heteroatom-Doped Carbon Composites

Beside the introduction of defects and the functionalization of the surface, the OER
activity of carbon materials can be further enhanced by heteroatom doping. Various
heteroatoms including B, N, O, F, P, and S have been used to tailor the structural, elec-
trical, and chemical properties of carbon nanomaterials. The break of electroneutrality
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results in a doping-induced charge transfer which leads to the formation of catalyt-
ically active carbon centers while keeping the beneficial electrical conductivity.[?”28]
Depending on the doped element, several different configurations are possible for the
implementation in the carbon network (Figure 4.9). In general, there exist two main
synthetic approaches for the heteroatom-doping of nanocarbons resulting in single-
doped, co-doped, and multi-doped OER catalysts. The first approach includes an in
situ doping during carbon synthesis, and the second a postsynthetic treatment of pre-
formed carbon materials. Several different materials with tunable molecular structure
and morphology have been developed so far and will be reviewed in this chapter re-
garding the doping level and the doping element.

Figure 4.9: Schematic summary of the heteroatom doping configurations. Gray, green, navy,
red, blue, orchid, and yellow represent C, B, N, O, E, P, and S atoms, respectively.

4.3.1 Single-Atom Doping

Modulating the electronic structure of carbon-based materials often leads to a change
in catalytic activity while keeping the beneficial properties like a high conductivity
and a good stability, which are crucial for a potential long-term application. A com-
pact overview of promising single-heteroatom-doped carbon materials is shown in Ta-
ble 4.2. Nitrogen doping of different carbon materials has a long history especially
for the ORR,/7>7?] however the application of this process to graphene (nitrogen-doped
graphene, NG) to enhance its OER activity was demonstrated only in 2013 by Lin
et al.8% NG with a doping ratio of 2.4 at% N was prepared via a simple pyrolysis of
graphene oxide and polyaniline (PANI). The OER catalytic activity of this material with
an overpotential of 416 mV at a current density of 1 mA cm? in 0.1 M KOH outper-
formed the undoped graphene and a commercial Pt/C catalyst. Due to the fact that the
atomic size of nitrogen is similar to that of carbon, it can be easily incorporated in the
graphene framework substituting carbon in several different forms, including pyridinic
N, pyrrolic N, and quaternary N. Therefore, in the same year, Zhao et al. synthesized a
nitrogen-doped carbon material by pyrolyzing the hybrid of a melamine/formaldehyde
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polymer and nickel nitrate at 700 °C and consecutive etching of the metal oxide show-
ing a current density of 10 mA cm™ at an overpotential of 380 mV measured in 0.1 M
KOH.BY Based on the XPS measurements of N-doped carbons with different N/C
ratios, the authors proposed that the high oxygen evolution activity originates from
pyridinic-N or/and quaternary-N-related active sites.

Table 4.2: Comparison of different single-heteroatom-doped metal-free nanocarbons regarding

the OER activity.
Doping elements Material Precursors Doping level Electrolytes Potential  [mV] Tafel slope [mV Ref.
versus RHE at dec!]
10 mA cm?
B Multi-walled Boric acid B151-237at% 0. MKOH 1881 N/A 2
CNTs
N Few-layer PANI N 2.4 at% 0.1 M KOH 1646@ N/A 180]
graphene 1 mA cm?
N CNTs on rGO Ethylene di- N39at% 0.1 M KOH 1768 N/A 183]
amine
N Graphite nano-  Melamine N 3.54 at% 0.1 M KOH 1610 N/A 181]
material formaldehyde
N Surface N-doped ~ Pyridine N 2.38 at% 0.1 M KOH 1780 N/A 184]
CNTs
N Graphene nan-  Ethylene, am- N O0.53at% 0.1 M KOH 1630 83 185]
otube hybrids monia
N Graphitic C;N,  Melamine N ~57 at% 0.1 M KOH 1759 68.5 (86
nanosheets/
graphene com-
posite
N Graphene Ammonia N 3.97 at% 0.1 M KOH 1786@ N/A 1871
1 mA em?
N CNTs Acetonitrile N 24 at% 0.1 M KOH 1680 N/A (88]
N Graphite nano-  Carbon cloth N 1.92 at% 1.0 M KOH 1850 98 189]
material
N Graphene Melamine ~ L- N59at% 1.0 M KOH 1590 47 190]
nanoribbons cysteine
N Graphitic carbon Facial cotton N 2.0 at% 0.1 M KOH 1520 N/A 191]
microtubes
N CNTs-supported ~ Melamine CNT-  N/A 1.0 M KOH 1600 N/A 192]
C3N, CF
N Multi-walled PANI  emeral- N 0.5 at% 1.0 M NaOH 1550 68 1561
CNTs dine salt
N Defect-rich Nitrogen- N 9.36 at% 1.0 M KOH 1590 57 [14]
porous graphitic enriched  poly-
carbon dopamine ana-
log
N Carbon Ammonia N 3.05 at% 0.1 M NaOH 1690 N/A 193]
nanocages
N N-doped 1-butyl-3- N 123 at% 0.5 M H,S0, 1700 226 941
graphite on methylimidazolium
carbon black bromide
N N-doped carbon  Citric acid Am- N 246 at% 0.1 M KOH 1640 142 195]
nanosheets monium  chlo-
ride
N Graphene- Glucaminium- N 26 at% 1.0 M KOH 1560 52 196]
supported based ionic
N-doped carbon liquids
N Graphitic meso-  Guanidine hy- N 48 at% 1.0 M KOH 1606 524 1971
porous C3N drochloride
F Fluorinated Carbon  Cloth, N/A 1.0 M KOH 1690 128 1981
graphdiyne 1,3 4-triethynyl- 0.5 M H,50, 1800 192
Carbon cloth 2,4,6- trifluo-
robenzene
P P-doped Red phosphorus P 0.83 at% 1.0 M KOH 1560 62 154]
graphene graphite
P P-doped Sugar sul- P67 at% 1.0 M KOH 1690 179 199
graphitic carbon furic acid
red phosphorus
S CNT-graphene Thiourea Ben-  S1.19 at% 1.0 M KOH 1580 95 131]

nanolobes

zyldisulfide

Three years later, Yang et al.

also confirmed that pyridinic N with p-type dop-
ing character is responsible for the OER activity of N-doped carbons proven by X-
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ray absorption nearedge structure (XANES) spectroscopic measurements on N-doped
graphene.[”l In a novel strategy developed by the authors, N-doped graphene nanorib-
bons with an interconnected 3D network architecture were synthesized via the pyrol-
ysis of a mixture of melamine and L-cysteine under argon atmosphere. The material
showed a low overpotential of 360 mV at 10 mA cm™ measured in 1.0 M KOH with
a small Tafel slope of 47 mV dec™!, which is even lower than for Ir/C (54 mV dec™).
In the XANES spectra, the broadening of the pyridinic-N peak at ~398.0 eV from 0.8
to 1.15 eV was observed, while the other peaks, including graphitic and pyrrolic N, re-
mained unchanged. The authors ascribed the energy increase to adsorbed OOH* and
O* intermediates on carbon atoms next to the pyridinic-N during OER. Hence, a high
amount of pyridinic-N seems important for a good OER performance.

Several different single N-doped graphene-based materials8985-87.90929596] are known
until now. These compounds are typically synthesized by either pyrolysis of nitrogen-
containing carbon precursors like PANI or melamine, or by treatment of preformed
graphene with ammonia-based chemicals. However, the synthesis of graphene often
involves TMOs like iron oxide. In this case, it is very important to remove the metal
catalysts completely, as even the smallest impurities may alter the catalytic activity in a
strong way.“oo]

Another method to the synthesis of the defect-rich and ultrathin N-doped carbon
nanosheets (NCNs) was developed by Jiang et al. who prepared the OER catalyst
by simply pyrolyzing a mixture of citric acid and NH,Cl at a temperature of 1000 °C
under Ar atmosphere (Figure 4.10).°51 NH,CI acts in this case not only as nitrogen
source for the NCNs but also as a foaming agent to construct a cross-linked 3D porous
network structure with a high surface area of more than 1700 m? g!. The material has
an overpotential of 410 mV at 10 mA cm measured in 0.1 M KOH with a comparably
high Tafel slope of 142 mV dec’!, and a stable performance over 12 000 s at 1.5 V versus
RHE at a current density of 2 mA cm™. DFT calculations suggest that carbon atoms
located at the armchair edge and adjacent to the graphitic N dopants act as the intrinsic
active sites for OER.

Nitrogen-doped CNTs can also be used as single-heteroatomdoped carbon catalyst.
This material can be produced by CVD of nitrogen-containing precursor like ethy-
lene diamine or acetonitrile on different substrates always with the need of iron as
a catalyst.[50838488] Another possibility is a posttreatment of preformed CNTs with
nitrogen-containing species and a consecutive pyrolysis step. Davodi et al. have
obtained nitrogen-doped MWCNTs (NMWNTs) by mixing preformed MWCNTs with
PANI emeraldine salt followed by sonication and subsequent pyrolysis at a tempera-
ture of 800 °C for 1 h under argon atmosphere (Figure 4.11).1%¢] The obtained NMWNTs
show a superior OER catalytic activity with a small overpotential of 320 mV at 10 mA
cm? measured in 1.0 M NaOH and a Tafel slope of 68 mV dec!, and excellent stability
in chronoamperometric measurements at a constant voltage of 1.56 V versus RHE for
more than 25 h. XPS measurements reveal the important role of pyridinic N as the main
active sites for OER. In addition, the metal-free catalyst shows also excellent stability
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Figure 4.10: a) Schematic illustration of procedure for synthesizing N-doped carbon nanosheets
(NCNs) and b) electrochemical characterization of NCNs including LSV curves, on-
set potentials, Tafel plots, and i-t plot at the applied potential of 1.5 V versus RHE.
Reproduced (adapted) with permission.*® Copyright 2019, The Royal Society of
Chemistry.

in chronoamperometric measurements at a constant voltage of 1.56 V versus RHE for
more than 25 h.

Graphitic nitrogen-doped carbons!®91939497,1011 3150 demonstrate a good activity to-
ward the OER. Wahab et al. , e.g., used a mesoporous SBA-15 silica nanotemplate
to structure polymerized guanidine hydrochloride as a single-carbonnitrogen source
(gMesoCN).[97] After pyrolysis, they obtained a metal-free graphitic mesoporous car-
bon nitride with a nitrogen content of 48 at% and a surface area of 406 m? g'. Struc-
tural characterization showed the successful formation of a graphitic carbon nitride
framework with uniformly sized pore channels of 4.56 nm. The mesoporous material
showed an overpotential of 376 mV at 10 mA cm™ measured in 1.0 M KOH with a Tafel
slope of 52.4 mV dec!. In long-term stability test, they observed a 98.4 % retention of
current density after 24 h at a voltage of 1.6 V versus RHE.

Additionally to nitrogen doping, several other single heteroatoms such as B,[8?] F,[%]
P54%1 and SI¥!1 have been used to tune the electrochemical properties for effective OER.
For example, Xiao et al. realized edge-selective P doping of graphene by simply ball-
milling of graphite and red phosphorus followed by several washing steps with water
and annealing in argon atmosphere at 650 °C.[**! In this way, the authors were able to
introduce up to 0.83 at% P in the carbon network. The P-doped few-layer graphene
showed a small overpotential of 330 mV at 10 mA cm™ measured in 1.0 M KOH with a
Tafel slope of 62 mV dec’!. Besides the phosphorous doping, the authors have observed
a large fraction of oxygen in the structure leading to defects with comparable effects
as described in Section 2. Although traces of iron were present in their material, the
authors have demonstrated that the high electrocatalytic activity mainly originates from
the P dopant.
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Figure 4.11: a) Schematic illustration of the synthesis procedure of N-doped MWCNTs
(NMWNTs), high-resolution TEM (HRTEM) images of 20-NMWNT b) before and
c) after pyrolysis and d) electrochemical characterization of the 20-NMWNT. Re-
produced (adapted) with permission.[®l Copyright 2017, The Authors. Published
by Elsevier Inc.

4.3.2 Multiheteroatom Doping

Numerous examples described in the previous section demonstrate that electrocatalysts
with a high OER activity can be obtained via doping of different carbon materials with
nitrogen atoms as elaborated in Section 3.1. A further improvement in conductivity,
stability, and activity is assumed for the doping with two or more heteroatoms due to
positive synergistic effects between the dopants. Difficulties lie in the control of the
doping amount and the characterization of active sites and catalytic effects. Several dif-
ferent combinations of heteroatoms have been developed such as N, B,[102103] 1y O, [30,104]
N, F,[105106] \J P [49,107,108] N g[109-113] 4 even trivalent doped materials like N,O,F,[114]
N,EP,115] N PSl!16] were synthesized.
An overview of these materials and their OER performance is given in Table 4.3.

Table 4.3: Comparison of different multiheteroatom-doped metal-free nanocarbons regarding

the OER activity.
Doping elements Material Precursors Doping level Electrolytes Potential  [mV] Tafel slope [mV Ref.
versus RHE at dec’l]
10 mA cm2
B,N Unzipped Boron oxide B 113 at% 0.1 M NaOH 1872 N/A TT02]
MWCNTs Ammonia Ther- N 11.1 at%
mal annealing
B,N Graphitic carbon  Boric acid B 151 at% 0.1MKOH 1992 N/A [103]
spheres Methyl violet N 7.94 at%
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N, O CNT- graphene Graphene oxide N 75 ath 0.1 M KOH 1690 141 130]
composite CNTs  Ammo- 015.72 at%
nium hydroxide
N, O Graphene Methane Car- N 205 at% 1.0MKOH 1580 38 [104]
nanosheets/ bon cloth O 8.86 at%
carbon cloth
composite
N, F Graphene Resin KF N 08 at% 10MKOH 1570 78 [105]
nanosheets F 049 at%
N, F N,F-co-doped Melamine Poly- N 478 at% 0.1 MKOH 1609 69 [106]
carbon black tetrafluoroethy- F0.7 at%
lene
N, P P-C3N,- Melamine Ethy- N 132 wt% 0.1 M KOH 1630 61.6 149]
Nanosheets lene diphospho- P 0.9 wt%
nic acid
N, P Graphitic carbon  Aniline N 32 at% 01MKOH 1950 330 [107]
Phytic acid P1.1at%
Ammonium per-
sulfate
N, P Hollow carbon  Triphenylphosphine N/A 0.1 M KOH 1550 248 [108]
nanofiber Polyacrylnitrile
Dicyanamide
Electrospinning
N, S Graphene/CNT Urea thiourea N 071 at% 0.1MEKOH 1908 103 [109]
composite S 1.26 at%
N, S N,S-doped Melamine N 21 at% 01MKOH 1600 71 [110]
graphitic sheets Nickel sulfate S 0.8 at%
0338 at%
N, S N,S-doped Polydopamine N 38 at% 10MKOH 1560 56 (]
CNTs 2- $5.6 at%
mercaptoethanol
N, S N,S-doped Melamine N 1155 at% 1.0 M KOH 1529 62 [12]
graphene Dibenzyl sulfide S 3.66 at%
nanosheets
N, S N,S-doped Dopamine  2- N 429 at% 1.0MKOH 1511 109 [117]
graphene mercaptoethanol 51.35 at%
N, O, F Porous graphite Aniline N 046 at% 1.0MKOH 1660 84 [114]
phytic acid O 164 at%  05MH,S0, 1700 200
occ P 0.32 at%
N, E P N EP-doped PANI Hexafluo- N 711 at% 0.1MKOH 1810 136 [115]
graphene rophosphate F 033 atwe
P 0.37 at%
N, B S Sponge like  Aminoguanidinehy-N 41.36 at% 0.1 M KOH 1560 64 [116]
C3Ny drochloride P 168 at%
Phosphoric acid ~ S1.59 at%
Methanesul-
fanic acid

Gao et al. have developed an elegant approach to obtain a trifunctional N,P co-
doped hollow carbon nanofiber membrane using the coaxial electrospinning of a triph-
enylphosphine containing polyvinylpyrrolidone (PVP) core solution together with a
dicyandiamide containing polyacrylonitrile (PAN) shell solution.!®l Pyrolysis of the
nanofibers at 1000 °C under argon resulted in N,P-co-doped hollow nanofibers with
a tunable doping content depending on the concentration of used PAN. Due to the
plentiful active sites, continuous pathways, and benign mass transfer channels in this
material, a current density of 10 mA cm™ was reached at a very low overpotential
of 330 mV in 0.1 M KOH. Additionally, the N,P-doped hollow fibers showed a better
stability than IrO, under continuous operation for 20 000 s. However, the material ex-
hibited a high Tafel slope of 248 mV dec as compared to 97 mV dec? for IrO,, which
indicates nonfavorable OER kinetics.[1%®]

An example of controlled doping for effective synergistic effects between different
heteroatoms was shown by Zhao et al.l''?l Based on their previous work on site-
defined doping of acetylinic groups of graphdiyne, the authors were able to synthe-
size a stereodefined heteroelement co-doped catalyst by introducing both S and sp-N
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Figure 4.12: a) Schematics showing the synthesis of P,S-CNS catalysts, and the reaction mech-
anism for the formation of the C-N polymeric complex. b) Photographs of as-
synthesized cylindrical sponge-like PS-CNS structure. c¢,d) SEM, e) TEM, and f)
HRTEM images of P,S-CNS catalyst (inset show enlarged view). Corresponding g)
fast Fourier transform (FFT) pattern of the crystallite in the inset of (f). h) TEM
and the elemental maps of C, N, P, and S of PS-CNS (scale, 300 nm). Reproduced
(adapted) with permission.['’] Copyright 2017, American Chemical Society.

atoms. This was achieved by heating melamine and dibenzyl sulfide together with
few-layer graphdiyne at different calcination temperatures for 150 min. The highest
electrocatalytic activity was measured for the material pyrolyzed at 900 °C with a ni-
trogen and sulfur content of 11.55 and 3.66 at%, respectively. This catalyst has shown
an outstanding OER performance with an overpotential of 299 mV at 10 mA cm™ mea-
sured in O,-saturated 1.0 M KOH, and even a smaller Tafel slope (62 mV dec!) than the
RuO, (69 mV dec), pointing to even faster OER kinetics of the carbonaceous material
than the noble metal catalyst. By tuning the doping concentration, the authors found
that the introduction of sp-N in addition to a higher concentration of S decreases the
overpotential significantly.1?!

Shinde and co-workers extended the number of dopants even further.[''l P.S-doped
carbon nitride sponges (P,S-CNS) were obtained by polymerization of aminoguanidine
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in the presence of phosphoric and sulfonic acid followed by a pyrolysis step and a
consecutive crystallization of aminoguanidine CNPs with ethylene (Figure 4.12). The
resulting PS-CNS with a high surface area of 1474 m? g™ exhibited a low overpotential
of 330 mV at 10 mA cm™ in LSV measurements on rotating disk electrode (RDE) in
0.1 M KOH. This value was even lower than that of RuO, with 340 mV. The Tafel slope
of 64 mV dec™ also outperformed that of RuO, with 88 mV dec!. XPS measurements
indicated significant changes in N-bonding configurations with P and S dopants as
compared to that of pure C3N, leading to the superior performance of the system.

4.4 Metal (Metal Oxide)/Carbon Hybrids

TMOs are highly popular and efficient catalysts for the OER with a variety of respective
reports in the literature.[''81191 As of now, catalysts based on precious metals such as Ir
or Ru are considered state of the art.'"®] However, the price and scarcity of these met-
als make them unsustainable for large-scale applications, which motivates the search
for possible earthabundant and cheaper alternatives.!'?"! The nonnoble TMOs are inten-
sively investigated as OER catalysts, however they generally suffer from a low electronic
conductivity limiting the currents that can be achieved in electrode assemblies.['?! One
of the most popular approaches to increase the conductivity of TMO-based electrodes
is their hybridization with highly conductive carbonaceous supports to form composite
OER electrocatalysts. In this section, we provide an overview of the recent nonnoble
metal oxide/carbon composite, mixed metal oxides/carbon composites, and core—shell
metal oxide/carbon composite materials showing promising OER performance.

4.4.1 TMO/Carbon Composites for OER
Cobalt Oxide-Containing Composites

Cobalt oxides generally show sufficiently high OER activity,['?*1%3] with Co,0, being
one of the most popular compounds especially in combination with carbon-based
materials. Thus, Zhang et al. synthesized an electrocatalyst composed of Co;0,
nanoparticles anchored on a nitrogen-doped reduced graphene oxide using hydrother-
mal reaction.['?! The beneficial combination of the nanosized character of the anchored
particles with the high conductivity of graphene resulted in a very active catalyst with
performance values similar to that of commercially available RuO,. The impact of the
carbonaceous substrate on the catalytic activity of the Co;0,-based composited was in-
vestigated by Asiri et al. who deposited Co;0, nanoparticles on graphene oxide (GO),
graphene (G) and CNTs.['”l Among tested compounds, the graphene-based hybrid
material exhibited the highest activity with an overpotential of 535 mV at 10 mA cm™
and a Tafel slope of 127 mV dec in 1.0 M KOH.

Besides the origin and the morphology of the carbonaceous substrate, the activity
of composites also depends on the morphology of the cobalt oxide catalyst as shown
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for a hybrid material based on Co;0, nanorods combined with CNTs.[1%¢! By utiliza-
tion of a dithylenetriamine-assisted synthesis, the authors obtained well-defined Co;0,
nanorods anchored onto MWCNTs (Figure 4.13a—f) resulting in a well-connected net-
work with high surface area. Main features of this catalyst are a low overpotential of
309 mV at 10 mA cm in 1.0 M KOH, a very low Tafel slope of 51 mV dec™, and a high
stability (Figure 4.13g—j).
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Figure 4.13: a) SEM image of Co;O;. b) TEM image of CozO4. ¢) SEM image of
Co304@MWCNT. d) TEM image of Co;O,@MWCNT. e) SEM image of Coz0,-
MWCNT. f) TEM image of Co;0,-MWCNT. g) LSV curves, h) Tafel slope curves,
i) galvanostatic profile at 20 mA cm™, and j) stability tests of Co;0,@MWCNT

composite materials. Reproduced with permission.!'?6) Copyright 2014, The Royal
Society of Chemistry.

There are several additional reports on similar hybrid materials to be found in the
literature with a varying morphology of metal oxide but quite a performance similar
to those of some of the commercially available catalysts.l'”12°) However, one of the
challenges in understanding the mechanistic aspects of composite compounds is the
identification of synergistic effects between the active particles and the substrate. To
address this issue, Leng et al. performed the first-principle simulations and found
that the Co—O-C bonds play a crucial role toward the OER activity by introducing an
extra step in deprotonation of HO*.['3] Using the first-principle simulation results, the
authors proposed a method for the synthesis of Co;O,/graphene composites, resulting

in a material with OER overpotential of 316 mV at 10 mA cm? and a Tafel slope of
46 mV dec’l.
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Iron Oxide-Containing Composites

Besides cobalt oxides, iron oxides attract a lot of attention as potential OER catalysts.
Being very cheap, abundant, and benign, iron oxide is however poorly conducting.
Therefore, for this class of materials, the hybridization with conductive carbon-based
supports generally improves the electrocatalytic performance. Thus, Bandal et al. syn-
thesized a hybrid catalyst composed of Fe,O; nanorods on CNTs using simple co-
precipitation method.[3!l The hybridization has dramatically increased the electrical
conductivity of the material and improved its OER performance for OER, character-
ized by an overpotential of 383 mV and a Tafel slope of 61 mV dec™. The authors have
demonstrated that the ratio between the iron oxide and the CNTs affects the electro-
chemical performance, with the highest activity obtained for the composite with the
equal rations of iron oxide and the CNTs.

Even better electrocatalytic performance has been achieved for the composite com-
pound containing Fe,05, NiS,, and reduced graphene oxide,!'3?! which reaches a cur-
rent density of 10 mA cm™ at an overpotential of 330 mV in 1 M KOH solution. The
authors concluded that a beneficial charge transfer from Ni sites to Fe sites takes place,
whereas the reduced graphene oxide provides a good electrical conductivity. Impor-
tantly, this catalyst exhibited a significantly higher stability than the commercially avail-
able RuO,. Wang et al. constructed an FeD, Fe,O;, and N-doped graphene composite
by electrospinning of iron acetylacetonate and PAN followed by several chemical and
heat treatment steps. The obtained material showed activity toward multiple electro-
catalytic reactions including OER.I'* In this composite, FeP was the active material for
the hydrogen evolution, while Fe;O, and N-doped carbon contributed to the catalytic
activity of the catalyst toward OER.

In a very recent paper, Hof et al. have shown that the average size of iron oxide
nanoparticles can be tuned depending on the choice of carbon starting material (Fig-
ure 4.14).1'%4] Flake graphite, micrographite, and graphitic nanocarbon solutions with a
differing carbon lattice size were treated with iron(Il)-tetrafluoroborate salts in tetrahy-
drofuran leading in a decoration of the graphene sheets with iron oxide nanoparticles.
For the smaller carbon lattice size, the authors also observed a smaller nanoparticle
size. The higher dispersion, surface area, and electrical contact resulted in a better OER
performance with an overpotential of 430 mV at 1 mA cm™ in 0.1 M KOH.

Nickel Oxide-Containing Composites

Doped nickel oxides have the highest intrinsic OER activity among transition nonnoble
metal oxide catalysts, but again a low electric conductivity limits the performance of
these compounds especially in thick electrode layers. Hybridization with carbonaceous
substrates is therefore actively pursued also for this class of compounds, with synthesis
approaches similar to those described in the sections above. One of the best recently
published catalysts based on NiO/C delivered a low overpotential of 220 mV with a
Tafel slope of 55 mV dec™ in 1.0 M KOH solution.!'3! Dehydrated sucrose sugar was

126



4.4 Metal (Metal Oxide)/Carbon Hybrids

v

Iron oxide nanoparticle
n carbon composite materials

o
2pum

o 0 S
‘*‘*‘L e
Fos <L
y vz
. Z50nm i
h)

nK*sorv 2

uumlm\\\\\w\b_‘ LN . s

H s-Fe(nP)/InCs § ¢
i . m 1. Fe(BF,), g
§ Koy ™) 2, workup _ g
5 | NS R

THF
m-Fe(nP)inCs

250 nm) 2 m

St S

graphenide solutions I-Fe(nP)InCs

Figure 4.14: Left: Reaction scheme for the synthesis of different iron oxide nanoparticle carbon
composite materials, right, a-i) HR-STEM images of the different composite mate-
rial together with the corresponding iron edge and carbon edge energy-dispersive
X-ray spectroscopy maps. Reproduced (adapted) with permission.l'34 Copyright
2019, American Chemical Society.

used as carbon template for NiO nanostructures deposited in a facile wet chemical
method.

Xu et al. used an elegant way to obtain nickel nanoparticles encapsulated in few-
layer nitrogen-doped graphene,®®! which was realized via the pyrolysis of a Ni-based
MOF obtained from 1,4-benzenedicarboxylic acid, triethylenediamine, and nickel ni-
trate. The thickness of the graphene layer and the level of nitrogen doping are de-
pendent on the annealing temperature and could be tuned to achieve the maximum
performance of the resulting catalyst. The highest OER activity was observed for the
sample heated at 800 °C, which showed an overpotential of 280 mV at a current den-
sity of 10 mA cm™? in 1.0 M KOH and a relatively low Tafel slope of 45 mV dec’,
outperforming commercial IrO,. The authors concluded that the content and structure
of the N-doped graphene layers as well as the electrochemically active surface area of
the catalyst are crucial for the high OER activity.

In a probably unintended way, Silva et al. prepared a NiO hollow fiber/carbon com-
posite showing a good electrochemical activity toward the OER with an overpotential
of 340 mV at a current density of 10 mA cm? with a Tafel slope of 84 mV dec!.[1%]
The hollow fibers were prepared via solution blow spinning of nickel nitrate solution
together with PVP followed by heating steps. Carbon from polyenic branch of PVP
resisted the fring treatment and acted as an agglomerating agent, enabling a good con-
ductivity between the formed NiO nanoparticles. Other reports include, e.g., NiO/CNT
or NiO composite with N-doped graphene.[137-13]

An overview on recent metal (metal oxide)/carbon hybrid materials is provided in
Table 4.4.

127



4 Carbonaceous Oxygen Evolution Reaction Catalysts

Table 4.4: Comparison of different TMO/carbon hybrids regarding the OER activity.

Transitionmetal elements Carbon materi- Synthesis Contents Electrolytes Potential [mV] Tafel slope Ref.
als methods versus RHE at [mV dec!]
10 mA cm?
Co N-doped car-  MOF derived Co ~33 wt% 0.1 M KOH 1530 83 2]
bon
Co Co,0,- MOF derived N/A 0.1 M KOH 1612 62 [124]
embedded
carbon/ rGO
Co N-doped rGO Hydrothermal N/A 0.1 M KOH 1910 204 [o1]
synthesis
Co CNT, GO,  Precipitation N/A 1.0 M KOH 1765 157 [125]
graphene method
Co MWCNTs Diethyltriamine ~ Co ~49 wt% 1.0 M KOH 1539 51 [126]
directed an-
choring
Co Amorphous, Solvothermal Co~263wt%  0.1MKOH 1645 53 [127]
graphitic  car- synthesis
bon
Co B,N-decorated Precipitation N/A 0.1 M KOH 1525 57 [128]
graphene method,
NH; posttreat-
ment
Co Graphene Electrochemical ~ Co ~51.8 wt% 0.1 M KOH 1530 101 [129]
synthesis
Co GO Electrostatic Co ~7.4 wt% 1.0 M KOH 1576 47 [130]
interaction and
growth
Fe Oxidized Precipitation N/A 1.0 M KOH 1640 62 [131]
MWCNTs method
Fe NiSx/rGO Solvothermal N/A 1.0 M KOH 1560 36 [132]
synthesis
Fe N,P-doped car-  Electrospinning ~ N/A 1.0 M KOH 1560 90 [133]
bon nanofibers
Fe Graphenide Precipitation Fe ~15-20 wt% 0.1 M KOH 1690 40 [134]
method
Ni Amorphous Facile wet  Ni ~60-80 wt% 1.0 M KOH 1450 55 [135]
carbon chemical
method
Ni N-doped MOF derived Ni ~74.6 wt% 1.0 M KOH 1510 45 1331
graphene
Ni Carbon hollow  Solution blow  Ni ~10 wt% 1.0 M KOH 1570 84 [13¢]
fibers spinning
Ni N-doped car-  Precipitation Ni ~18 wt% 0.1 M KOH 1576 70 [137]
bon method
Ni CNTs Precipitation N/A 1.0 M KOH 1531 82 [138]
method
Ni Disordered MOF derived N/A 1.0 M KOH 1620 100 [140]
and  graphitic
carbon

4.4.2 Transition Metal Single-Atom Catalysts (SACs)

In recent years, SACs for OER have drawn great attention as the downsizing of nanopar-
ticles is taken a step further in order to enhance the specific mass activity. However,
reducing the metal particles size to nanoclusters or even to single atoms increases the
surface free energy and makes their aggregation or Ostwald ripening easy. Anchoring
and strong binding of SACs on a suitable support is therefore mandatory. Carbon-
based materials have shown to facilitate the requirements for SACs as they offer a large
surface area and promote a strong metal-support interaction by the implementation of
heteroatoms leading to a coordinated single metallic atom center. Supported by com-
putational calculations and advanced characterization techniques such as high-angle
annular dark-field scanning-transmission electron microscopy (HAADF-STEM) and X-
ray absorption spectroscopy, the structure and special catalytic activity of SACs can
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be revealed."*!l More detailed reviews regarding the complete field of electrocatalytic
applications of SACs have been published recently by Zhu et al.,[1*?l Zhang et al.['*3] as
well as by Lee et al. .[4?]

Several synthetic strategies are commonly used to obtain atomically dispersed cata-
lysts including pyrolysis of various precursors at high temperatures,[#!l impregnation
of the support material with metal precursor,1#414¢l co-precipitation of different metal
cations from solution, physical, and chemical deposition methods (e.g., atomic layer
deposition or CVD)142143] and by chemical or photochemical reduction of the active
species.[143]

A slightly different route was used by Wu et al. who grew a Co-based MOF on
KCl particles and obtained nitrogen-doped carbon nanosheets with a high site fraction
of single Co atoms of ~15.3 wt% after pyrolysis at a temperature of 750 °C.l!41] The
presence of isolated Co atoms with a dot size of 0.10-0.40 nm on carbon sheets was
confirmed by HAADF-STEM. More structural information about Co atoms was ob-
tained from X-ray absorption fine structure (XAFS). A dominating Co-N coordination
peak was attributed to a four coordination structure whereas no hint for Co—Co cluster
existed. The highly dispersed Co on the nitrogen-doped carbon sheets led to a high
electrocatalytic activity toward OER with an overpotential of 310 mV at 10 mA cm™ in
0.1 M KOH and a low Tafel slope of 74 mV dec™ outperforming conventional IrO, and
Pt/C catalysts. Several other groups also investigated Co-based SACs on carbon-based
materials and assigned the high catalytic activity to C-N4 centers supported by DFT
calculations and XAFS measurements.[144146,147]

The atomically fine dispersion of iron atoms was analyzed by some researching
groups as well.l148-150] Beside nitrogen-doping, additional sulfur doping of the car-
bon material showed a further enhancement of the catalytic activity. Pan et al. de-
signed a polymerization—pyrolysis—evaporation strategy to synthesize atomically dis-
persed Fe—Nj sites anchored on N-doped porous carbon.['®!l After polymerization of
urea and pyromellitic dianhydride in the presence of ZnCl, and FeCl;, the obtained
product was heated at 920 °C for 3 h under Ar atmosphere followed by a leaching
step in sulfuric acid. Structural characterization with HAADF-STEM and EXAFS mea-
surements revealed homogenously dispersed Fe on the carbon material with an Fe-N
coordination. The resulting material delivered a potential of 1660 mV versus RHE at
10 mA cm™ in 1.0 M KOH and a low Tafel slope of 96 mV dec™.

Single-atom nickel-based catalysts have shown the most promising results regarding
the OER performance.[1527156] The herein reported materials only need overpotentials
of ~230-330 mV in order to reach a current density of 10 mA cm™. In a detailed study,
Hou et al. showed that a quadruple coordination of Ni by nitrogen and/or sulfur
inside a carbon nanosheet matrix resulted in a high electrochemical activity.l'3! The
material showed an outstanding performance with a small overpotential of 280 mV
at 10 mA cm? in 1.0 M KOH and a low Tafel slope of 45 mV dec!, and a stable
performance for over 2000 cycles.

Aforementioned transition metal elements were investigated in any arrangement
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possible in order to get insights in coordination effects and to increase the already
high catalytic activity further.[157-160]

Beside the typically used transition metals for OER, Guan et al. used a nature-
inspired mononuclear manganese embedded in nitrogen-doped graphene.[°!l The au-
thors observed a remarkable catalytic activity comprising an overpotential of 337 mV
at 10 mA cm™ in 1.0 M KOH and a low Tafel slope of 55 mV dec. The authors at-
tributed the electrochemical activity to the mononuclear manganese ion coordinated
with four nitrogen atoms in the graphene matrix, which was confirmed by structural
characterization and DFT calculations.

An overview on recent SAC/carbon compounds is provided in Table 4.5. However,
it should be noted that the research on SACs is still in the infant stage concerning syn-
thesis, characterization, and mechanism studies at the same time. Therefore, promising
future developments can be expected.

Table 4.5: Comparison of different metal single-atom/carbon hybrids regarding the OER activ-

ity.
Transitionmetal elements Carbon materials Synthesis methods Electrolytes Potential [mV] Tafel slope Ref.
versus RHE at [mV dec’l]
10 mA cm?
Co N-doped graphene ~ Impregnation 1.0 M KOH 1616 73 ]
method
Co N-doped carbon MOF derived 1.0 M KOH 1610 70 [147]
Co CNTs MOF derived 1.0 M KOH 1640 85 1461
Co N-doped graphene MOF derived 0.1 M KOH 1540 74 [141]
Fe N,S-doped Impregnation 0.1 M KOH 1600 82 [148]
graphitic carbon method
Fe N-doped graphitic ~ MOF derived 0.1 M KOH 1620 80 [149]
carbon
Fe N,S-doped Impregnation 0.1 M KOH 1640 59 [150]
graphitic carbon method
Fe N-doped  porous Polymerization + 1.0 M KOH 1660 95 [151]
carbon pyrolysis
Ni N-doped graphene Hydrothermal syn- 1.0 M KOH 1561 63 [152]
thesis
Ni Porous carbon Hydrothermal syn- 1.0 M KOH 1510 45 [153]
nanosheets thesis
Ni N-doped graphene ~ CVD + etching 1.0 M KOH 1500 59 [154]
Ni Defective graphene Impregnation 1.0 M KOH 1500 47 [155]
method
Ni Defective carbon Impregnation 1.0 M KOH 1454 42 [17]
method
Co,Fe N-doped graphitic  Impregnation 1.0 M KOH 1539 37 [157]
carbon method
Ni,Fe Polymeric  carbon Polymerization + 1.0 M KOH 1540 38 [158]
nitride pyrolysis
Fe Ni N-doped CNTs Impregnation 0.1 M KOH 1650 60 [159]
method
Co, Ni N-doped porous,  MOF derived 0.1 M KOH 1590 72 [160]
graphitic carbon
Mn N-doped graphene Impregnation 1.0 M KOH 1567 55 [161]
method

4.4.3 Mixed Metal Oxide/Carbon Composites for OER
Mixed TMO/Carbon Composites

Another group of popular composite materials for OER includes mixed metal oxides
containing at least two different transition metals. Among investigated materials, the
combination of cobalt and iron seems to be particularly promising. For example, Bian et
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al. synthesized a nanosized composite based on CoFe,O, and graphene using simple
hydrothermal method combining graphene oxide with respective metal nitrates.[1%?]
The resulting composite delivered respectable performance for both ORR as well as
OER and, importantly, a significant higher stability in OER than a reference Pt/C cat-
alyst. The use of CNTs instead of graphene in another study resulted in an OER cat-
alyst with a very low Tafel slope of 30 mV dec™! and an overpotential of 314 mV.[63]
The high catalytic activity was ascribed to the presence of PANI-modifed CNTs of-
fering more active sites for uniform CoFe,O, nanoparticles attachment leading to a
good electrical contact and enhanced stability. Another way to tune the performance
of CoFe,0,/graphene composite is to introduce doping as was shown in a recent pa-
per by Madakannu et al.l%¥ The authors introduced nickel as a doping substitute for
cobalt. The OER performance of the doped catalyst was dependent on the degree
of doping, with Coy,5Nij,5Fe,0,/rGO showing the highest performance. The same
trend was also observed in another study where a similar approach was used.!'®®! In
this case, the optimal ratio between Co and Fe was tested and an optimal value of
Co:Fe = 2:1 has delivered a low overpotential of 337 mV at 10 mA cm™. One of the
best mixed metal oxide composite catalysts combines CosFe,O, with nitrogen-doped
graphene derived from Schiff bases.[1°®l Importantly, such a catalyst delivered current
density of 10 mA cm at an overpotential of 328 mV for at least 15 h with a low Tafel
slope of 31 mV dec.

Other metal ion combinations have been also reported, although the amount of re-
spective publications is much lower than that of the compositions described above. For
example, Xia et al. have synthesized NiCo,0, composite with hierarchical porous
graphene-like material.['®”! To further enhance its performance, the authors have intro-
duced an additional doping with gold in an attempt to stabilize the active Co4, and
Nis, sites. Despite the porous structure of graphene support and the gold doping, the
material did not outperform the already reported compounds and have demonstrated
even larger overpotentials and lower current densities than the comparable materials
reported by other groups.

Table 4.6: Comparison of different mixed metal oxide/carbon hybrids regarding their OER ac-

tivity.

Metal oxide Carbon materials Synthesis meth- Electrolytes Potential ~ [mV] Tafel slope Ref.

ods versus RHE at  [mV dec]
10 mA ecm?

CoFe,0, GO Solvothermal 0.1 M KOH 1690 N/A 11e]
synthesis

CoFe, 0, PANI-MWCNTs  Precipitation 1.0 M KOH 1544 31 (1631
method

Coy 75Nig ,5Fe, 0, GO Microwave- 0.1 M KOH 1670 85 [164]
assisted synthe-
sis

Co, CoFe, 0O, rGO Hydrothermal 1.0 M KOH 1570 31 [165]
synthesis

CosFe, O, N-doped carbon Solvothermal 1.0 M KOH 1558 31 [166]
synthesis, precip-
itation method

MnVO, N-doped rGO Hydrothermal 0.1 M KOH 1650 271 [168]
synthesis

Ni,Fe, O, Carbon Electrospinning 1.0 M KOH 1540 42 [169]

nanofibers
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NiO, @MnO, Graphene Layer-by-layer 1.0 M KOH 1602 40 [170]
nanosheets self-assembly
method
NiCo,0, Graphene Precipitation/ 0.1 M KOH 1680 164 o7
nanosheets hydrother-
mal method
MoO, —Co,Mo, 04 Carbon MOF derived 1.0 M KOH 1550 88 [172]
(Fe, V, Co, Ni)-doped MnO, Carbon fiber pa-  Co- 1.0 M KOH 1620 104 [173]
per electrodeposition
SrTiy 1 Feg g5 Nig 05035 CNTs Sol-gel synthesis 0.1 M KOH 1710 98 11741
+CVD
Smy 55ty 5C00; 4 N-doped Electrospinning 0.1 M KOH 1630 115 [175]
graphene
(PrBay 557 5)0.05C01 5Fe 505, 5 N-doped Electrospinning 0.1 M KOH 1550 74 (176l
graphene
(Nd ¢Srg 4)3((Cope)g gsNby 15),0;  S-doped carbon  Sol-gel synthesis 1.0 M KOH 1650 89 771
tubes +CVD
LaNiO, N-doped CNTs Sol-gel synthesis 0.1 M KOH 1620 78 [178]
+CVD

In terms of graphene support, nitrogen-doped graphene seems to be particularly
popular due to its inherently high conductivity, which promotes the overall OER activ-
ity. Such a support was used for the CuCo,0, and MnVO,-based composite catalysts. 168!
In both cases, the hybrid catalysts performed much better than the unsupported coun-
terparts, which confrms the synergistic effect of graphene matrix. Importantly, both
composite materials exhibited relatively low overpotentials with that of CuCo,O, be-
ing superior with the value of 360 mV.[1%8l

While anchoring the metal oxide nanoparticles on the surface of carbonaceous mate-
rials is probably the most popular way to obtain composite catalysts, the other hybrid
morphologies such as nanowires with embedded nanoparticles can also be prepared.
Thus, Chen et al. have prepared a composite catalyst using Ni- and Fe-embedded
PVP polymer nanofibers as precursors.!®! In the next step, the precursor was heated
in air at 250 °C to form the nickel-iron oxide/carbon composite material. The catalyst
prepared in this way is competitive with ruthenium and iridium oxides for OER. Its
activity most likely originates from the interconnected fibrous structure that makes the
actives sites easily accessible. Importantly, the overpotential to reach the current den-
sity of 10 mA cm™ can be as low as 310 mV for optimized catalyst composition and
loading.

Apart from the inherent catalytic activity of composite materials, there is also a ques-
tion of long-term stability as was shown in a paper by Wang et al.l'”%l In their work,
the authors combined nanocrystalline nickel oxide with amorphous manganese oxide
suspended on graphene nanosheets. Despite the promising initial catalytic activity, the
catalytic activity of this material has deteriorated within few hours of continuous use.
Other mixed metal oxide composite materials include, e.g., doped MnO, supported
on carbon fibers, M0oO,-C0,M0;04@C, or NiCo0,0, nanoplatelets on graphene sup-
port. Although none of these catalysts has exhibited outstanding OER performance yet
(see also Table 4.6), the published papers open a way to the nearly endless possible
combinations of transition metals and carbonaceous support, which could enable the
discovery of an active and stable composite OER catalyst in the future.'71-173l
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Perovskite/Carbon Composites

A special class of inorganic materials for carbon composite formation is represented by
perovskites with a general formula ABOs. The perovskite structure is thereby highly
versatile, with tunable properties allowing classical applications as electro-ceramic di-
electrics, metallic conductors, superconductors, or light absorbing or emitting semicon-
ductors.[177181] The possibility of partial substitution of A and/or B site cations leading
to a formal A; 4 A’xB1.yB’yO3 composition allows to precisely tune the materials proper-
ties and the electronic structure, which was exploited for the fabrication of highly active
perovskite OER catalyst in the recent years.”>1821831 However, a main issue concern-
ing the application of most perovskites is their rather limited electronic conductivity,
with few exceptions (e.g., LaNiO5_;) that are not necessarily OER active and vice versa
(Figure 4.15).1184]
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Figure 4.15: a) Conductivity of various perovskite composition versus DFT-calculated band
gaps. b) Profile of LaNiO; ;s and PBCO-SG (PrBaCo,Og_s) powders combining OER
activity with conductivity, amount of oxygen vacancies and the flatband potential.
Reproduced (adapted) with permission.['®*] Copyright 2018, American Chemical
Society.
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In addition, high calcination temperatures required for the perovskite synthesis often
lead to the formation of relatively large crystalline domains, which further reduce the
number of OER available active sites. This fact renders carbon composite formation
a valid solution to increase the overall conductivity, which was intensively explored
in the recent years. However, the carbon/perovskite composites also show various
synergistic effects that further enhance the overall OER activity. A detailed summary is
given in a recommended recent work by Zhu et al.[8]

The factors influencing the OER activity of the perovskitecontaining composites in-
clude the filling of the perovskite Eg band (which is influenced by the B-site cation),
the number of oxygen vacancies of the perovskite, the nanomorphology of the inor-
ganic phase, and the formed perovskite/carbon interface, as well as the amount and
chemical nature (graphene, CNTs, etc., including heteroatom doping) of the carbon
structure.[18184185]

Synergistic effects of carbon and perovskite regarding OER catalysis depicted in Fig-
ure 4.16 are the ligand effect based on an electronic interaction of two neighboring
metals or oxides (in this case carbon and perovskite). This charge delocalization is
commonly believed to enhance the intrinsic conductivity and leads to more favorable
adsorption energies of OER intermediates, increasing the overall OER activity of the
composite.1817%]

A second major synergistic effect discussed in the literature is the formation of in-
terfacial heterostructures originating from the formation of covalent bonds between
two neighboring phases, or the formation of a new phase with enhanced catalytic
activity.[18174]

Finally, a spillover effect may enhance the OER performance by transferring the prod-
uct species oxygen to the neighboring carbon surface to liberate active sites and there-
fore increase the catalytic turnover.!8!

Recent examples of perovskite/carbon composites catalyst for water oxidation in-
clude the sol-gel synthesis of micrometer-sized SrTi ; Fe, g5Nij 5055 (STFN) perovskite
particles, which are coated by CNTs via a CVD method with a reported temperature
optimum of 700 °C. The resulting STFN/CNT-700 fabricated by Wu et al. shows
an onset potential of 1.59 V versus RHE and a reported overpotential of 480 mV to
reach 10 mA cm™ with a stable operation over 30 h. In this work, the synergistic
effect of the perovskite/carbon composite was validated by a reference experiment, in
which perovskite and commercially available CNTs intermixed only physically without
formation of chemical bonds. The reference compound exhibited a higher conductivity
but showed a lower electrochemical performance as compared to the CVD grown CNTs
directly on the perovskite structure.[174l

The synergistic effects in perovskite/carbon composites were demonstrated also by
Bu et al. who performed DFT calculations that were validated experimentally. In
this work, the authors presented the rational synthesis of porous, perovskite-type
Smy 551 5C00;_ s hollow nanofibers (SSC-HF) that were hybridized with cross-linked,
3D, N-doped graphene (3DNG) resulting in a hybrid catalyst denoted as SSC-HF-3DNG
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Figure 4.16: Schematic illustration of possible origins of the synergistic effect toward OER catal-
ysis between the perovskite and carbon structure: a) ligand effect; b) spillover ef-
fect, and c) formation of interfacial heterostructures. Reproduced (adapted) with
permission.['8 Copyright 2017, Wiley-VCH.

(SSC-HG).'71 The materials were obtained via electrospinning of metal salt precursor,
pore forming Pluronic F127 polymer, additional oil for the introduction of micropores,
and PAN polymer as further carbon source. After calcination, a hybrid structure of
hollow porous fibers with a diameter of around 150 nm and high surface area of over
21 m? g! for the perovskite alone is obtained. The 3D, N-doped graphene structure
has provided a high conductivity and further enhanced the OER activity of the per-
ovskite by synergistic effects investigated by theoretical methods. DFT calculations
(Figure 4.17a, b) suggest an electron transfer from the N-doped carbon to cobalt atoms
of the perovskite structure, which thereby increases the d-band center of these atom
and leads to a higher degree of Co-oxygen hybridization by a higher overlap of the Co
3d and O 2p band (Figure 4.17b). These interactions are beneficial for the OER as they
promote the activation and participation of lattice oxygen.['”” The SSC-HG exhibits a
high OER activity with a low onset potential of 1.53 V versus RHE and an overpoten-
tial of 400 mV to reach a current density of 10 mA cm, which outperforms the IrO,
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reference under same conditions.['7%]
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Figure 4.17: DFT calculation configuration of perovskite (55C) and 3D-N-doped (3DNG) carbon
(SSC-HG) and the corresponding electron transfer. b) Schematic band diagrams
of SSC and SSC+3DNG. The electron transfer from 3DNG enhances the orbital
hybridization between Co 3d and O 2p and enhances the OER activity. c) Polar-
ization curves and d) overpotentials at a current density of 10 mA cm™ in 0.1 M
KOH solution of SSC-HG, SSC-HF (perovskite without 3DNG), SSC-P (bulk per-
ovskite), 3DNG, and IrO,. Reproduced (adapted) with permission.l'”®! Copyright
2018, Wiley-VCH.

In a second work by the same authors, a 3DNG obtained via electrospinning and
calcination was employed for the formation of a composite hollow and porous fiber
structure with the cationordered perovskite (PrBa 55t 5)) 05C0; 5Feq 05,5 (PBSCF).[176]
The composite electrode showed a remarkably low onset potential of 1.52 V versus
RHE compared to 1.51 V versus RHE for IrO, tested under the same conditions and a
overpotential of only 320 mV to reach a current density of 10 mA cm?, which outper-
formed the IrO, reference (170pr = 440 mV) significantly. The high OER activity of the
composite was again explained by an increased covalency between transition metals
and lattice oxygen in PBSCF triggered by the electron transfer of 3DNG, as has been
shown above for a similar morphology but with different perovskite active material.
The OER active sites are thereby supposed to be located not on the carbon but rather
on the PBSCF, which is regarded to be positively affected by the interaction with the
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N-doped carbon framework.!76]

A last example introduced by Bu et al. introduces the formation of a composite cata-
lyst consisting of Ruddlesden—-Popper-type S-adsorbed (Nd,, Sr( 4)3((Core)g g51Nbg 15),07,
metal sulfides, and hollow S-doped carbon fibers as depicted in Figure 4.18.177] The
synthesis approach includes the formation of an Nd, 4Sr,Co, cFey3Nb, ;05 s matrix
(S-NSCEND), which is transformed to a Co-Fe nanoparticle-coated perovskite structure
termed R-NSCFNb upon reduction in H, atmosphere. The final composite catalyst (C-
NSCEND), which contains hollow S-doped carbon tubes at the surface, is formed in a
combined carbonization and sulfurization step in C3Hg/H,S at 600 °C. The composite
catalyst exhibits a remarkably high OER performance in alkaline media with an on-
set potential of 1.48 V versus RHE, significantly outperforming the Co-Fe nanoparticle
decorated perovskite (R-NSCFNb) with 1.51 V versus RHE or an IrO, reference elec-
trode under same measurement conditions. The low overpotential required to reach
10 mA cm of 420 mV and an outstanding stability of 370 h under continuous opera-
tion exceeds other literature reports on the stability of perovskite OER catalysts.[77]

exposed o
CsHs+H2S

Figure 4.18: a) Schematic illustration of the synthesis procedure of C-NSCFNb; b-d) SEM im-
ages of (Nd St 4)3((Coge)yg5Nby 15),0; (S-INSCFND), Co-Fe nanoparticle-coated
perovskite (R-NSCFNDb), and final composite catalyst with hollow S-doped carbon
tubes (C-NSCENDb). Reproduced (adapted) with permission.'”” Copyright 2019,
Wiley-VCH.

Other perovskite/carbon composite systems investigated recently include a LaNiO;
nanoparticle/N-doped CNT composite catalyst prepared by Chen et al. , which ex-
hibits a remarkable OER activity with a reported overpotential of 390 mV to reach
a current density of 10 mA cm™ outperforming a RuO, reference under same mea-
surement conditions. The high OER activity was attributed to the employed polyol
synthesis method yielding small perovskite nanoparticles with more exposed active
site and a strong binding of the N-doped CNTs to the LaNiO; phase, which facilitates
charge transfer and increases the OER activity by synergistic effects.[18%]
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The introduced examples of perovskite/carbon composite OER catalysts show only
a recent and small cutout of the overwhelming variety that can be achieved for this
class of material by changes in composition, nanomorphology and synthesis procedures
(e.g., carbonization or posttreatments). By combining synthetic approaches with the-
oretical methods, further knowledge about the electronic structure of respective com-
posites could be gained that guides a rational synthesis toward further improved OER
catalysts.

4.4.4 Metal/Metal Oxide/Carbon Composites for OER

Another interesting group of materials suitable as composite catalysts for OER are
metal /metal oxides combined with conductive carbonaceous support. The advantage
of these materials stems from their intrinsic high catalytic activity. Another advantage is
the presence of metal oxide on the surface of deposited metal particles, which ensures
that the catalysts are generally much less prone to further oxidation, making them
stable for OER. Nickel and cobalt are particularly popular for this purpose as will
be discussed further on. Using nickel nitrate and nitrogen-doped graphene, Faisal et
al. have prepared conductive composite material with Ni/NiO nanoparticles dispersed
over the graphene support.['8! The morphology of this composite material is shown
in Figure 4.19a-f and its OER performance in Figure 4.19g—j. This catalyst exhibited
good electrochemical performance in ORR, HER as well as OER where it delivered
performance similar to commercial Ru/C catalyst (see Figure 4.19g).

Similar method using a hydrothermal treatment instead of simple heat treatment
resulted in a graphene aerogel decorated with Ni/NiO nanoparticles in a different
paper.'8] Tt was shown that the OER overpotential is strongly dependent on the nickel
content, where the overpotential values decreased gradually with nickel content reach-
ing a low overpotential value of 320 mV at 10 mA cm™. Although high electrocatalytic
activity is one of the key properties for catalysts, their mechanical properties also play a
critical role as they should be as robust and/or flexible as possible. One of the feasible
ways to improve mechanical properties is to deposit OER active materials on top of
carbon fibers as was shown recently for Ni/NiO.[88] Such a catalyst was prepared by
electrodeposition of Ni followed by calcination to introduce surface oxidation of nickel
coating. Due to the fibrous structure, the material can be transformed into various
shapes. Even under mechanical stress such a catalyst can deliver the current density of
10 mA cm at an overpotential of 300 mV. The authors ascribed this to the formation
of Ni (III) species on the interface between carbon fibers and deposited layer. Finally,
similar catalyst can be prepared using CNTs.

Another popular metal employed in metal/metal oxides composites is cobalt with
several reports in the literature. The OER performance of these materials is similar
to those described in the previous paragraphs with overpotentials around 350 mV at
10 mA cm2. The synthetic methods were also quite similar to previous reports.!1891%]

Recent examples of metal/metal oxide/carbon-based hybrid materials are also sum-
marized in Table 4.7.
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Figure 4.19: a) SEM, b) TEM, c) bright-field STEM, d) HAADEF-STEM and e) HRTEM images
of nickel/nickel oxide with N-doped graphene. e) The lattices of nickel and nickel
oxide nanoparticles embedded into the graphene lattice are marked in the HRTEM
image; f) the corresponding FFT image of Ni/NGr showing adjacent nickel atoms
with the hexagonal graphene pattern. g) LSV curves of Ni/NGr, Ru/C, NGr,
Ni/Gr, and Pt/C at a scan rate of 10 mV s in 0.1 M KOH(aq). h) The Tafel
plots of Ni/NGr, Ru/C, and Pt/C. i) LSV curves of Ni/NGr and Pt/C on an RDE
(1600 rpm) in O,-saturated 0.1 M KOH(aq) at a scan rate of 10 mV s showing the
electrocatalytic activities toward both ORR and OER. j) Comparison of LSV curves
of Ni/NGr initially and after 1000 cycles for the OER. Reproduced (adapted) with
permission.[18] Copyright 2018, The Royal Chemical Society.

Table 4.7: Comparison of different perovskite/carbon composites and metal/metal oxide com-
posites with carbon regarding their OER activity.

Metal oxide Carbon materials Synthesis methods Electrolytes Potential [mV] versus Tafel slope Ref.
RHE at 10 mA cm™ [mV dec]

Ni, NiO N-doped graphene Impregnation 0.1 M KOH 1620 98 86T
+ annealing

Ni, NiO Graphene aerogel Solvothermal method 0.1 M KOH 1550 61 [187]
+ annealing

Ni, NiO Carbon fibers Electrodeposition 1.0 M KOH 1530 60 [124]

Ni, NiO Carbon fibers Solution blow 1.0 M KOH 1508 88 (o1
spinning

Ni, NiO 3D porous carbon Carbonization 1.0 M KOH 1583 97 [192]
+ calcination

Ni, Co30, N-doped carbon Impregnation 1.0 M KOH 1580 52 [193]
+ annealing

Co,Co,0,  N-doped carbon  MOF derived 0.1 M KOH 1580 94 (1891}

nanosheets
Co, Coz0, N-doped graphene Freeze drying 0.1 M NaOH 1684 92 [190]

+ thermal treatment
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4.5 Carbon-Based Ordered Framework Structures

MOFs and COFs are classes of porous materials that consist of metal (or organic nodes)
and organic linkers, offering a huge structure variability. Due to the high amount of
carbon atoms, MOF and COF materials can be classified to a certain degree as carbon-
based compounds. Therefore, they are discussed in this review as well. The molecular
structure and resulting properties of MOFs and COFs can be precisely modulated by
the selection of different building blocks with various functionalities, thus influenc-
ing structural characteristics like porosity or crystallinity and electronic properties like
band gap or conductivity. Hence, MOFs and COFs can be designed for application as
OER catalyst as well.'**1%7] OER catalytic active MOFs and COFs structures are com-
prised of functional organic motives that contain heteroatoms like O, N, S, P, B. More-
over, in case of MOFs, catalytic active elements like Fe, Co, Ni, Mn can be chosen as
metal nodes, which could additionally enhance the OER activity.[1”1%8] Another impor-
tant feature of MOFs and COFs is their large surface area and high porosity enabling a
good accessibility of the active sites accompanied by a rapid mass transport.!'*”) More-
over, the high porosity of MOF and COF structures can also be used to incorporate
highly catalytic active guest species such as metal-containing particles. The periodic-
ity of the pore structure with controllable size, morphology and location of the pores
enables the rational location of the catalytic guest species, which can induce synergis-
tic effects between the host structure and the guest species resulting typically in an
improved overall catalytic activity (Figure 4.20).1197/1%]

active center

transport channels \ conductive

guest particles
v e e
) -

_dopingatoms  carbon matrix
nanoparticles

conduction paths

Highly ordered COF/MOF structure with Porous heteroatom-doped carbon matrix
well defined pores with open structure

Figure 4.20: Schematic presentation of an organic framework with the well-defined pores of-
fering various possibilities of metal- and heteroatom doping and guest particle
storage.

A major drawback of MOFs and COFs is however their typically low electrical con-
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ductivity, which can nevertheless be alleviated by the addition of conductive supports
such as CNTs, carbon fibers or reduced graphene oxide.[1%6200-202 Another issue of
many MOF and COF materials is their often limited chemical stability under acidic or
basic conditions, which hamper their application as OER catalysts.[200203]

Besides being used directly as OER electrocatalyst, MOFs and COFs can serve as
precursors or templates for the synthesis of even more active nanostructures such as
heteroatom-doped carbons, transition metal-functionalized carbons, or metal oxides/
sulfides/nitrides/ carbides, 19719204207 depending on the applied postsynthetic condi-
tions.

The different strategies of designing MOF and COF-based catalysts for OER will be
discussed in the following two sections. The interested reader is also referred to the
recently published reviews by Liang et al. ,?%! Quin et al. ,[?%! Xue et al. 1% and
Zheng et al.'”l dealing mainly with MOF and MOF-derived OER catalysts.

4.5.1 MOFs

There are only few publications reporting the OER catalysts of pristine MOF materials,
which is mainly due to their low electrical conductivity as mentioned above. 2D MOFs
seems to be however an interesting option as they have typically a sheets thickness of
only a few nanometers, which enables a fast mass and charge carrier transport accom-
panied by a large amount of easily accessible catalytic centers.2%82% Xing et al. , e.g.,
reported a 2D hexaaminotriphenylene Co-MOF (Co3(HITP);), which demonstrates a
relative high conductivity of up to 11.5 S cm™.[2%! The conductivity is induced by an
in-plane 77-d conjugated network formed by hybrids of transition metal node d-orbitals
and frontier orbits of the conjugated ligands. Beside the good conductivity, the porous
structure and the high amount of catalytic active Co-N4 centers are additionally as-
signed as the main reasons for the excellent OER activity of Coz(HITP), resulting in
a low overpotential of 254 and 300 mV to reach 10 and 50 mA cm™, respectively, and
a low Tafel slope of 86.5 mV dec! outperforming IrO, and RuO, reference catalysts
drastically. Moreover, Cos(HITP), is also very stable under electrocatalytic conditions
showing only 1 % decay at a current density of 16 mA cm™ within 12 h. Additionally,
the morphology and microstructure of Coz(HITP), remain stable during the long-term
measurement. Only the Co(II) nodes are oxidized to Co(Ill) which is however quite
common, as Co(I) is the active phase toward OER.[200]

A further strategy for increasing the electrical conductivity and using pristine MOFs
for OER was reported by Xue et al. who introduced missing linkers into a cobalt
terephthalate MOF structure by partially replacing the terephthalate linkers by car-
boxyferrocene (Fc) (Figure 4.21).1210] Introducing Fc into the MOF structure induced a
change of the electronic structure and generated catalytically highly active unsaturated
Co?* sites resulting in a drastically improved electrocatalytic performance. The defec-
tive MOF arrays that were directly grown on a nickel foam substrate (CoBDC-Fc-NF)
revealed a very low overpotentials of 178 mV to reach 10 mA cm™ and 267 mV to ob-
tain 500 mA cm, outperforming the nonfunctionalized CoBDC-NF material (365 mV,
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Figure 4.21: a) Schematic structures of Co-MOF and missing linker Co-MOE, b) influencing their
electronic structures; c) SEM and d) TEM images of the missing linker Co-MOF
(CoBDC-Fc-NF). Reproduced (adapted) with permission.[125] Copyright 2019, The
Authors. Published by Nature Research.

500 mA cm2) and a RuO,-NF reference catalyst (557 mV, 500 mA cm2). The high elec-
trocatalytic activity was accompanied by a high stability with almost no change in the
catalytic activity during 80 h chronopotentiometric measurements at 100 mA cm2.[210]

The use of bimetallic or multimetallic MOFs is another strategy to increase the con-
ductivity and the catalytic activity of MOFs through synergistic effects.[198:208,209,211-215]
Yang et al. , e.g., prepared different Co,Ni and Co,Fe 2D MOFs and analyzed their
catalytic performance. The CoFe-MOF demonstrated the highest activity yielding an
overpotential of 355 mV to obtain 10 mA cm™, thus outperforming the monometal-
lic Co-MOF (397 mV at 10 mA cm™). Interestingly, the bimetallic CoNi-MOF has an
inferior catalytic activity featuring a higher overpotential (501 mV at 10 mA cm?) as
compared to Co-MOFE.2%! Another Co,Fe 2D MOF reported by Xu et al. has an even
lower overpotential of 277 mV to reach 10 mA cm™. The superior performance can be
assigned to the unique interpenetrating mesopore and micropore networks of the MOEF,
which is very favorable to achieve a high accessibility of the catalytic active sites and
enable a rapid mass transport.[?1¢]
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For a more detailed overview on multimetallic MOF OER catalysts, the interested
reader is recommended to the minireview of Xue et al..l!8l

The formation of MOF/carbon composites can be another strategy to improve the
electrical conductivity and thus the OER activity. Different MOF/carbon heterostruc-
tures have been reported using, e.g., rGO,1202,214,217,218] CNTs [201.219] or carbon black[#20.221]
as carbonaceous support materials. Zheng et al. combined the strategies of using a
bimetallic MOF and a carbonaceous support. The bimetallic porphyrin-based CoNi-
MOF has superior electrocatalytic properties (381 mV at 10 mA cm™) as compared to
the monometallic Co- and Ni-MOFs (432 and 435 mV at 10 mA cm?, respectively). The
performance of the bimetallic CoNi-MOF can be further improved by formation of a
composite with rGO. The resulting CoNi-MOF/rGO composite has an overpotential of
318 mV at 10 mA cm™. The good performance can be ascribed to the synergistic effects
between the CoNi-MOF and rGO. Thereby, rGO improves the overall conductivity and
prevents the CoNi-MOF nanosheets from agglomeration, thus increasing the amount of
accessible catalytic sites.??] Recently, Thangavel et al. reported a trimesic acid-based
NiFe-MOEF/ graphene nanoplatelet (GNP) composite, which has a superior OER perfor-
mance with a very small overpotential of 220 mV to obtain 10 mA cm™ outperforming
the monometallic Ni-MOF (317 mV) and the bimetallic NiFe-MOF (240 mV).[218] The
performance can be further increased by replacing the carbon fiber paper substrate by
3D nickel foam resulting in an overpotential of 180 mV to obtain 20 mA cm™. Moreover,
the NiFe-MOF/GNP composite has also a high durability with no obvious change in
activity during a 96 h measurement at an applied potential of 10 mA cm™. The authors
attributed the excellent performance to the increased electrical conductivity achieved
by using GNPs as conducting support and a partial replacement of the Ni nodes by
Fe. A further advantage of the NiFe-MOF/GNP composite is its fast charge transfer
kinetics. The authors evaluated the performance of the NiFe- MOF/GNP composite
also as an anode for the OER in alkaline anion exchange membrane water electrolysis
(AAEMWE) using MoNi,/MoO, as cathode and ultra-pure water as electrolyte. The
AAEMWE reached a high current density of 540 mA cm™ at an applied cell voltage of
1.85 V accompanied by a superior stability of >1000 h in continuous electrolysis, which
renders MOF-based materials suitable for practical application.?!8]

In the mentioned examples, the carbonaceous materials are used as conducting sup-
ports improving the electrical conductivity at the macroscopic scale. On the local level,
however, the limited conductivity of MOFs is still an issue caused by size exclusion ef-
fects that are defined by the pore aperture, hence hindering the full exploitation of the
inherent OER potential of MOFs.['%223] Using graphene oxide as an integral building
unit in the construction of MOFs could be a possible strategy to utilize the full OER
potential of MOF materials.[?2]

The porous structure of MOF materials renders them also an ideal host for OER
active metal and metal-based nanoparticles. The MOF framework typically confines
the size and the shape of the incorporated catalysts and prevents them from leach-
ing and agglomeration during the electrocatalytic relations, thus resulting in a highly
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Figure 4.22: a) Synthesis scheme of pristine (PCB), CoFeO, nanoparticle-embedded bulk (M-
PCB), and monolayered CoFeO,-embedded Co-MOF. b) Polarization curves and c)
Tafel plots of these Co-MOF materials coated onto carbon cloth substrate. Repro-
duced (adapted) with permission.[131] Copyright 2020, American Chemical Soci-
ety.

active and stable OER performance.l'¥1%l A nanoparticle-functionalized MOF was re-
cently reported by Zhang et al. who prepared CoFeOy nanoparticles embedded into
a monolayered benzimidazole-based Co-MOF (M-PCBN) (Figure 4.22a).1224l The M-
PCBN demonstrated a drastically improved electrocatalytic performance as compared
to the bulk equivalent and the pristine MOF which resulted in overpotentials of 232,
316, and 348 mV at 10 mA cm?, respectively (Figure 4.22b), demonstrating the benefits
of introducing highly catalytic active nanoparticles. Beside a very small Tafel slope of
32 mV dec! (Figure 4.22c), M-PCBN also exhibited good electrocatalytic stability evi-
denced by a 60 h chronoamperometric measurement at 1.48 V versus RHE. The authors
also demonstrated that the OER performance is highly dependent on the utilized sub-
strate. Coating M-PCBN onto copper foam instead of CC resulted in an even lower
overpotential of 185 mV at 10 mA cm™. As the main active catalytic sites, high-valent
Co atoms located at the interface of the CoFeO, nanoparticles and the M-PCBN frame-
work were suggested, which was also supported by spin-polarized DFT calculations.
The Fe atoms were shown to be inactive toward OER due to their saturated octahedral
configuration.[224]

Formation of nanoparticles inside the MOF framework can be also achieved by
a controlled partial pyrolysis strategy, which preserves the skeleton structure of the
MOF while generating catalytic highly active nanoparticles.??l MOFs and their modi-
fied /functionalized analogs can be also pyrolyzed or calcined completely serving as
periodically arranged precursors for preparation of doped carbons, metal incorpo-
rated (doped) carbons, and diverse metal-containing compounds with a controlled
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morphology.?%! In this context, the interested reader on MOF-derived carbon-based
materials and composites is also advised to the recently published reviews by Wang et
al.l??l and Du et al..2"7]

As has been mentioned in Section 2, metal-free doped carbons are of great interest as
OER catalysts. However, the homogenous distribution of the dopants inside the carbon
structure is very challenging. In contrast, MOFs exhibit a homogenous distribution of
the heteroatoms which can be even maintained after pyrolysis. MOFs containing low
bowling point metal nodes can even be used for the formation of metalfree doped car-
bons, as these metals are carbothermally reduced and evaporated during the pyrolysis
procedure.[227,2281

The standard approaches for catalyst synthesis usually produce materials that suffer
from aggregation and low electrical conductivity. For this reason, MOFs have been
shown to be promising templates for advanced catalyst design. One of reported ex-
amples uses MOFs based on MFe;O4 (wWhere M = Mn, Fe, Co, Ni) and 2,5-dioxido-1,4-
benzenedicarboxylic acid.?! Via a simple pyrolysis of PANI-decorated nickel foams,
one can obtain a porous composite material (Figure 4.23a) whose performance and
stability are shown in Figure 4.23b-e. The resulting material has a highly porous struc-
ture, which enables facile electron transfer and results in an overall high OER catalytic
performance with overpotential values as low as 240 mV. The use of nickel foam as a
porous support has also been reported previously.[?>"! Similarly, structured composite
material based on Co oxides can be prepared by a two-step thermal conversion strategy.
Unlike the previously mentioned material, this composite exhibits much higher overpo-
tential and a lower Tafel slope possibly due to lower porosity of the mentioned compos-
ite material. An interesting concept of design was reported by Sun et al.!?3!l The authors
used core-shell structure of particles with the composition of Co,Ni; ,@CoyNi;_,O. Due
to used MOFs precursor, a highly porous nanostructured material was obtained whose
performance was highly dependent on the composition of the core as well as shell
particles. Optimal performance was achieved using the molar Co:Ni ratio of 1:1. The
reported synthetic route paves the way for future composites with even higher OER
performance.

Apart from the composition of MOFs, their morphology also plays a crucial role in
the OER activity of the catalysts. In a recent paper, the authors compared 1D, 2D, and
3D MOFs as supports for Co, Ni, and Cu oxides.?3?! Their findings show that the as-
prepared composites were highly oriented and, importantly, delivered the overpotential
of 208 mV at 10 mA cm? for Co;0,/C composite. This value is one of the best for
MOFs-derived composites in the literature.

4.5.2 COF Structures

Besides MOFs, COF-based materials attracted recently considerable attention for ap-
plication as OER catalysts. COFs consist of organic building blocks that are linked
reversibly by covalent bonds resulting in crystalline porous organic polymers with
a controllable and predictable porous structure. COFs are very interesting as their
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Figure 4.23: a) Schematic illustration of PANI-assisted synthesis of a bimetal-organic framework
NRAs and its derived porous CoFe,O,/C NRAs. b) LSV curves, c) Tafel plots and
d) chronopotentiometry curves of NF@NC-CoFe,O,/C NRAs composite samples
in 1 M KOH solution. e) Durability test of the composite materials. Reproduced
(adapted) with permission.[135] Copyright 2016, Wiley-VCH.

porosity, pore size and their electronic and catalytic properties can be controlled by
the design of the building blocks and their linkage motives.l'9#233-233 [n order to de-
sign OER active COF structures, the results on heteroatomdoped graphene are often
used as a scaffold. On this basis, DFT calculations reported by Yang et al. proposed
a high OER activity for a phenazine-linked 2D-COF (COF-C4N) featuring a graphene
like structure, an N-enriched character, hexagonal pores, and a good chemical stability,
which was confirmed experimentally (Figure 4.24). COF-C4)N demonstrates an excel-
lent OER activity and stability equaling to an overpotential of 349 mV at 10 mA cm™
outperforming other N-doped carbonaceous materials. Partial DOS and molecular or-
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bital wave function calculations revealed that the C4 sides as the mainly active catalytic
centers inside the COF-C4N structure, resulting in a preferential downhill trend in the
corresponding reaction pathway calculation.!?3¢!

— COF-C4N(C4 site)
-_ U=1579V

g
( ‘ oy TG0 '.\

ol oH*  O* ooH* 0,
Reaction Pathway

Figure 4.24: a) Schematic sequence of a theoretically optimized COF-C4N monolayer. b) TEM
images of COF-C4;N demonstrating the stacking of the individual monolayers and
c) the hexagonal pores. d) Free energy diagram for the OER pathway of COF-
C4N and the schematic reaction processes at the mainly active C4-site. Reproduced
(adapted) with permission.[140] Copyright 2019, American Chemical Society.

The thiadiazole-based COF reported by Mondal et al. exhibits an even lower over-
potential of 320 mV to reach a current density of 10 mA cm? outperforming the
benchmark catalyst IrO,/ C.[?**] Moreover, the authors also demonstrated that the crys-
tallinity of the analyzed COFs plays a substantial role for OER activity. The thiadiazole-
based COF is additionally very stable as shown by time-dependent chronopotentiom-
etry measurements current densities of up to 50 mA cm™. Post analytical characteri-
zation after the stability test revealed no change in the crystalline structure. The active
site inside the COF structure was calculated to be the C2-site confirming the practical
results.[234]

The electrocatalytic performance can be further enhanced by introducing co-catalysts
like CO,[194’235’237’238] Ni,[239’240] Fe,[239'2401 \/’ [237] Ni3N,[241] Ni(OH)z,[242] or CO(OH)2[242]
into the COF framework. Gao et al. reported, e.g., a COF-SO3H obtained by a con-
densation reaction of 2,5-diaminobenzenesulfonic and 2,4,6-triformyl-phloroglucinol,
which was further functionalized by ammoniation to obtain NH,;@COF-SO;. The
NH,@COF-SO; material was then used to synthesize metalincorporated Ni, Fe; , @COF-
SO, and Co, V;,@COF-SOj, via cation exchange reactions.?”2%l The metal-free NH,@-
COF-S0O; system demonstrated a rather poor OER activity equaling to an overpoten-
tial of 543 mV to reach 10 mA cm2.12%l However, the incorporation of the metal-
lic species drastically improved the electrocatalytic performance. The highest activ-
ity was reported for Co,5V,;@COF-SO; with an overpotential of 318 mV to reach

147



4 Carbonaceous Oxygen Evolution Reaction Catalysts

10 mA cm.12%7] Interestingly, the bimetallic Coy 5V, 5 can be removed by concentrated
HCl and reincorporated by ammoniation and subsequent ion-exchange without los-
ing the crystallinity and the high OER activity. Despite the possibility to remove the
Co( 5V 5 particles, they remain stable in the COF structure during the electrocatalytic
measurements without leaching into the electrolyte, as proven by inductively coupled
plasma atomic emission spectroscopy. Gao et al. attributed the excellent OER activity
and stability of Coj5V)5@COF-SO; to the unique coordination of the Coy5V,5 par-
ticles inside the COF structure and to the high catalytic activity of the Co( 5V 5 sites
enabled by the strong electronic interactions between Co and V.71 Even higher activity
for the same NH,;@COF-SO; system was reported by Feng et al. who exchanged the
NH, group by Ni, Fe,_ cyclen complexes. Their best performing composite, (Ni,Fe;_,
cyclen)@COF-SOj;, reached 10 mA cm™ at an overpotential of 276 mV accompanied by
a large time-of-flight of 0.69 s at 300 mV and a high OER stability indicating a high
atom-utilization efficiency.[?4%]
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Figure 4.25: a,b) Synthesis schema of macro porous TpBpy COF loaded with Co(OAc), (macro-
TpBpy-Co), c) SEM image of macro-TpBpy-Co, and d) its OER activity. Reproduced
(adapted) with permission.[139¢c] Copyright 2019, American Chemical Society.

148



4.5 Carbon-Based Ordered Framework Structures

The materials having both micro- and macropores are beneficial for the fast mass
transport and especially for enhancing the diffusion-limited OER. The microporosity
yields a high surface area providing more active sites, which ameliorate the formation
of O, via the OER reaction. The macropores enable a high fast transport of the formed
O, bubbles away from the surface.[??! Synthesis of COFs with large pores is how-
ever quite challenging. Zhao et al. developed a new strategy to assemble COFs with
their inherent microporous nature into a superstructure having interconnected macro-
pores by using monodisperse polystyrene (PS) spheres as hard template (Figure 4.25a).
Moreover, the bipyridine units of the resulting macroporous COF (macro-TpBpy) can
be used to coordinate Co(OAc), (macro-TpBpy-Co) (Figure 4.25b) while still maintain-
ing the macroporosity as evidenced by SEM image (Figure 4.25¢).[?3%! Functionalization
of macro-TpBpy with Co-containing species drastically improves the OER activity re-
sulting in overpotentials of 380 and 430 mV to reach 10 and 50 mA cm, respectively, as
compared to the pure macro- TpBpy COF that is practically inactive. Moreover, due to
the macroporous structure of macro-TpBpy-Co, the mass transfer and the accessibility
of the active sites are increased, which is especially beneficial at high applied potentials
equaling to high oxygen pressures.[?*°]

COFs typically contain a large number of uniformly distributed heteroatoms like B,
N, O and S,[216243244] \hich make COFs attractive precursors for heteroatom-doped
carbons. The advantage of using doped carbons have been intensively discussed in
Sections 1 and 3. Additionally, carbonization of the highly porous COF materials re-
sults typically in porous carbons. A high porosity can be beneficial for the infiltra-
tion with electrolyte increasing the accessibility of the catalytic active sites and a rapid
charge transfer.[?**2%] In order to ensure the porosity after the pyrolysis step, the use
of templates can be helpful as was demonstrated by Xu et al. In their work, a 2D
triazine-based COF was functionalized with phytic acid as a template, resulting after
pyrolysis in hierarchical porous N,P-co-doped 2D carbons. The COF-derived carbons
exhibited an excellent OER performance reaching a current density of 10 mA cm™ at
a potential of 1.99 V versus RHE drastically outperforming the Pt/C reference catalyst
(1.01 mA cm? at 1.99 V vs RHE).[243]

The combination of high porosity and a large amount of functional groups renders
COFs also suitable hosts for uniformly incorporated and anchored metal-containing
species as mentioned above. The resulting modified COFs can be additionally con-
verted into porous carbons loaded with metal or metal oxide nanoparticles. The pores
of the COFs thereby limit the growth of the metal (metal oxide) particles, prevent
them from aggregation and migration, and assure their homogenous distribution in
the resulting carbon material.?1624¢] Using this strategy, Co;0,,1**”! FeS,1248] Ru0O,,124¢]
Fe/Co,?**l and Ni/Fel?'®l carbon composites have been successfully prepared and eval-
uated as OER catalysts. Among the mentioned examples, the RuO, /carbon composite
exhibited the highest OER activity. Micro-mesoporous N-rich carbons with homoge-
nously distributed RuO, nanoparticles were derived by heating a triazinebased COF
(IISERP-COF1) loaded with Ru(acac); at 370 °C in air. The composite revealed a cur-
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rent density 10 mA cm™ at a potential of 1.44 V versus RHE.[24¢]
A compact overview of COF and COF-based materials is given in Table 4.8.

Table 4.8: Comparison of different MOF/COF-based materials regarding their OER activity.

Material Electrolytes Potential [mV] versus  Tafel slope Ref.
RHE at 10 mA cm2 [mV dec]
2D Co-MOF 1.0 M KOH 1484 86.5 12001
Defective Co-MOF 1M KOH 1408 51 [210]
2D Co,Fe-MOF 0.1 M KOH 1585 49.1 1208]
2D Co,Ni-MOF 1731 107.9
Mesoporous 2D Co,Fe-MOF 1M KOH 1507 31 [209]
Fe,Co,Mn,Ni-MOF-74@Ni-foam 1M KOH 1480@ 413 [215]
50 mA cm?
Co,Ni-MOF 1.0 M KOH 1611 75 [150]
Co,Ni-MOF/rGO 1548 48
Ni,Fe-MOF 1M KOH 1470 55 [218]
Ni,Fe-MOF/ graphene nanoplatelets 1450 51
CoFeO, nanoparticle/Co-MOF@carbon cloth 1.0 M KOH 1462 32 [224]
CoFeO, nanoparticle/ Co-MOF@Cu-foam 1415 N/A
NiCo/Fe; 0, /MOF-74 1.0 M KOH 1468 29 12251
MOE-derived CoFe,O, /C nanorods@NC-coated Ni-foam 1.0 M KOH 1370 45 [229]
MOF-derived core-shell Co,Ni; @ Co, Ni; ,@C 0.1 M KOH ~1810 126 12311
MOF-derived 2D Co30,/C 1M KOH 1490 50.1 1232]
MOF-derived 2D Cu,O/S-doped C 1543 65.6
Thiadiazol-based COF 1M KOH 1550 39 [234]
Highly conjugated 2D COF 1.0 M KOH 1579 64 [236]
Co/macro-microporous COF 0.1 M KOH 1610 54 [235]
Co/COF Phosphate buffer 1630 59 [194]
pH=7
Co/COF@Cu-foam 1M KOH 1500 99 [238]
Coy 5V 5/COF 1.0 M KOH 1548 62 2371
Nij 5 Fe; 5 /COF 1M KOH 1538 83 12591
Cyclen/Ni s Fe,, s /COF 1.0 M KOH 1506 43 [240]
Ni(OH), /COF 0.1 M KOH 1488 389 [242]
COF-derived 2D nanocarbon 0.1 M KOH 1875 N/A [243]
Ni/Fe-clusters/COF-derived C/CNT 0.1 M KOH 1550 61 [216]
Fe,Co/COF-derived C 1M KOH 1600 91 [244]
RuO, /COF-derived C 1M KOH 1440 65 [246]
ZIF-67 /COF-derived Co,0, /N-doped C 1M KOH 1560 79 [247]
FeS/Fe,C/COF-derived N,S co-doped C 1M KOH 1800 81 [248]

4.6 Conclusion and Perspective

Carbonaceous OER catalysts gained considerable attention in the recent years due
to their high structural and compositional variety and ultimately by their promising
electrocatalytic activity competing with or surpassing that of conventional metal ox-
ide or metal hydroxide electrodes and even noblemetal reference electrodes, mostly
under alkaline conditions. The outstanding OER activity with low overpotentials is
achieved due to the combination of high intrinsic OER activity provided by defect and
heteroatom-doped structures, high possible surface areas, and also due to the high
electrical conductivity. Based on the analysis of the most recent developments, the
intention of this review was to highlight the material parameters with applied synthe-
sis approaches that influence the OER activity of carbon atoms as active sites in such
catalysts and hybrid structures. Strategies such as defect engineering and heteroatom
doping were discussed. Although these strategies are undoubtedly required to induce
the OER activity of carbon atoms in carbonaceous materials, they often decrease the
electrical conductivity that is however required for an overall high OER electrode ac-
tivity and becomes decisive at high current densities.
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3D (porous) N-doped as well as multiheteroatom-doped graphene type carbon struc-
tures are considered the best nanomorphology for “pure” or hybrid carbonaceous OER
catalysts known today. Hybrid catalysts employing these structures together with nano-
sized transition metal or metal oxide particles reach a current density of 10 mA cm™ at
overpotentials as low as ~300 mV for S, N co-doped carbon and ~315 mV for hybrid
structures such as NiO/C. This can be explained by a combination of a high surface
area and conductive network heteroatom-doped carbon structure, the highly OER ac-
tive inorganic nanoparticles with high available surface area, and additional synergistic
effects further enhancing the OER activity of neighboring carbon atoms due to a mod-
ulation of the electronic structure. However, the wet-chemical or vapor-based synthesis
methods that are typically employed for fabrication of these structures provide limited
possibilities for a rational design and arrangement of heteroatoms around active site
carbon atoms.

A relatively new group of promising OER active materials is SACs. The main ad-
vantages of SACs are their high surface area and the strong metal-support interaction
resulting in a promising OER activity. Research is however still in the infant stage, as
synthesis of single metal atoms or at least nanoclusters without aggregation is quite
challenging.

A main focus of this work was also dedicated to the relatively recent advances in the
field of ordered 3D carbon (COF) and carbon/metal (MOF) framework structures for
OER catalysis, which are envisioned to possess the potential for highly active carbon-
based OER catalyst in the future. The 3D framework structures offer various advan-
tages over classical 3D porous carbon. Through the choice of molecular linkers and
metallic (MOF) or carbonaceous (COF) nodes, their geometry and composition can be
precisely tuned, providing a defined porosity and a defined spatial location and con-
tent of the heteroatoms. By the choice of specific building blocks (e.g., electron donor or
acceptor moieties), the electronic structure of the crystalline framework structures can
further be manipulated, possibly enabling a faster electron/hole transfer from the cat-
alytically active sites on the surface and throughout the structure also by an enhanced
electrical conductivity.

The framework structures can also be pyrolyzed to further increase their electrical
conductivity. This approach of ordered framework structures for OER catalysis already
led to the formation of composite catalysts with outstanding performance surpassing
that of nonordered structures. For a defective cobalt MOF on a nickel foam substrate,
the overpotential as low as 178 mV at a current density of 10 mA cm? was reported,
combined with a high stability upon potential cycling and continuous operation. Metal-
free COF structures also showed promising OER performances, with the lowest overpo-
tential of 320 mV at 10 mA cm™ reported for a thiadiazole-based COF, outperforming
an IrO, /C benchmark catalyst.

The structural and compositional control in periodic framework materials can also be
used to attach small OER active transition metal (metal oxide) nanoparticles or SACs via
functional groups or coordination sites incorporated by the molecular building blocks.
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This strategy enables a rational design and precise control over spatial distribution of
catalytically active sites not accessible in conventional 3D carbon structures, which may
further be used to deepen our understanding of the OER mechanism on carbonaceous
materials and synergistic effects of metal/carbon structures.
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Abstract

As global warming caused by the greenhouse effect is becoming one of the major is-
sues of the 21st century, hydrogen as an alternative to fossil-based fuels and other
energy carriers has gained importance in current research. One promising approach
to produce hydrogen is photoelectrochemical water splitting, which uses solar energy
combined with suitable semiconducting photoabsorber electrodes to generate hydro-
gen and oxygen from water. However, most water splitting applications reported to
date suffer from degradation of the photoabsorber, resulting in a loss of activity after
just a few seconds or minutes. Here, a new approach using conformal ultra-thin and
oxidation-stable protective layers is presented on Mo:BiVO; thin films combined with
a thin Fej;Nij; O water oxidation co-catalyst, applied by electrochemical deposition,
to achieve unprecedented photocurrent densities of up to 5.6 mA cm™ under simu-
lated AM1.5G illumination and a neutral pH while providing more stable electrodes
for water oxidation.

5.1 Introduction

With increasing demands for renewable energy sources and substitution of fossil fu-
els in the next few years, the development of new energy storage solutions is of great
importance. Hydrogen generated with energy from intermittent sustainable sources
such as solar or wind is an attractive way to store energy.!™>! Photoelectrochemical
water splitting uses sunlight to dissociate water into hydrogen and oxygen by means
of semiconductor absorber electrodes. Especially bismuth vanadate (BiVOy) exhibits
potential as a suitable ternary oxide for photoelectrochemical water oxidation due to
its great light absorption abilities of a substantial part of the visible spectrum, which
allows for theoretical photocurrents of up to 7.5 mA cm™? under AM1.5G illumina-
tion (100 mW cm2).1l However, recent studies featured a maximum photocurrent of
0.7 mA cm? or 1.9 mA cm™ at 1.23 V versus RHE under simulated AM1.5G illumina-
tion (400 - 700 nm LED at 100 mW cm™) using 1 at% tungsten-doped bismuth vanadate
(W:BiVOy)V! or 10 at% molybdenum-doped bismuth vanadate (Mo:BiVOy)!®! without
any additional water-oxidation co-catalysts, respectively, featuring some of the highest
photocurrents ever achieved using this material. The comparability of bare photocur-
rents is quite difficult, if other factors like long-term stability, experimental conditions
(pH of the electrolyte, illumination spectra, applied voltage, usage of sacrificial agents)
or the effect of doping are not taken into account. Doping of BiVO, enhances charge
separation and increases the charge carrier densities while lowering the surface charge
transfer resistance. Theoretical calculations also indicate the importance of doping sites
for adsorption of OH, O, and OOH species on the interface of the semiconductor.’)
The far from theoretical photoelectrochemical activity primarily suffers from the ma-
terials” slow water-oxidation kinetics at the semiconductor/electrolyte interface since
charge recombination and charge transfer resistance are rather unfavorable for bare
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BiVO4.['% The water-oxidation kinetics can be significantly enhanced using a suitable
water-oxidation catalyst like cobalt phosphate (CoPi) or iron-doped nickel oxides on
the interface to the electrolyte.[8'11‘13] Using this approach, the Mo:BiVO,/CoPi elec-
trode can offer one of the highest photocurrent densities of all known materials in this
field.[1%14] Rohloff et al.®! achieved 4.6 mA cm™? at 1.23 V versus RHE under simu-
lated AM1.5G illumination (400 - 700 nm LED at 100 mW c¢m) using the most active
10 at% Mo:BiVO,4 combined with CoPi as water-oxidation co-catalyst to overcome the
slow water-oxidation kinetics. However, its long-term stability is rather poor compared
to other long-known materials like hematite.'>17] In this context, corrosion, especially
dissolution or degradation of the pristine material to inactive species, was shown to
be a limiting factor for the stability of various kinds of electrodes used in photoelec-
trochemical devices.['821l In the past, there have been several attempts to increase the
stability of BiVO, using protective layers.['’l However, most approaches, like atomic
layer deposition (ALD), usually require rather thick layers, such as 40 nm of TiO,,
to achieve a homogenous and pin-hole free protective layer. Additionally, this leads
to a strong reduction of the achieved photocurrent density compared to unprotected
materials.>?224 Further, TiO, is prone to crystallization as rutile and anatase under op-
erating conditions of an electrode, thus forming a discontinuous layer of TiO, nanopar-
ticles on top of the electrode rather than a conformal protective layer, causing short
lifetimes of minutes to hours of previously reported protective coatings.

a) b) o]
Mo:BiVO.: Mo:BiVOs + protective coating Mo:BiVO. + protective coating + OER catalyst
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Figure 5.1: Schemes of Mo:BiVOjy-based photoanodes under operating conditions showing the
protection strategy for enhanced durability and performance. a) Pure Mo:BiVO,
suffers from corrosion during oxygen evolution by leaching vanadium(V) ions into
the electrolyte. b) A thin protective coating prevents the dissolution of vanadium(V)
ions in the electrolyte at reduced photoelectrochemical activity. ¢) An additional
OER catalyst on-top of the protection layer enables effective water oxidation at re-
duced corrosion.

Here, we present a protection strategy based on ALD using ultra-thin (2.5 nm), con-
formal and oxidation-stable protection layers of niobium-doped titanium oxide (NTO,
Nb:TiO;), while maintaining photocurrents comparable to those of the unprotected
Mo:BiVOy thin films for long time periods (Figure 5.1). NTO has been shown to be
suitable as an oxidation-stable amorphous protection layer which showed impressive
long-term stability in various water oxidation applications.[>?>71 The electrochemical
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performance of the system could further be increased using an iron-doped nickel oxide
co-catalyst, applied via electrochemical deposition (ECD) on top of the protection layer,
featuring record activities of up to 5.6 mA cm™. After 16 h under operating conditions,
those photocurrents stabilized at a constant photocurrent of 4.7 mA cm™. In con-
trast, the unprotected Mo:BiVOy reaches its highest photoelectrochemical activity with
1.9 mA cm after 2 h, subsequently suffering from a constant loss in photoelectrochem-
ical performance down to 1.2 mA cm after more than 16 h due to constant degradation
of the photoabsorber. To enable comparable photocurrents, all measurements were per-
formed under simulated AM1.5G backside illumination with a 455 nm LED, calibrated
to 100 mW cm? under consideration of the spectral mismatch of the LED to the sun’s
spectrum. To this end, the spectral mismatch from the LED to the AM1.5G spectrum
was determined using the spectrum of the LED and the spectral photocurrent response
of a Hamamatsu Si-diode to calibrate the LED’s intensity accordingly. To ensure com-
parability and reliability of this calibration a linear sweep voltammogram using a Xe
lamp AM 1.5 solar simulator (Solar Light Co. Model 16S, class ABA), calibrated using
a Si-photodiode, and our calibrated 455 nm LED was recorded (see Figure 5.13, Sup-
porting Information). The photocurrent response using this calibration is comparable
in a range from 0.5 - 1.5 V versus RHE for both illumination types and exhibits similar
photocurrents under our operating conditions of 1.23 V.
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5.2 Results and Discussion

5.2.1 Electrode Preparation

The Mo:BiVOy thin films (with molybdenum content of 10 at%) were prepared using
a dip-coating procedure under controlled atmospheric conditions, similar to the proce-
dure previously described by Rohloff et al.®l The molybdenum content of 10 at% was
chosen due to its superior photoelectrochemical activity compared to higher or lower
doping levels, featuring an optimum domain size and film thickness for efficient water-
oxidation. The as-prepared thin films were annealed and calcined at 450 °C under air
for 2 h resulting in bright-yellow and opaque films as shown in Figure 5.2a.

-Bi d)
3 unprotected Mo:BiVO, MO'B'VO‘O 1.0 . - _
Mo:BiVO, +2.5nm NTO +2.5nm NT \! Mo:BiVO, / NTO / Fe:NiO Cat.
+ Fe:NiO co-catalyst ‘\i Mo:BiVO, / NTO
— ey — 08 Mo:BiVO,
5
©
s
S 064
2
o
2
o
T 04
E
o
e
024
\
W
\
i
0.0 5 . r
400 500 600 700 800
Ik
RN ¢ wavelength / nm

Figure 5.2: a) left-to-right: Photographs of an as-prepared Mo:BiVO;, thin-film (left) with an
additional 2.5 nm NTO protection layer (middle), and additional Fe:NiO-co-catalyst
layer grown by electrochemical deposition (right). b,c) Light microscope images at
different magnifications showing the homogeneity of the MBV+NTO+Cat films. d)
UV/Vis spectra of the different Mo:BiVOj films on FTO coated glass substrates.

Thin protection layers (1, 2.5, 5, and 10 nm) of NTO, AlO, and SnO,, respectively,
were grown on top of the as-prepared Mo:BiVO, thin films using ALD, which already
showed improved stability of photoanodes in previously reported publications.[>?7-31]
The thickness of the applied ALD protective layers was monitored using ellipsometry
on Si wavers and verified by SEM and FIB/TEM characterization (see Figure 5.3b—d).

Photoelectrochemical activities resulting from applying the various protection layers
and thicknesses revealed that protection layers thicker than 5 nm led to a significant
reduction of the photoelectrochemical performance of the material. Further, the SnO,
and AlO, protected electrodes suffered from severe degradation after a few minutes
under operating conditions (AM1.5G and 1.23 V vs RHE at pH 7). Chronoamperomet-
ric measurements of protected Mo:BiVOj, electrodes using various thicknesses of SnO,,
AlO, and NTO are shown in Figures 5.9-5.11 (Supporting Information). While SnO,
protected Mo:BiVOy films exhibited photocurrent densities of up to 1.23 mA cm™ in the
case of the 2 nm protective layer, comparable to the 2.5 nm NTO protected electrodes,
the activity halved after 5 min and further decreased to even lower photocurrents of
0.20 mA cm after 180 min. AlO, protected Mo:BiVOy films achieved photocurrents of
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a) XRD
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a) XRD diffraction pattern of the MBV+NTO+Cat shows distinct reflections which
can be assigned to BiVO, (Crystallography Open Database (COD# 96-901-3438) and
the subjacent FTO layer (COD# 96-900-7534). b,c) SEM images of the Mo:BiVOy
thin films with NTO protection layer and FeNiO, co-catalyst at different magni-
fications. d) STEM-HAADF image from a FIB-prepared cross-section. The blue
rectangle marks the area where the corresponding electron diffraction (ED) pattern
was obtained. The red rectangle marks the area of the acquired EDX maps, seen in
e). e) STEM-HAADF EDX maps of a prepared FIB lamella showing Bi and V co-
localized in the Mo:BiVO, phase, with the Ti containing NTO protection-layer and
the Ni containing co-catalyst layer (image selection in red box). The overlay EDX
map shows the position of Bi, Ti and Ni in their respective color. The single crystal
electron diffraction pattern of a single Mo:BiVOy crystal (blue square in TEM image)
is shown in the inset.

up to 1.7 mA cm?, also suffering from heavy degradation with photocurrents down
to 0.17 mA cm? after 180 min, in the case of the thinnest 1.5 nm protective layer,
while thicker protective layers were completely photoelectrochemically inactive. This
behavior can be attributed to the lack of conductivity of the AlIO, and SnO, coatings,

which bec

omes dominant at increasing thicknesses.

Since NTO-protected Mo:BiVO, with a thickness of 2.5 nm of the protective layer
emerged as the only photoelectrochemically stable electrode in this study while main-

taining ad

equate photocurrents under the above conditions, the following studies were
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only performed using the 2.5 nm NTO Mo:BiVOy electrodes. Chronoamperometric
electrochemical measurements of all protection layers and thicknesses can be found in
the Supporting Information, Figures 5.8-5.10.

To further enhance efficiency, we applied an Fej ; Ni; ¢O oxygen evolution co-catalyst
on top of the protected Mo:BiVOy thin films, using electrochemical deposition under
galvanostatic conditions following a synthesis route described by Abdi et al.l”]

Pure Mo:BiVOy thin films, those with 2.5 nm NTO protective layer and those with
additional Fej;Nij, O co-catalyst are referred to as "MBV", "MBV+ NTO" and "MBV+
NTO+ Cat", respectively, in the following.

5.2.2 Optical Characterization

Photographs of the freshly prepared MBV, MBV+NTO and MBV+NTO+Cat thin-film
electrodes are shown in Figure 5.2a. All films are opaque and reveal the typical bright
green-yellowish color of BiVO4. The protected films appear visually brighter, which
can be attributed to the enhanced scattering of the NTO protection layer on top of
the Mo:BiVOy and its high refractive index caused by TiO,. Light microscopy im-
ages demonstrate the homogeneity of the deposited thin films (Figure 5.2b, c). Larger
magnifications already reveal the porous and worm-like structure, which is typical
for Mo:BiVOy synthesized by this route.[#32-351 UV-VIS optical absorption spectroscopy
shows the typical absorption of BiVO,; on FTO-coated glass. Evaluation of the optical
absorption using the Tauc-method reveals an indirect optical bandgap of ~2.4 eV for
the unprotected as well as for the protected Mo:BiVO; films, which agrees with pre-
viously reported bandgaps.l®"3] However, these measurements show a slight shift to
longer wavelengths in the absorption spectra for NTO coated films while the bandgap
remains unchanged (see Figure 5.2d). We attribute this behavior to the additional con-
tribution of the NTO protection layer.

5.2.3 Structural Characterization

The XRD pattern of an as-deposited Mo:BiVO, thin-film on FTO (Figure 5.3a) shows
distinct reflections of the phase-pure scheelite BiVO,4 phase and the subjacent FTO layer.
The monoclinic scheelite has proven to be the most photoelectrochemically active phase
of BiVOy, exhibiting also the highest stability under ambient conditions.®”! A shift to
lower scattering angles in the diffraction pattern indicates a slightly larger unit cell cor-
responding to an enlargement of the d-spacing and hence the successful incorporation
of molybdenum inside the crystal lattice (Figure 5.3a). The amorphous NTO protection
layer and the co-catalyst layers are not visible in the XRD due to their very small layer
thicknesses of equal or less than 2.5 nm. Scanning electron microscopy (SEM) reveals
the previously described formation of the worm-like porous structure with an average
diameter of ~300 nm and pores of ~50 nm in-between (Figure 5.3b,c).

Single crystal electron diffraction on a prepared FIB lamella further proves the pres-
ence of the desired scheelite-type structure of Mo:BiVOy (see Figure 5.3d-inset). The
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atomic ratios determined from the EDX elemental maps of Bi, V, Mo, and Ti were
found to be 45.5 %, 46.3 %, 4.57 %, and 3.65 %, respectively, which corresponds to the
expected ratios of the stoichiometric composition of 10 at% Mo:BiVOy and the titanium
containing NTO protective layer.

5.2.4 Electrochemical Characterization

The photoelectrochemical performance regarding water-oxidation was investigated us-
ing cyclic-voltammetry, linear sweep voltammetry and chronoamperometry under at-
mospheric conditions (under air, room temperature and 967 hPa air pressure) using a
H;PO,/NaOH buffer at pH 7 as electrolyte with a platinum-coil as counter electrode
and a reversible hydrogen electrode (RHE) as reference. Linear sweep voltammetry (see
Figure 5.4) of the unmodified Mo:BiVO; thin films exhibits a photocurrent response
of 1.4 mA cm? at 1.23 V versus RHE, which is comparable to previously reported
experiments. 8383
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Figure 5.4: Linear sweep voltammetry of untreated Mo:BiVOy thin films (blue), with protective
NTO coating (red) and protective NTO coating as well as deposited FeNiO,, oxygen
evolution catalyst (black). While the unprotected Mo:BiVO, reaches 1.5 mA cm?,
the protected one with additional catalyst reaches up to 5.6 mA cm™. Without illu-
mination the measured currents of all samples are shown as dashed line. The mea-
surements were performed in pH 7 H;PO,/NaOH buffer solution, under simulated
AM1.5G (455 nm LED calibrated to AM1.5G illumination) back side illumination
and at a scan rate of 20 mV s

Modification of the Mo:BiVO, with a 2.5 nm NTO protective layer results in a slight
decrease in electrochemical activity to 1.3 mA ecm? at 1.23 V versus RHE, which can
be explained by the non-conductive properties of the amorphous NTO, entailing an
increased resistance for charge carriers traveling to the electrolyte interface. The depo-
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sition of an Fe(;Nij 4O co-catalyst on top of the NTO layer results in a strong increase
of electrochemical performance with photocurrents of 5.6 mA cm™ at 1.23 V versus
RHE. This demonstrates an increase in activity by a factor of four to the pristine MBV
electrode and thus, to the best of our knowledge, establishes previously unattained ac-
tivities for this type of material in terms of morphology, utilized pH value and illumi-
nation. However, at 1.5 V versus RHE the photocurrent density exceeds the theoretical
maximum of 7.5 mA cm™. We attribute these corrosion currents to the dissolution of
our catalyst, the protective layer or the FTO, which is used as a substrate under these
harsh conditions.

The long-term stability was further investigated using chronoamperometric measure-
ments for 16 h at 1.23 V versus RHE under chopped illumination using on-off cycles of
10 min duration (see Figure 5.5). The unprotected Mo:BiVOy electrode (blue) achieved
2.5 mA cm spontaneous current density at t = 0 s, which stabilized at a steady-state
current density of 1.5 mA cm? after 2 min. The photocurrent response increased to a
maximum of about 1.9 mA cm? (at 1.23 V versus RHE) steady-state current over the
following 2 h.

= Mo:BiVO,/NTO / Cat. = Mo:BiVO,/NTO / Cat.
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Figure 5.5: Chronoamperometric measurements for 16 h under chopped illumination (left) and
a zoom-in of the first 60 min (right). Unmodified Mo:BiVO; (blue) shows a constant
degradation of the photocurrent after 2 h. NTO-protected Mo:BiVO, shows a con-
stant current without any signs of degradation for more than 16 h. An applied water
oxidation catalyst (Fe,Ni;_, O) increases the photoelectrochemical performance by a
factor of 4.

The increase of photocurrent density can most likely be attributed to progressing
corrosion of the electrode, probably of the photoabsorber itself. The dissolution of
Mo:BiVOy into the electrolyte leads to a loss of active material and therefore to re-
duced activity in the following hours of the long-time stability test. According to pre-
vious studies, BiVO, undergoes leaching of V°*-ions into the electrolyte during photo-
induced corrosion, forming Bi,O; or Bi metal.'84041] We confirmed the leaching of
vanadium ions with ICP-OES measurements of the electrolyte after photoelectrochem-
istry for 2 h (Figure 5.8, Supporting Information). Thereby, the vanadium(V) concen-
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trations, which are detected in the electrolyte after 2 h of the stability test, are strongly
dependent on the type and the thickness of the protective layer. Not surprisingly, bare
MBYV shows the strongest dissolution effect, whereas thicker protective layers of more
than 5 nm NTO inhibit the dissolution almost completely, but also strongly reduce the
photoelectrochemical activity. Hereby, a 2.5 nm NTO layer exhibits the best compro-
mise between good photoelectrochemical performance and corrosion stability of the
material.

These findings are in agreement with previously reported studies of this material.
Our NTO-protected electrodes exhibit slightly lower photocurrents of ~2.0 mA cm™
in the beginning, but remain at a stable photocurrent density over the entire 16 h
measurement, outperforming the unprotected electrodes after 10 h. Application of
an Fe;;Ni; O co-catalyst on-top of the NTO-protected Mo:BiVO, increases the pho-
toelectrochemical activity by a factor of 4 compared to MBYV, to about 5.6 mA cm? at
the start of the measurement, stabilizing at 4.9 mA cm? after more than 16 h while
maintaining its photoactive capabilities. Remarkably, the shape of the transient cur-
rent responses (Figure 5.5) changes between the NTO-protected Mo:BiVO;, electrodes
without co-catalyst and the NTO-protected Mo:BiVO; electrodes with additional co-
catalyst. These transients derive from the filling/emptying of surface states at the
electrolyte/semiconductor interfaces, where photo-generated holes oxidize the water
molecules.[*2 However, these holes can also undergo recombination with electrons, re-
ducing the number of available holes for the watersplitting process. This process can
be described by the charge transfer efficiency #ransfer, Which is defined as the ratio be-
tween the current used for water oxidation and the total current of holes generated.
Compared to the pure Mo:BiVO,;, NTO-protected electrodes exhibit a much higher
ratio of instantaneous current jin; to steady-state current jss during the whole measure-
ment. The ratio of jss to jin; can be described as the hole transfer efficiency #ansfer and is
commonly discussed in literature to compare minority carrier transfer efficiencies.[*>4%]
Ntransfer fOr unprotected Mo:BiVO, was calculated to be 84 %, which is comparable to
the previously reported transfer efficiency.®! However, the NTO-protected electrodes
only show a hole transfer efficiency of 60 %, which indicates a lowered PEC (photo-
electrochemical) performance due to the accumulation of charges that cannot be trans-
ported to the catalytically active sites and therefore undergo recombination, reducing
the charge transfer efficiency. Remarkably, the hole transfer efficiency with the addi-
tional Fe(;Nij¢O co-catalyst layer increases to 93 %, which explains the outstanding
performance of our MBV+NTO+Cat electrodes.

This behavior can be attributed to the fact that the conductivity and charge transport
in Nb-doped titania is generally quite poor compared to other metal oxides or to BiVOy,
itself, which leads to hole accumulation on its interface to the electrolyte.[%] However,
the application of an Fej ;Ni; gO co-catalyst leads to faster transient current responses,
indicating the fast and effective hole transfer capabilities of the catalyst.
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5.3 Conclusion

In conclusion, we were able to demonstrate a strategy for producing highly active
and long-term stable photoanodes for water splitting oxidation applications. 10 at%-
Mo:BiVO,4 was used as photo-absorbing semiconductor, protected against dissolution
with a conformal, amorphous and oxidation-stable niobium-doped titanium oxide ALD
coating and combined with Fe( ;Nij O as highly active water oxidation co-catalyst. The
doping of niobium in titania suppresses the undesired crystallization of titanium diox-
ide and enables the formation of ultra-thin, contiguous layers on the corrugated pho-
toabsorber surfaces. This strategy enables photoelectrochemical current densities of
up to 5.6 mA cm? at pH 7 under AM1.5G illumination at 1.23 V versus RHE with
unprecedented stability for more than 16 h. Thereby, these modified photoanodes
outperform unmodified Mo:BiVO, by a factor of 4 and undoped BiVO, by a factor
of 5. Such layers protect the actual photoactive semiconducting material while being
thin enough for rapid charge transfer at the electrode-electrolyte interface. The added
Fe, 1Nijy 9O co-catalyst exhibits excellent catalytic abilities for water oxidation, which
increases the hole transfer efficiencies toward the electrolyte and allows for the signifi-
cant photocurrent increase compared to bare 10 at%-Mo:BiVOy electrodes. This study
shows the importance of designing an oxidation-stable and ultra-thin protective layer
like NTO combined with a highly active water oxidation co-catalyst such as Fe, {Nij O
to achieve both high performance and long-term stability with Mo:BiVO, photoanodes.

5.4 Experimental Section

Chemicals Origin: Chemicals stated in the experimental part were exclusively supplied
by the following suppliers: Vanadium(V) oxytriethoxide: Aldrich, Bi(2-ethylhexanoate):
Alfa Aesar, MoO,(acac),: Aldrich, Chloroform: VWR, Iron(Il) chloride: Aldrich, Nick-
el(IT) chloride: Aldrich.

Synthesis of Mo:BiVOy Thin Films: The synthesis of the Mo:BiVOy, thin films was per-
formed similar to a procedure of Rohloff et al.[¥l with a molybdenum content of 10 at%.
0.7 mmol (123 pL) of VO(OEt); were dissolved in 1.5 mL chloroform. After stirring for
10 min, 0.7 mmol (445 mg) Bi(2-ethylhexanoate) and 0.072 mmol (22.6 mg) MoO,(acac),
were added to the solution. After stirring overnight, the precursor was dip-coated on
FTO-coated substrates at 300 mm min! withdrawal speed. The as-prepared films were
dried at 60 °C for 15 min. After an aging step at 100 °C for 12 h, the films were calcined
at 450 °C for 2 h (heating ramp of 0.5 °C min™!) under atmospheric conditions.

Deposition of the Protection Layers by ALD: The NTO protection layer was grown using
a sandwich methodology with alternating TiO, and NbO, layers, according to Hufnagel
et al.!?”l employing a Picosun R-200 Advanced ALD reactor at a temperature of 200 °C
and a base pressure of 2 hPa. Nitrogen gas (Air Liquide, 99.999 %) was used as purging
and carrier gas. Titanium tetraisopropoxide (TTIP, Aldrich, 99.999 %) was evaporated
from a stainless steel vessel at 85 °C, niobium ethoxide (NEO, Strem, 99.9+ %) was
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supplied from a glass vessel at 160 °C. Ultrapure water (MilliQ, 18.2 M) cm) was
held in a stainless steel cylinder at 19 °C. Each TiO, ALD cycle comprised two TTIP
pulses (1.6 s pulse, 4.5 s static exposure, 6 s purge) and one water pulse (2 s pulse,
4.5 s static exposure, 7.5 s purge). The resulting growth per cycle (GPC) was 0.038 nm
cycle’l. NbO, was deposited using cycles of four NEO pulses (1.6 s pulse, 6.5 s static
exposure, 6 s purge) and one water pulse as in the TiO, process. The growth per
cycle was 0.068 nm cycle!. Mixed oxide layers were grown by interspersing one NbO,
cycle in the TiO, process every 10 intervals. Amorphous tin oxide and aluminum oxide
layers were deposited in the same ALD machine at 200 °CC. Trimethylaluminum (TMA,
Strem, min. 98 %) was kept at 19 °CC as well as the ultrapure water. One AlO, ALD
cycle comprised one TMA pulse (0.1 s pulse, 4 s static exposure, 6 s purge) and one
water pulse (0.1 s pulse, 4 s static exposure, 6 s purge). The resulting growth per cycle
(GPC) was 0.1 nm cycle™!. Tetrakis(dimethylamino)tin(IV) (TDMASn, Strem, 99 %) was
evaporated from a stainless steel cylinder at 75 °C. Ozone was produced by an ozone
generator (INUSA AC2025). SnO, was deposited using cycles of two TDMASN pulses
(1.6 s pulse, 7.5 s static exposure, 7.5 s purge) and one ozone pulse (2 s pulse, 6 s static
exposure, 4 s purge). The growth per cycle was 0.14 nm cycle™. The thickness of the
ALD deposited ultra-thin protective layers was determined using ellipsometry (J. A.
Woollam M-2000D) with films grown under identical conditions on Si(110) substrates.
NTO, SnO, and AlO, layers were modelled using a Cauchy function.

Electrode Characterization: X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Discover diffractometer using Cu-Ka radiation with A = 1.54178 . The Open Crys-
tallography Database (OCD) was used as XRD reference dataset. Crystallite sizes were
estimated using the Scherrer equation. SEM images and FIB lamella preparation was
done using an FEI Helios Nanolab G3 UC, equipped with a Schottky-type Field-Emitter
and Ga*-focused ion beam, operated between 1 and 30 kV. (S)TEM images and EDX
maps were acquired on an FEI Titan Themis 80-300 microscope operated at 300 kV
acceleration voltage, equipped with an X-FEG electron source, a monochromator, a
Cs-corrector and a HAADF detector.

Electrochemical Deposition of Fe,;Ni, O Co-Catalyst: The iron-doped nickel oxide co-
catalyst was deposited on the previously prepared and ALD-protected Mo:BiVO, thin
films using consecutive cathodic electrodeposition, similar to reported procedures.[*”-0l
A0.1x10°M precursor solution containing Fe(II)Cl, and Ni(II)Cl, was used to deposit
the co-catalyst by applying -0.1 mA at galvanostatic conditions for 20 s. The voltage for
the deposition varied between -0.5 and -0.8 V versus RHE. The as-deposited films were
rinsed with water and dried at 60 °C for 2 h.

Photoelectrochemical Characterization: All samples were prepared for photoelectrochem-
ical characterization by contacting the FTO substrate using Ag-based conductive lac-
quer. The sample area was determined by applying PTFE adhesive tape with a reflec-
tive coating as mask. The mask contained a circular hole with a diameter of 0.5 cm
which corresponds to an exposed area of 0.1963 cm?. The photoelectrochemical exper-
iments were performed using a three-electrode setup with coiled Pt wire as counter
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electrode and a reversible hydrogen electrode (Gaskatel HydroFlex) as reference elec-
trode. A H;PO,/NaOH bulffer solution at pH 7 was used as electrolyte. The electrolyte
was stirred during all measurements using a rod stirrer to prevent local concentra-
tion gradients. The samples were illuminated by a 455 nm LED, calibrated to AM1.5G
conditions using a calibrated Si diode under consideration of the spectral missmatch.
All experiments were performed at room temperature and under air. Cyclic voltam-
metry, linear sweep voltammetry, galvanostatic experiments as well as electrochemical
deposition of the Fey;Nij¢O co-catalyst were performed using a Metrohm Autolab
PGSTAT302N potentiostat/galvanostat.
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Figure 5.6: Incident photon-to-current efficiencies and integrated photocurrent (dashed) of a
bare Mo:BiVO,4 and an NTO protected Mo:BiVO, device with addiditonal co-catalyst

at 1.23 V vs. RHE under a AM1.5G solar simulator.

IPCE measurements were performed with a home-built setup using a 150 W Xe short
arc lamp (LOT Oriel) combined with a monochromator (Horiba microHR) and two Si-
diodes (Hamamatsu) to calibrate the photon flux and compensate for light intensity
fluctuations. The current was measured using a potentiostat (Metrohm Autolab) and a

lock-in amplifier at 1 Hz at 1.23 V vs. RHE applie

d potential.

-- Integrated Photocurrent / mA cm™
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Figure 5.7: UV /VIS absorption spectra of bare Mo:BiVOy (black), with additional 2.5 nm NTO
protective layer (blue), with additional 2.5 nm AlO, (orange) and with additional
2.5 nm SnO, protective layer (brown).
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Figure 5.8: ICP-OES measurements of the electrolyte after 2 h photoelectrochemistry under
standard conditions.
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Figure 5.9: Chronoamperometric measurements at 1.23 V vs. RHE and pH 7 for 180 min of
various Mo:BiVOy thin-films protected by 1.5 to 10 nm NTO layers, applied by ALD.
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Figure 5.10: Chronoamperometric measurements at 1.23 V vs. RHE and pH 7 for 180 min of
various Mo:BiVOy thin-films protected by 1.5 to 10 nm AlO, layers, applied by
ALD.
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Figure 5.11: Chronoamperometric measurements at 1.23 V vs. RHE and pH 7 for 180 min of
various Mo:BiVOy thin-films protected by 2 to 10 nm SnO, layers, applied by ALD.

Figure 5.12: Oxygen bubble formation on the electrode during photoelectrochemistry.
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Figure 5.13: Linear sweep voltammetry of bare Mo:BiVO, exhibits a similar photocurrent re-

sponse using a Xe lamp AM 1.5 solar simulator (Solar Light Co. Model 16S, class
ABA) (orange) and a 455 nm LED, calibrated to 100 mW cm? under consideration
of the spectral mismatch of the LED to the sun’s spectrum. Therefore, the spectral
mismatch from the LED to the AM1.5G spectrum was determined using the spec-
trum of the LED and the spectral photocurrent response of a Hamamatsu Si-diode
to calibrate the LED’s intensity accordingly in the range of 0.5 - 1.5 V vs. RHE.
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Figure 5.14: Detected dissolved oxygen during chronoamperometric measurements of a

Mo:BiVO,/ NTO/ Cat. device at pH 7 and 1.23 V vs RHE and simulated AM1.5G
illumination using an HANNA Instruments HI 2400 Dissolved Oxygen Meter. The
electrolyte solution was stirred and flushed with nitrogen during the measurement
to prevent oxygen saturation of the electrolyte.
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Figure 5.15: Mott-Schottky plots of bare Mo:BiVO; and Mo:BiVOs/ NTO/ Cat. at Nyquist
frequencies of 500 Hz and 1000 Hz, respectively. The flatband potential of the
bare Mo:BiVOy is determined as 0.12 V vs RHE while the flatband potential of the
Mo:BiVO,/ NTO/ Cat. device was determined to 0.13 V vs. RHE.

Figure 5.16: a) SEM images of an unprotected Mo:BiVO, film after 16 h reveals large crystal-
lites grown from the Mo:BiVO4 worm-like structure. EDX measurements (orange
cross) reveal a elemental composition of 6.29 at% Bi to 93.71 at% O, indicating the
presence of a bismuth oxide. Molybdenum and vanadium were not found at the
marked position anymore. b) SEM image of an Mo:BiVO4/ NTO/ Cat. device after
16 h PEC reavealing mostly intact worm-like structure of the Mo:BiVOy. The ele-
mental composition at the orange rectangle was determined as 45.4 at% Bi, 46.2 at%
V, 5.07 at% Mo and 3.33 at% Ti.
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Figure 5.17: Calculated H, and O, evolution by Mo:BiVO,/ NTO/ Cat. (H,: black, O,: gray),
Mo:BiVOy/ NTO (H,: red, O,: light red) and BiVO4 (H,: blue, O,: light blue)
at 1.23 V vs. RHE, pH 7 and simulated AM1.5G illumination assuming 100 %
Faradaic efficiency from the chronoamperometric measurement shown in Fig. 5.5.
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Figure 5.18: Linear sweep voltammetry of a Mo:BiVO4/ NTO/ Cat. device in pH 7 buffer,
saturated with air (blue), nitrogen (red) and argon (black) and illuminated by a
AM1.5G solar simulator, exhibits no dependency of the photoelectrochemical cur-
rent densities to the dissolved gases in the electrolyte.
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6 How Photocorrosion Can Trick You: a
Detailed Study on Low-bandgap Li

doped CuO Photocathodes for Solar
Hydrogen Production

This chapter is based on the following publication:

Jonathan Kampmann, Sophia Betzler, Hamidreza Hajiyani, Sebastian Haringer, Michael
Beetz, Tristan Harzer, Jiirgen Kraus, Bettina V. Lotsch, Christina Scheu, Rossitza Pentcheva,
Dina Fattakhova-Rohlfing* and Thomas Bein* Nanoscale, 2020, 12, 7766.

Cu,0

Sebastian Haringer developed and optimized the deposition process for the ultra-thin
protective coatings, contributed to the electrochemical analysis of the photoelectrodes
and wrote the corresponding parts of the manuscript.
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6 Detailed study on low-bandgap Li doped CuO photocathodes

Abstract

The efficiency of photoelectrochemical tandem cells is still limited by the availability
of stable low band gap electrodes. In this work, we report a photocathode based on
lithium doped copper(Il) oxide, a black p-type semiconductor. Density functional the-
ory calculations with a Hubbard U term show that low concentrations of Li (Lij j3Cuy 4,0)
lead to an upward shift of the valence band maximum that crosses the Fermi level and
results in a p-type semiconductor. Therefore, Li doping emerged as a suitable ap-
proach to manipulate the electronic structure of copper oxide based photocathodes.
As this material class suffers from instability in water under operating conditions,
the recorded photocurrents are repeatedly misinterpreted as hydrogen evolution ev-
idence. We investigated the photocorrosion behavior of Li,Cu;,O cathodes in detail
and give the first mechanistic study of the fundamental physical process. The reduced
copper oxide species were localized by electron energy loss spectroscopy mapping.
Cu,O grows as distinct crystallites on the surface of Li,Cu;_ O instead of forming a
dense layer. Additionally, there is no obvious Cu,O gradient inside the films, as Cu,O
seems to form on all Li,Cu;,O nanocrystals exposed to water. The application of a
thin Ti; gNb,,0O, coating by atomic layer deposition and the deposition of a platinum
co-catalyst increased the stability of Li,Cu, O against decomposition. These devices
showed a stable hydrogen evolution for 15 minutes.

6.1 Introduction

Events like the Paris agreement in the year 2015 again demonstrate the desire of our
modern society to reduce emissions caused by fossil fuels. Consequently, the focus
on research for sustainable energy sources has been increasing in recent years. Com-
pared to wind power, hydroelectric power and tidal power plants, sunlight is by far the
most prominent energy source we can exploit to meet mankind’s rising demands.™!
An additional challenge beside harvesting sunlight and converting it into electricity is
large scale energy storage, which is essential for the replacement of fossil fuels. One
approach to address this demanding task is the use of hydrogen gas for powering
both fuel cells and fertilizer production, envisioning the establishment of a so called
‘hydrogen economy’. Inspired by photosynthesis, photoelectrochemical (PEC) water
splitting is a promising process to generate hydrogen and oxygen gas.l>° While there
is lively discussion on the subject, potential advantages of a photoelectrochemical cell
compared to the combination of an electrolyzer with a conventional solar cell can be the
reduction of overpotentials as well as reduced fabrication cost and complexity of the
final devices.[>®! In contrast to photocatalysis, oxygen and hydrogen are produced in
spatially separated compartments, hence avoiding subsequent separation, facilitating
their storage and preventing the accumulation of an explosive gas mixture. Suitable
semiconducting materials for
PEC cathodes are based on silicon,[o! metal oxides!®>®! or organic semiconductors.!10-12]
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6.1 Introduction

Many earth abundant metal oxides are known to exhibit reasonable stability as well as
photoactivity in water splitting applications.!3>1%! This led to the development of syn-
thesis methods for novel binary!1®1°l and ternary!?*?!l metal oxides as well as doping
of well-known metal oxides.l???4l Besides the extensive work on materials with opti-
cal bandgaps in the range of 2.0-3.0 eV,[1#1524-2] there is also need for low band gap
photoabsorbers in order to build efficient PEC tandem cells. Such devices consist of an
n-type photoanode connected to a p-type photocathode to harvest a substantial portion
of the solar spectrum, reaching theoretical solar-to-hydrogen conversion efficiencies of
up to 21.6 %.1>25%7]

Copper oxide based photocathodes have aroused broad interest due to their low tox-
icity and the good availability of copper based compounds/?>?4-34 The reported band
gaps of 1.35-1.7 eV and 2.0-2.2 eV for CuO and Cu,O respectively, allow for significant
light absorption in the visible range and provide enough energy for photoelectrochem-
ical reactions.3>% The conduction band edges of the intrinsic p-type semiconductors
CuO and Cu,OB%%¥] fit both the reduction potentials of water,[1#38! and CO,,*°l which
enables the reduction of these reagents by photo-generated electrons. The incorporation
of Al or Pd into the structure of cupric oxide was shown to increase both the photo-
corrosion stability and the performance of those devices significantly.[*14?] Besides this,
doping CuO with Li has already been proven to be a suitable way to lower the optical
band gap and increase the electrical conductivity!?2?33>43] which is key to enhance its
performance for photoelectrochemical water splitting applications. Therefore, the pho-
toelectrochemical study solely covers results on Li doped CuO and does not compare it
with undoped CuO. Several groups have reported the discovery of highly efficient pho-
tocathodes based on CuQ.[223344-47] However, it has been observed that photocurrents
may be easily misinterpreted as evidence for hydrogen evolution which should be crit-
ically scrutinized.[*4-¢] On the other hand, also justified doubts exist already about the
stability of this metal oxide under reductive potentials.*34°1 High cathodic dark cur-
rents and a significant decay in performance within the first minutes under operating
conditions could point towards cathodic corrosion of this photoabsorber.[3>551 The
reduction potential of CuO in aqueous electrolyte lies above the reduction potential of
water.!?”! This implies the possibility of a competitive reduction of water and the pho-
toabsorber itself, leading to the formation of reduced copper species such as Cu,O and
metallic copper under operating conditions, and consequently to a significant change of
the photocathode morphology due to photocorrosion.[*>5%53 Other copper containing
photocathode materials like Cu,O,*%4 CuFeO,!!” and CuBi,O,'"! are also affected by
photocorrosion, which further motivated us to investigate this phenomenon in detail.
Recently, more detailed corrosion studies on CuO™! and BiVO,%*58l concentrated on
the mechanisms behind the loss in activity and addressed this by the use of protective
layers and suitable cocatalysts. Here, we report on the first extensive photocorrosion
study revealing detailed insights into the transformations taking place in copper(Il) ox-
ide thin film electrodes under operating conditions with special attention to the role of
photo-induced electrons, which we propose to be applicable to various copper contain-
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ing cathode materials used in photoelectrochemical measurements. We further describe
a suitable approach to increase the stability of this p-type low bandgap semiconductor
against decomposition and to decorate it with a Pt cocatalyst. With these results, we
wish to contribute to the ongoing discussion about the stability of metal oxide pho-
tocathodes and point to ways towards the development of stable photoabsorbers for
the generation of environmentally friendly hydrogen gas. Furthermore, we present a
convenient method to manipulate the electronic structure of copper oxide which can
be used to improve CO, reduction efficiencies.

6.2 Results and Discussion

Li, Cuy_, O photocathode layers were prepared by spin coating an ethanolic solution of
Cu(NO3), - 3H,0 and LiNO; onto an FTO substrate. Calcination of these coatings at
400 °C resulted in homogeneous black films with a thickness of about 1 ym. The cal-
cined films obtained from the precursor solution contain large amounts of non-reacted
LiNO; and Li,CO; (Fig. 6.6) which can be removed by rinsing with water. X-ray diffrac-
tion (XRD) analysis (Fig. 6.1a) reveals that the films are structurally closely related to
the CuO tenorite phase (space group: C2/c, a = 4.6803(8) A; b =34176(2) A; ¢ =
5.1278(8) A; B =99.442 (1)° (Fig. 6.7))%%01 but exhibit slightly larger unit cell parame-
ters (a = 4.6975(8) A, b = 3.4346(6) A, ¢ = 5.1400(3) A and B = 99.499(6) °). The small
increase of the unit cell volume from 82.02(1) A2 for the pure CuO to 82.93(1) A3 for
the CuO synthesized in the presence of Li salts indicates the incorporation of a small
amount of Li* ions, with a somewhat bigger ionic radius of 0.90 A(in CN = 6) compared
to the ionic radius of Cu?* ions of 0.87 A(in CN = 6), into the crystal lattice.[?3] Induc-
tively coupled plasma atomic absorption spectroscopy (ICP-AAS) analysis confirms the
presence of 4 at% lithium in the sample, which is the maximum amount that can be
incorporated in the tenorite crystal structure.[!]

Another evidence for the incorporation of Li in the structure is provided by solid state
7Li nuclear magnetic resonance (NMR) analysis, which shows a multiplet (from spin-
ning sidebands) centered at 1.3 ppm in the spectrum of a carefully washed Li, Cu; , O
powder (Fig. 6.1b). This signal is indicative for a non-metallic single phase, free of
contaminations with diamagnetic compounds (i.e. Li,O, LiCOj3, LiNO;). The electrical
conductivity of Li-doped CuO was determined by Hall measurements (van der Pauw
method) to be 6.0 x 102 S cm™, which is an increase by a factor of 2.5 compared to
undoped CuO (2.4 x 103 S cm™). While films of undoped CuO are of dark brown
color, films of Li,Cu,_,O are black. We attribute this observation to the formation of
in-gap states, which can be caused by the introduction of point defects like cation
doping or oxygen vacancies.[?] These optical properties were investigated by UV-Vis
spectroscopy. Li,Cu,_ O films demonstrate favorable light harvesting efficiencies across
a broad wavelength range between 350-800 nm, covering part of the near infra-red (IR)
range, which exceeds that of our undoped CuO films (Fig. 6.1c). Absorbance data of
Li, Cuy_ O films were used to calculate an indirect optical bandgap of 1.39 eV via Tauc
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Figure 6.1: (a) Rietveld refinement of Li, Cu; O with observed data (-) and calculated pat-
tern (red line), blue vertical bars mark the positions of the diffraction lines of
CuO (tenorite). (b) “Li-NMR spectra of Li,Cu;, O showing a multiplet centered
at 1.3 ppm. (c) UV-Vis absorption spectra of undoped CuO (green), Li, Cu;_, O (red)
and protected Li, Cu;_,O/NTO/Pt films on FTO. (d) Tauc plot of a Li,Cu;_ O film
on FTO showing an indirect bandgap of 1.39 eV. (e) SEM cross section image of
Li, Cu;O. (f ) TEM image of Li,Cu,_,O particles. (g and h) High-resolution TEM
image of a highly crystalline Li, Cu;_, O nanoparticle and its corresponding electron
diffraction pattern.

plot analysis!®! (Fig. 6.1d), which is nearly the theoretical optimum for bottom mate-
rials used for high-efficiency PEC tandem cells.[”’”! The morphology of our Li,Cu; O
films was investigated by scanning electron microscopy (SEM, Fig. 6.1e). The films
are nanostructured and composed of interconnected nanoparticles forming disordered
porous layers covering the whole FTO substrate. Transmission electron microscopy
(TEM) images of Li,Cu;_,O films reveal that they are composed of intergrown particles
with a size of around 150-300 nm (Fig. 6.1f). High-resolution TEM (HR-TEM) images
(Fig. 6.1h) and electron diffraction analysis (Fig. 6.1g) reveal that these particles are
single crystalline. The d(19)-spacing of monoclinic Li,Cu; ,O was determined to be
2.76 A, being in good agreement with the XRD patterns.

To understand how the introduction of Li influences the electronic properties of CuO,
we have performed density functional theory (DFT) calculations for Li-containing CuO
including static electronic correlations within the GGA+U approach where the rotation-
ally invariant formulation of Dudarev et al.[*l was employed (see appendix for further
details). We have investigated the band gap as a function of the Hubbard U parameter
and find that up to U = 8 eV the indirect band gap of CuO increases monotonically
with the band gap reaching 1.46 eV. Beyond U of 8 eV it changes to a direct band gap
of 2.1 eV (SI Fig. 6.8a). The band gap of 1.46 eV obtained for U = 8 eV is in good
agreement with the band gap of 1.39 eV determined from the Tauc plot above and con-
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Figure 6.2: Electronic band structure of lithium doped CuO for two different Li concentrations
of (a) Lij,5Cuy,50 and (b) Lij33,CuygegO. The different numbers of bands are
related to different cell sizes. The yellow line marks the Fermi level. In contrast
to the insulating behaviour for x;; = 25 % (note the reduced band gap w.r.t. bulk
CuO), the valence bands crossing the Fermi level for xi; = 3.2 % indicate p-type
conductivity. Spin density of lithium doped CuO in two different Li concentrations
of (¢) Liy5Cug750 and (d) Lig3,Cuy 0g50O (isosurface of 0.01 e A-3). Majority and
minority spin densities are shown by blue and red, respectively. Note the significant
contribution of oxygen for the low Li doping concentration of 3.2 %.

sistent with previous LDA+U studies with a somewhat lower value of U = 6.5 eV by
Heinemann et al.’”] The variation of lattice constants as a function of U is presented
in Fig. 6.8b. The DFT predictions are in overall agreement with experimental lattice
constants. The jump occurring between U = 8 eV and U = 8.5 eV is associated with the
above-mentioned transition from indirect to direct band gap. To determine the prefer-
ential position of Li atoms in the CuO structure we have calculated the solution energy
of Li at different lattice positions. For substitutional doping of Cu and O sites the cal-
culated values are -4.20 eV and 1.04 eV, respectively, while for the interstitial doping the
solution energy was determined to be -0.025 eV. Therefore, we can conclude that ther-
modynamically the preferred configuration corresponds to the substitutional doping
of Cu sites with Li atoms. We have considered a high lithium content of xi; = 25 at%
and a low content of xg; = 3.2 at%, which is close to the experimentally determined Li
level of ca. 4 at%. The solution energies of Lij 43,Cu 9530 and Li ,5Cuq 750 are -4.2 eV
and -3.1 eV respectively, indicating a reduction of tendency to incorporate with increas-
ing Li concentration due to Li-Li repulsion. The band structure of Li,Cu,_O (Fig. 6.2a
and b) shows a very strong dependence on the amount of introduced Li. While for
high concentration the band gap is strongly decreased to 0.64 €V, for low concentration
the main effect is an upward shift of the valence band maximum that crosses the Fermi
level and makes the system a p-type semiconductor. As shown in the spin density plots
in Fig. 6.2c and d, the underlying mechanisms are distinct: for x;; = 25 at% substitution
of Li* leads to a change in charge state of one copper to Cu®*, while for x;; = 3.2 at%
the holes are delocalized at the oxygensites leading to a p-type semiconductor.

To sum up, lithium doping causes an increased optical absorption of CuO in the
infrared range and significantly increases the p-type conductivity, therefore we ex-
pect facilitated charge separation. As our morphology is beneficial for the strongly
surface-dependent water splitting reaction,’! we determined the photoelectrochemical
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performance of Li, Cu,_, O photocathodes by linear sweep voltammetry (LSV) in 0.1 M
Na,SO, aqueous solution (pH 7) starting at 0.7 V vs. RHE and scanning down towards
-0.1 V vs. RHE under chopped AML.5 illumination. In the present case, the result
of this procedure (Fig. 6.3a) is very misleading, as the Li, Cu;_,O film shows the typi-
cal behavior of a photocathode with instant photocurrent response upon illumination.
This observation can easily be misinterpreted as a measure of hydrogen evolution ef-
ficiency, but indeed originates from both the reduction of water and the reduction of
the transition metal oxide itself, which we elucidate in the present work. In addition,
we performed cyclic voltammetry (CV) measurements in a potential range between 0.0
and 0.9 V vs. RHE (Fig. 6.3b). The material shows a negligible dark current, indicating
electrochemical stability in the scanned potential range. Under AM1.5G illumination
(100 mW cm™2), a reductive current density can be observed below 0.5 V vs. RHE.
However, significant oxidizing currents appear above 0.4 V vs. RHE in the back scan.
To examine the electrochemical stability of our Li,Cu;_,O photocathodes, we applied
different constant potentials from 0.0 to 0.6 V vs. RHE for 15 minutes each, in the dark
as well as under illumination (Fig. 6.12). X-ray photoelectron spectroscopy (XPS) mea-
surements of these films after electrochemical reaction were used to get further insights
into the stability of the electrode material. From the binding energy of the Cu 2p3/,-
peak (Fig. 6.3c and d), the oxidation state of the copper at the electrode surface could
be assigned to Cu(Il) (933.6 eV) or Cu(I) (932.4 eV).19] As shown in Fig. 6.3c, copper(II)
oxide remains stable without illumination down to 0.2 V vs. RHE. Below this potential
a shift of the Cu 2ps/,-peak to lower binding energies is observed, indicative for the
reduction of copper(Il) oxide to copper(I) oxide. Under AM1.5G illumination, we ob-
served copper(I) oxide formation already at 0.2 V vs. RHE, indicating photocorrosion
by light induced electrons at this potential. Deconvolution of the Cu 2p3/,-peak as well
as the corresponding Cu L3VV Auger signals support this conclusion (Fig. 6.18).

In agreement with the XPS datal®®! and the Pourbaix diagram of copper,[®’l we
attribute the reductive currents to a competitive reduction of both 2 H" to Hy and
Cu?* to Cul*, while the oxidizing currents result from the oxidation of Cu'* to Cu?*.1°!
Furthermore, we extended the potential range of several CV measurements stepwise on
a new sample (Fig. 6.10). With scanning to lower potentials, more Cu?* is photoreduced
to Cul*, which gets reoxidized to Cu?* at 0.75 V vs. RHE. This extremely sensitive
method indicates a photocorrosion onset at approximately 0.45 V vs. RHE. Notably,
photocorrosion starts right with the photoelectrochemical measurement (Fig. 6.25) and
is fully noticeable after 15 minutes. Impedance plots illustrate the impairing effect
of photocorrosion on the charge transport properties on the photocathode—electrolyte
interface (Fig. 6.24). With proceeding Cu,O formation on the surface, we observed
an increase in charge transfer resistance on Li, Cu,_,O electrodes.[®®] We attribute this
phenomenon to the high conduction band energy level of Cu,O compared to CuO,
which hinders electron transfer from Li, Cu;_, O towards the electrolyte. Electron energy
loss spectroscopy (EELS) allows one to directly monitor the oxidation states of elements
on the nanometer scale using the near edge fine structure.
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Figure 6.3:
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(a) Linear sweep voltammogram of a bare Li,Cu; O film under chopped AM1.5
illumination, showing no signs of photocorrosion. The assumption of a working
photocathode based on this experiment is very misleading, as the reductive currents
originate from both water reduction and photocorrosion. (b) Cyclic voltammetry
characterization of an unprotected Li, Cu,_, O photocathode in 0.1 M Na,SO, at pH 7
in the dark (dashed line) and under AM1.5 illumination through the substrate (solid
line). (c and d) Cu 2p XPS spectra measured of bare Li,Cu,_O films held at the
respective potentials vs. RHE for 15 minutes each in the dark (c) and under AM1.5G
illumination (d) (bars: black: Cu?*, red: Cu’ and Cu'*). At a potential of 0.2 V
vs. RHE, Li,Cu,_, O is stable in the dark but corrodes to Cu,O under illumination.
(e) Cu-Ly3 edges of CuO and Cu,O distinguish between both copper oxidation
states. The photocorrosion could be localized in a TEM cross section image (f and g)
with corresponding EELS map (h), showing cubic Cu,O crystals on the Li, Cu;_,O
surface. (i) Overview image of one crystal scratched from a Li,Cu;_ O film after
an electrochemistry experiment performed for 15 min at 0.2 V under illumination,
showing a roundish crystal overgrown by square crystals. (j) Average background
subtraction filtered (ABSF) high resolution TEM image showing one square crystal
at the surface of a spherical one. The FFTs of the marked regions were indexed for
Cu,0 (k) and CuO (1), respectively.
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The Cu-L 3 edges of CuO and Cu,O are characterized by a pair of white lines which
result from the excitation of 2ps,, (L3) and 2p;/, (Ly) electrons to unoccupied 3d states
(Figure 6.3e). The white lines of CuO are shifted to lower energy losses compared to
Cu, 0.0 Thus, the energetic position of the two white lines was used in this study
to identify the local distribution of the oxidation states in the thin films (Figure 6.11).
EELS requires electron transparent samples (thickness below 100 nm),[”7% which in
this study was achieved by preparing thin lamellae with a focused ion beam micro-
scope. The resulting lamella represents a cross-section through the thin film (Figure 6.3f
and g). A platinum protection layer was used to protect the sample from the gallium
ions used for sample cutting and thinning. Oxidation state maps illustrate the local
distribution of Cu,O and CuO inside the thin film with the spatial resolution given by
the pixel size of the map, which was commonly chosen between 2.5 and 5 nm using
subpixel scanning to reduce beam damage. Both oxidation states are detected in the
interfacial regions between the two phases. In the TEM images two different crystal
morphologies are visible, large round crystals and smaller square crystals. The latter
form preferably at the surface of the large crystals. EELS maps demonstrate that the
two crystal morphologies correspond to the two oxidation states: the large crystals are
pure CuO, while the smaller ones are Cu,O (Figure 6.3h). This is confirmed by high
resolution TEM imaging of the two crystal morphologies (Figure 6.3i and j) with their
corresponding fast Fourier transforms (FFTs) indexed for CuO and Cu,O (Figure 6.3k
and 1). Interestingly, Cu,O grows as distinct crystallites on the surface of CuO instead
of forming a dense layer on its surface. Additionally, there is no obvious Cu,O gradi-
ent inside the films, as Cu,O seems to form on all CuO nanocrystals exposed to water.
We see a similar photocorrosion behavior on undoped CuO. After a potentiostatic mea-
surement for 15 minutes at 0.2 V vs. RHE, also the surface of CuO is covered with cubic
crystallites. Both the post-photoelectrochemical XRD pattern of CuO as well as FFTs
and electron diffraction pattern of the regions covered with cubic crystals indicate the
formation of the cuprite phase (Cu,0O) (Figure 6.17). Therefore, we expect the same cor-
rosion mechanism like on Li, Cu;_, O photocathodes. To rule out artefacts introduced by
the FIB sample preparation, FIB lamellae of reference samples that had not been used
in photoelectrochemical experiments were investigated. The maps show a thin layer of
reduced copper oxide at the surface of the CuO crystals (see Figure 6.13), but no Cu,O
crystals. The reduction of the surface layer of CuO is most likely caused by a reaction
of CuO with the Ga-ions used for the sample preparation.
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Figure 6.4: (a) Cyclic voltammetry measurements of Li, Cu,_, O films protected with 2.5 nm thin
Tiy sNb, ,O, (NTO) layer (blue) and additionally functionalized with Pt nanoparti-
cles (black) compared to a bare Li, Cu;_ O photocathode (red) in the dark (dashed)
and under AM1.5 illumination (solid). (b) Magnification of (a) in the lower po-
tential range. (c) Linear sweep voltammogram of a Li, Cu;_, O/NTO/Pt film under
chopped AM 1.5 illumination. (d) Incident-photon-to-current-efficiency (IPCE) mea-
surements at different potentials. (e) SEM image of a Li,Cu,_,O/NTO photocath-
ode decorated with 20 nm sized Pt particles. (f) STEM image of a cross section of a
Li, Cu;,O/NTO/Pt device held for 15 min at 0.2 V vs. RHE under AM1.5 illumina-
tion. The marked area (red, g) was used for EDX mapping of Cu (h), O (i) and Ti (j).
The corresponding EELS map (k) shows no sign of photocorrosion.

To stabilize our photoabsorber material, we coated our Li,Cu,_O films with a pro-
tective layer by atomic layer deposition (ALD), as this is a proven approach to protect
copper oxides against photocorrosion.['*3271] Among several tested coatings like TiO,,
Tiy sNby ,0, (NTO), SnOy, Al:ZnO and Al,O3, NTO exhibited the best results on our
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Li,Cu;,O morphology. After deposition, the applied Ti;gNb,,0O, layers are amor-
phous (Figure 6.16),[7273l covering the complete surface of the nanostructured mor-
phology of the Li, Cu;_, O films without the formation of pinholes (Figure 6.20), which
has already been demonstrated to successfully protect Cu,0.54 CV measurements of
Li,Cu;_O/NTO films in aqueous 0.1 M Na,SO, are free of oxidative current signals,
indicating that the photoabsorber remains stable under illumination. In contrast to
bare Li,Cu; O, NTO covered films showed no activity in terms of water reduction
(Fig. 6.4a and b, blue) due to the lack of a suitable cocatalyst.3! For this reason, we elec-
trodeposited Pt nanoparticles on our Li, Cu; ,O/NTO from a 1 mM methanolic H,PtCl,
solution (see Experimental details for further information), as this is a proven way to
improve HER kinetics on ALD protected copper oxide based photocathodes.™* 20 nm
sized Pt particles are formed on the surface of the nanostructured Li,Cu;  ,O/NTO
films (Figure 6.4e). A protection layer of 2.5 nm NTO showed the highest activity com-
pared slightly thinner or thicker NTO layers, still allowing sufficient charge transport
to the Pt cocatalyst (Figure 6.19). We assume electron transport by tunneling through
the protective layer due to its extremely small layer thickness. The described protection
strategy causes no significant change in the light absorption properties of those devices
compared to the pristine Li, Cu;_,O films (Fig. 6.1c). We see no signs of photocorro-
sion of Li,Cu,,O/NTO/Pt devices held for 15 min at 0.2 V vs. RHE under AM1.5G
illumination. This is verified by EELS oxidation state mapping (Figure 6.4f and k and
Figure 6.21). Based on LSV measurements under chopped illumination, these devices
show a distinct activity towards hydrogen evolution reaching up to 350 pA cm? at
0.0 V vs. RHE with a photocurrent onset at around 0.50 V vs. RHE (Figure 6.4c).
Furthermore, we quantified the incident-photon-to-currentefficiency (IPCE) at different
potentials from 0.6 to 0.0 V vs. RHE (Fig. 6.4d). The photocathode is active over the
whole visible spectrum, reaching parts of the IR range, with an IPCE maximum at an
excitation wavelength of 380 nm. The IPCE increases with lower potentials, reaching
up to 6.25 % at 0.0 V vs. RHE.

In addition, we performed stability tests of bare Li,Cu,_ O and Li Cu; O/NTO/Pt
films under illumination and quantified the evolved hydrogen. At a constant potential
of 0.3 V vs. RHE, both photoelectrodes show a current response under illumination
which is directly correlated to hydrogen evolution. The photocurrent of bare Li, Cu,_, O
decreases constantly and the hydrogen evolution stops after around 10 min of illumi-
nation due to photocorrosion of the material (Figure 6.23), which results in a faradaic
efficiency of 61 % after 10 minutes (Figure 6.5a). In contrast, the Li,Cu;,O/NTO/Pt
device produces a stable photocurrent and evolves hydrogen with a faradaic efficiency
of 96 % during the first 15 minutes after illumination (Figure 6.5b). Afterwards, both
the hydrogen evolution and the current drop. We attribute the activity loss to the de-
tachment of the Pt nanoparticles due to hydrogen bubble formation (see Figure 6.22),
whereas the decrease of hydrogen concentration can be attributed to leakage from the
photoelectrochemical cuvette-type cell used for hydrogen evolution experiments. We
are currently working on the optimization of the cocatalyst deposition to increase both
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Figure 6.5: (a and b) Chronoamperometric data (black) at 0.3 V vs. RHE with corresponding
H, evolution (red), which is directly correlated to illumination starting after 5 min-
utes. While unprotected Li, Cu,_, O films (a) start to degrade right after illumination,
Li, Cu; ,O/NTO/Pt photocathodes (b) show stable hydrogen evolution during the
first 30 minutes. (c and d) To probe the role of the water during the electrochemical
reaction, a propylene carbonate electrolyte with an iodide triiodide redox couple
was used as replacement. The CV measurement (c) as well as the TEM cross section
with corresponding EELS map (d) of the film after a 15 minutes’ stability test at
0.1 V vs. RHE show no sign of photocorrosion.

stability and activity of Li doped CuO photocathodes. Without direct contact to water,
bare Li,Cu,_,O is stable in a comparable potential range, as shown in a photoelectro-
chemical measurement in 1 mM iodide/triioide (I' /I;”) propylene carbonate electrolyte
(Fig. 6.5¢). No oxidative currents are detectable, which would indicate a Cu'*/Cu®* re-
action similar to the one shown in Figure 6.3b. Moreover, the Li,Cu;_,O film was held
under illumination at 0.1 V vs. RHE for 15 minutes. The corresponding EELS map
of this sample shows no sign of photocorrosion. From this observation, we conclude
that Li, Cu;_,O could be used as stable photoabsorber as well as catalyst in a water-free
electrolyte.

6.3 Conclusion

In this study, we have presented black Li-doped CuO thin films as cathodic light ab-
sorber for photoelectrochemical hydrogen evolution. The substitution of 4 at% of Cu?*
with Li* ions has a substantial influence on the optical and electronic properties. The
optical bandgap is reduced while both electrical conductivity and p-type character in-
crease upon Li doping, which is beneficial for the application as photocathode material
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in a PEC tandem cell. DFT+U calculations confirm that the system becomes a p-type
semiconductor for low Li concentrations due to the pronounced delocalization of holes.
While Li,Cu;_, O is stable in a non-aqueous electrolyte, it suffers from photocorrosion
in contact with water. For the first time, the corrosion was studied in detail by cyclic
voltammetry, X-ray photoelectron and electron energy loss spectroscopy. As a result,
we present a detailed study on photocorrosion to provide a profound understanding
of the underlying physical process which will be applicable to any copper based pho-
tocatalyst. Indeed, the performance of other reported photoelectrode systems should
be critically revised. Under illumination and in direct contact with water, the reduced
Cu,0 forms as distinct cubic crystals on the Li,Cu;_ O surface. We demonstrate that
Li,Cuy_O films can be stabilized to some degree against photocorrosion by using ap-
proaches common in photoelectrochemical research namely the application of a thin
Nb:TiO, protection layer in combination with a Pt cocatalyst. Still, our described ap-
proach cannot solve the fundamental problem of intrinsic instability of metal oxide-
based photocathodes in aqueous electrolytes. We suggest that similar fundamental
problems of photocorrosion stability will be witnessed also in other copper containing
photoabsorbers, therefore the photoelectrochemical performance and possible light-
triggered material transformation should be revisited with special care. We doubt that
the intrinsic photocorrosion of copper oxide based photoelectrodes can be solved in any
feasible way in aqueous electrolytes. However,the in situ growth of Cu,O due to pho-
toreduction could be used for other types of electrochemical processes. As an example,
the use as specific catalyst for CO, reduction in a water-free, methanolic electrolyte can
be envisioned as both copper oxides were already described to be very active for this
application.l”*] By manipulating their electronic structure using various dopants like
Li*, we expect to enhance both the efficiency of copper oxides and also fine tune the
formation efficiencies for hydrocarbons like methane and ethylene.
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6.5 Appendix

6.5.1 Experimental Details

Preparation of Li, Cu,_O films: Li,Cu;_,O thin film photocathodes were prepared by spin
coating (1000 rpm, 30 s, 100 puL) a precursor solution containing 1 M Cu(NOs;), - 3H,O
and 1 M LiNO; in ethanol. Undoped CuO films were prepared with the same method,
but in absence of LiNO;. Fluorine-doped tin oxide (FTO) coated glass (TEC 15 Glass,
Dyesol) with a size of 1.5 cm x 2.0 cm was used as a substrate. The samples were
subsequently calcined in air at 400 °C for 2 h (1.3 °C/min) and slowly cooled down to
room temperature.

Atomic Layer Deposition of Niobium doped Titanium oxide films: Atomic layer deposition
of niobium doped titanium oxide thin films was carried out in a Picosun R-200 reac-
tor at a temperature of 200 °C and a base pressure of 2 hPa. Nitrogen (Air Liquide,
99.999 %) was used as the purge and carrier gas. The carrier gas line flow during pulses
was 40 sccm. Titanium isopropoxide (TIPO, Aldrich, 99.999 %) was supplied from a
stainless steel vessel at 85 °C, niobium ethoxide (NEO, Strem, 99.9+ %) was evaporated
from a glass vessel at 160 °C. Ultrapure water (MilliQ, 18.2 M() cm) was used as oxy-
gen source and held in a stainless steel cylinder at room temperature. Each ALD cycle
for TiO, includes two TIPO pulses (1.6 s pulse, 4.5 s static exposure, 6 s purge) and
one water pulse (2 s pulse, 4.5 s static exposure, 7.5 s purge). The resulting growth
rate was 0.038 nm cycle with a non-uniformity of 4 % across a 20 cm wafer. The ALD
cycle for niobium oxide consisted of four NEO pulses (1.6 s pulse, 6.5 s static exposure,
6 s purge) and one water pulse as in the TiO2 process. The resulting growth rate was
0.068 nm cycle! with a non-uniformity of 4 % across a 20 cm wafer. Mixed oxide layers
were grown by alternating 6 TiO, cycles with 1 NbO, cycle resulting in an amorphous
Ti goNb( 20O, dense film.

Pt Deposition: For the deposition of Pt co-catalyst nanoparticles, an NTO-protected
Li,Cu; O film, a platinum mesh counter electrode and a Hg/Hg,SO,/K,SO, (sat.)
reference electrode were connected to a p-Autolab III potentiostat and immersed in
a methanolic 1 mM H,PtClg solution. Afterwards, a static potential of -0.557 V vs.
Hg/Hg,SO, was applied for 10 minutes without illumination.

Crystallographic Characterization: Powder X-ray diffraction (XRD) patterns were ac-
quired on a STOE powder diffractometer (Cu-Ka, A = 1.5406 A) equipped with a
position-sensitive Mythen-1K detector in transmission geometry. Lanthanum hexa-
boride (NIST LaB6 SRM 660b; space group: Pm3 m; a = 4.15689(8) A) was used as
an internal standard for calibration of diffraction line positions. The XRD pattern of
the sample and 5 % of lanthanum hexaboride were collected over a 26 range of 10 to
81 ° with a step size of 0.015 °. Li,Cu;_,O unit cell parameters were obtained using the
results from the Rietveld refinements!!! of a powder diffraction pattern. The observed
parameters are structurally closely related to those of tenorite (CuO, space group: C2/c;
a=4.6853(3) A; b =3.4257(1) A; c = 5.1303(3) A; B = 99.549(4) °; JCPDS-ICDD PDF card
No. 45-937). XRD patterns of the thin film electrodes were acquired on a Bruker D8
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Discover with Ni-filtered Cu Ka radiation and a LynxEye position-sensitive detector.

Electron Microscopy: Scanning electron microscopy (SEM) measurements were per-
formed on an FEI Helios NanoLab G3 UC scanning electron microscope using a 1 -
30 kV field emission gun and an Oxford instruments energy dispersive X-ray (EDX)
spectroscopy detector. A probe-corrected FEI Titan Themis transmission electron mi-
croscope (TEM) with a field emission gun (X-FEG) operated at 300 kV was applied to
determine morphology, crystallography and elemental distribution. High-resolution
TEM (HRTEM) and bright field (BF) images were received with a Ceta 16M camera
while scanning TEM (STEM) measurements were performed with an annular dark
field (ADF) detector. The thin film material was carefully scraped from the substrate
with a razor blade and the powder was dispersed in ethanol. This liquid was deposited
dropwise on a holey carbon grid to prepare the sample. In addition, focused ion beam
(FIB)-machined lamellae of film cross-sections were prepared in a FEI Helios 600i Dual
Beam workstation. To locally probe the oxidation state of Cu, electron energy loss
spectroscopy (EELS) in a transmission electron microscope (TEM) was used. Ion beam
assisted Pt deposition with dimensions of 10 x 2 x 2 pm? (length x width x height)
was applied for sample surface protection during Ga+ ion milling. 2 pm thick TEM
lamellae were cut out of the films, transferred to a Mo TEM grid and initially thinned
down to a thickness of around 0.7 pusing an acceleration voltage of 30 kV and beam
currents of 430 pA and 230 pA. Final lamellae thinning was performed at 5 kV and
120 pA and subsequent polishing to minimize beam damage was carried out at 2 kV
and 72 pA until a thickness of below 100 nm was reached. Electron energy loss spec-
troscopy (EELS) data were acquired in scanning transmission mode at 300 kV using
a probe-corrected FEI Titan Themis equipped with a monochromator and an Gatan
Enfinium ER spectrometer. An energy resolution of 0.2 eV was realized during the
experiment, using a dispersion of 0.1 channels/pixel and a spectrometer entrance aper-
ature of 5 mm. Subpixel scanning was used to reduce the electron beam damage during
the spectrum acquisition on the sample yielding pixel sizes between 2 and 5 nm.

Solid State “Li NMR: Solid-State MAS NMR: Experiments were performed at 11.74 T
on a Bruker DSX 500 spectrometer equipped with a commercial 4 mm triple-resonance
MAS probe at ’Li frequencies of 194.399 MHz. All experiments were performed in ZrO2
rotors at room temperature. The one-dimensional “Li NMR spectrum was acquired
with a 90 ° pulse length of 2.0 ps, a recycle delay of 64 s and at a sample spinning
frequency of 8 kHz.

Hall Measurements: Hall measurements were performed using the van der Pauw tech-
nique in a four-point setup. For the characterization, pellets were pressed (80 kg/cm?)
from powders (thickness 0.31 mm) and sintered at 400 °C for 24 h (2 °C/min) prior to
the measurement.

Optical Characterization: UV-Vis spectra were obtained on a Perkin Elmer Lambda
1050 UV/Visible/NIR spectrophotometerwith an integrating sphere. The absorbance
of the films was calculated from both the transmittance and reflectance of the films
correcting for the absorbance of the FTO substrate by applying an expression derived
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by Klahr et al.?! to the UV-Vis data.

Photoelectrochemical Characterization: Cyclovoltammetry (CV) and chrono-amperome-
try (CA) measurements were performed in a three electrode setup. A custom built
closed one-compartment cell allowed a photoelectrochemical characterization in the
absence of air. Therefore, argon or nitrogen purging of the aqueous 0.1 M Na,SO, or
1 mM iodide/triioide (I'/15") propylene carbonate electrolyte was started 30 minutes
before the experiment and was continued during the measurement. The thin film pho-
tocathodes were masked with Teflon adhesive tape leaving free an area of 0.196 cm?
for illumination. Argent conductive varnish was used to improve the electrical contact
to the potentiostat. The photoelectrode, a Hg/Hg,S0O,/K,S0, (sat.) or RHE reference
electrode and a platinum mesh counter electrode were connected to a p-Autolab III po-
tentiostat. Measurements were either performed in the dark or under simulated sun-
light illumination. For the latter, the thin film electrodes were illuminated through the
substrate side by an AM1.5G solar simulator (Solar Light Model 16S) at 100 mW cm™.
CV measurements were performed either in the dark or under illumination by starting
at 0.85 V vs. RHE, scanning at a sweep rate of 20 mV/s from positive to negative po-
tentials down to 0.0 V vs. RHE and back to 0.9 V vs. RHE. In total, two cycles were
performed for each measurement. Linear sweep voltammograms were performed at a
scan rate of 2 mV/s, starting at 0.7 V vs. RHE and scanning down to -0.1 V vs. RHE.
The light source was chopped manually. In the case of CA measurements, a steady po-
tential was applied for a defined time and the resulting current was recorded in a time
interval of 1 s. Electrochemical impedance spectroscopy was performed in nitrogen
purged aqueous 0.1 M Na,SO, electrolyte at 0.3 V vs. RHE under AM1.5 substrate il-
lumination with 10 mV amplitude over a frequency range between 1000000 and 100 Hz
(logarithmic step size).

Hydrogen Detection: In order to verify that the observed photocurrent results from the
reduction of water, a micro sensor (Unisense A/S H,-NPLR) with a hydrogen selective
silicone membrane was combined with a three electrode PEC setup. The micro sensor
was calibrated in a two-point measurement using the corresponding program (Unisense
A/S SensorTrace 1.4). The data point for c = 0 mM was acquired in Nitrogen-purged elec-
trolyte (aqueous 0.1 M Na,SO, solution at pH 7), while the second measuring point of
¢ = 40.7 mM was recorded in the same electrolyte purged with forming gas (5 vol% H,
in Ar, AirLiquide ARCAL15) for 20 minutes, taking in account the saturation concentra-
tion of pure H, gas in water of 813 uM atm™.3] To minimize the electrolyte volume
and therefore maximize the detectable hydrogen concentration, a 2 mL poly(methyl
methacrylate) (PMMA) cuvette was used as PEC cell. The working electrode was glued
on a drilled-in hole (diameter ~ 7 mm) and connected to the potentiostat together with
a Platinum wire counter electrode and a Hg/Hg,S0,/K,SO, (sat.) reference electrode
and filled with 1.7 mL electrolyte. The hydrogen micro sensor was placed in the cuvette,
which was subsequently sealed using modelling clay. The hydrogen concentration was
recorded with an interval time of 10 seconds. As the polarization of the micro sensor is
very sensitive and critical for a correct measurement, magnetic stirring was not possible
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in order to avoid any interfering signals.

Computational Details: Density-functional theory (DFT) calculations were performed
using the VASPI*®! code with projector-augmented wave (PAW) pseudopotentials.®!
The generalized-gradient approximation (GGA)! was used for the exchange-correlation
functional, including an on-site Hubbard U term. The rotationally invariant approach
of Dudarev et al.l¥l was adopted for the GGA+U calculations. A Hubbard-U value
for Cu of 8.0 eV gives an indirect gap of 1.46 eV for CuO, in close agreement with
the 1.39 eV determined from the Tauc plot. This is consistent wih previous LDA+U
results.’] We note that previous experimental values range between 1.35-1.7 V.14l
To model different doping concentrations two different cell sizes with 8 and 64 atoms
were adopted, corresponding to the bulk CuO and a 2x2x2 supercell, respectively. A
plane-wave cut-off of 500 eV and a Monkhorst-Pack k-point mesh of 8 x8x8 and 4 x4 x4
were used for the two unit cells, respectively. The Li solution energy (SE) indicates the
preferred lattice positions of Li incorporation in the CuO structure and is defined as
follows:

SEri = Eri.cu; .o — Ecuo — NEr; + MEo,cy (6.1)

Eri.cu, .0 and Ec,o represent the total energy of the doped and undoped structure,
respectively. Ej; and Ep,c, is the energy of the elemental ground state of lithium,
oxygen and copper. N is the number of lithium atoms substituted by M oxygen or
copper. To calculate the solution energy a Cu or O was substituted by a Li atom and
the structure fully relaxed.
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6.5.2 Additional Figures
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Figure 6.6: XRD pattern of the film obtained directly after calcination. The film is a mixture of
Li doped CuO, Li,CO; and LiNO;. To obtain the single Li doped CuO phase the
film is immersed in water for 2 hours to remove Li,CO; and LiNO;.
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Figure 6.7: Rietveld refinement of undoped CuO with observed data (-) and calculated pat-
tern (red line), blue vertical bars mark the positions of the diffraction lines of CuO
(tenorite).
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Figure 6.8: a) Band gap and b) lattice constants of CuO as a function of Hubbard U. Experimen-
tal band gaps range between 1.35-1.7 eV, highlighted in green.['%13] The band gap
of 1.39 eV determined from the Tauc plot in this work is marked by a dashed line
in a). The experimental lattice parameters denoted by dashed lines in b) are from
Asbrink et al..[14]

0.0 +
-0.5 1
-1.0

-1.5 4

J/ mA cm?

-2.0

-2.5 4

0.0 ' 0.2 ' 0f4 ' 0.6 ' 0.8
E/Vvs. RHE

Figure 6.9: Linear sweep voltammetry measurements of bare copper oxide photocathodes in
the dark (dashed lines) and under AM1.5 illumination (solid lines). Li, Cu,_ O films
(red) exhibit significantly higher photocurrents compared to undoped CuO films.
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Figure 6.10: Cyclic voltammetry measurements of a bare Li, Cu,_ O electrode in successive or-
der from a — f. The potential range was extended stepwise to lower potentials, and
consequently the photocorrosion gets more and more pronounced.
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Figure 6.11: To generate the EELS map tracking the oxidation state of Copper, the spectra were
first aligned. After subtraction of the background via a power-law fit the intensity
ratio of the Cu-L3 edge of CuO (red) and Cu,O (blue) were integrated in defined
energy windows. The distribution of the two oxidation states is estimated by this
intensity ratio.
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6 Detailed study on low-bandgap Li doped CuO photocathodes

Figure 6.12: Chronoamperometric data of unprotected Li, Cu;_, O photocathodes at various po-
tentials from 0.0 to 0.6 V vs. RHE in the dark (black) and under AM1.5 illumi-
nation (red). Afterwards, the respective samples were characterized by XPS (see
Figure 6.3c, d). The spikes in (c) were caused by an increased flow of nitrogen
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CuO

Figure 6.13: An as-synthesized sample, which was never used in an electrochemical measure-
ment, was used to investigate the effect of the FIB sample preparation. While the
sample preparation causes a slight reduction of some regions of the Li,Cu;, O
surface, no cubic Cu,O crystals are formed by this procedure. Therefore, the FIB
preparation method is supposed to have no effect on the photocorrosion study of
Li, Cu,_, O photocathodes.

Cu,0

Figure 6.14: CuO/Cu,0 ratio maps based on EELS data of samples used for PEC water splitting
at different potentials. (a) 0.1 V for 15 min, (b) 0.2 V for 15 min and (c) 0.3 V for
15 min. *Artifact of the spectrum alignment, should be Cu,O.
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CuQ

Cu,0

Figure 6.15: TEM cross section images of Li,Cu;_ O films after an electrochemistry experiment
performed for 15 min at 0.3 V vs. RHE under illumination (a, ¢) with corresponding
EELS maps (b, d, pixel size 4 nm?).
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TiO,, Anatase
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Figure 6.16: XRD pattern of Tiy gNb ,0, ALD films as deposited (black). These layers are amor-
phous, in contrast to pure TiO, layers (black). After calcination in 5 % H,/N, at-
mosphere at 600 °C (blue), crystalline Tij gNb, ,0, ALD layers are obtained.
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Figure 6.17: a) Potentiostatic measurement of a bare, undoped CuO electrode at 0.2 V vs. RHE

under AML1.5 illumination. b) XRD pattern of the CuO film after the 15-minute
stability test shown in (a), indicating the formation of Cu,O (blue). c) High res-
olution TEM image showing one square crystal grown on the surface of the CuO
structure. The FFTs of the marked regions were indexed for CuO (d) and Cu,O (e).
f, g) Further TEM images of Cu,O grown on different spots of the CuO surface. h)
Electron diffraction pattern of the cubic crystal depicted in (g) with the reflections
indexed for Cu,O.
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Figure 6.18: XPS characterization of Li,Cu;,O photocathodes after electrochemical stability
tests at the respective potentials vs. RHE for 15 minutes each in the dark (left
side, a and c) and under AM1.5 illumination (right side, b and d). The upper two
diagrams show the deconvolution of the Cu 2p;,, peaks into a Cu(I)-component at
932.4 eV and a Cu(ll)-component at ca. 933.6 eV. At the lowest potential (0.0 V vs.
RHE) a third feature appears at higher binding energies, which might be caused by
differential charging of the samples as a result of proceeding corrosion. The cor-
responding Cu L3VV Auger signals are displayed in the graphs (c) and (d) below
with the positions of the Cu(I) and Cu(ll) peaks indicated by the dashed lines.
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Figure 6.19: Cyclic voltammograms of Li, Cu;_,O photocathodes covered with Nb:TiO, (NTO)
or TiO, (TO). A protection layer of 2.5 nm NTO showed the highest activity of all
tested NTO layer thicknesses (a) and also an improvement compared to undoped
TiO, (b).

Figure 6.20: Energy dispersive X-ray (EDX) mappings of a Li,Cu,,O/NTO/Pt TEM cross sec-
tion. The Li, Cu,_ O structure (a, b) is homogenously covered with Nb:TiO, (NTO,

¢, d) and Pt (e).
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Cu,0

Figure 6.21: a) TEM cross section of a Li, Cu; ,O/NTO/Pt device held for 15 min at 0.2 V vs.
RHE under AM1.5 illumination. The marked area (white, b) was used for EDX
mapping of Cu (c), O (d) and Ti (e). The corresponding EELS map (f) shows no
sign of photocorrosion.

Figure 6.22: SEM top view images of a Li,Cu; ,O/NTO/Pt photocathode after 90 minutes at
0.3 V vs. RHE and AM1.5 substrate illumination. The 20 nm sized Pt particles are
not adhering on the surface anymore, which is believed to cause the observed loss
in activity.
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Figure 6.23: XRD patterns of unprotected Li,Cu;,O films before (black) and after (red) the
hydrogen evolution test at 0.3 V vs. RHE. After 30 minutes of illumination and
progressing photocorrosion, the cuprite phase of Cu,O emerges (blue). Reflections
of the FTO substrate are marked with (*).
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Figure 6.24: Nyquist plots of a single Li, Cu,;_ O electrode. The photocathode was held at 0.3 V
vs. RHE under AM1.5 illumination for a 60 minutes stability test, intermitted
by impedance measurements at the same photoelectrochemical conditions. With
advancing photocorrosion, the charge transport resistance on the photocathode -
electrolyte interface increases.
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40 nm

Figure 6.25: TEM image of unprotected Li, Cu,_,O after 60 s at 0.2 V vs. RHE under AM1.5 illu-
mination. Cubic crystals on the surface indicate that photocorrosion starts directly
with the photoelectrochemical stability test.
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7 Overcoming the Challenges of
Freestanding Tin Oxide-based Composite
Anodes to Achieve High Capacity and
Increased Cycling Stability

This chapter is based on the following publication:

Florian Zoller, Sebastian Haringer, Daniel Bohm, Hannah Illner, Markus Doblinger,

Zdenék Sofer, Martin Finsterbusch, Thomas Bein, Dina Fattakhova-Rohlfing*, Advanced
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Sebastian Haringer synthesized freestanding electrodes via electrospinning, performed
and interpreted the morphological investigations, contributed to the electrochemical
analysis of the electrodes and wrote the corresponding parts of the manuscript.
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7 Challenges of Freestanding Tin Oxide-based Composite Anodes

Abstract

Freestanding electrodes are a promising way to increase the energy density of the bat-
teries by decreasing the overall amount of electrochemical inactive materials. Freestand-
ing antimony doped tin oxide (ATO)-based hybrid materials have not been reported
so far, although this material has demonstrated excellent performance in convention-
ally designed electrodes. Two different strategies, namely electrospinning and freeze-
casting, are explored for the fabrication of ATO-based hybrid materials. It is shown
that the electrospinning of ATO/carbon based electrodes from polyvinyl pyrrolidone
polymer (PVP) solutions was not successful, as the resulting electrode material suffers
from rapid degradation. However, freestanding reduced graphene oxide (rGO) con-
taining ATO/C/rGO nanocomposites prepared via a freeze-casting route demonstrate
an impressive rate and cycling performance reaching 697 mAh g at a high current
density of 4 A g'!, which is 40 times higher as compared to SnO,/rGO and also ex-
ceeds the freestanding SnO,-based composites reported so far. Antimony doping of the
nanosized tin oxide phase and carbon coating are thereby shown to be essential factors
for the appealing electrochemical performance. Finally, the freestanding ATO/C/rGO
anodes are combined with freestanding LiFe; ,Mn, sPO,/rGO cathodes to obtain a free-
standing full cell operating without metal current collector foils showing nonetheless
an excellent cycling stability.

7.1 Introduction

Batteries and in particular lithium-ion batteries (LIBs) became an indispensable part
of daily life. The fast-paced development of new portable electronic devices, elec-
tromobility and large-scale energy storage demands LIBs with maximized capacities,
advanced rate capability and a persistent cycling performance. In order to address
those issues new electrode materials are explored, implying in case of the anode that
the currently used graphite with its rather low theoretical capacity of 372 mAh g has
to be replaced.'

SnO, attracted lots of attention as a promising alternative featuring a high theoretical
capacity of 1494 mAh g and a low working potential.' 33! Lithiation and delithiation
of SnO, can be subdivided into two main steps. In a first step, SnO, undergoes a con-
version reaction resulting in the formation of metallic Sn embedded into a Li,O matrix
followed by alloying reactions between lithium and the previously formed Sn phase
yielding Li,Sn (0 < x < 4.4).2356] However, the conversion reaction of macroscopic
SnO, is irreversible, thus limiting the theoretical capacity to 782 mAh g™ representing
the capacity of the alloying step only.’) Moreover, the conversion reaction, as well as
the subsequent alloying reactions are accompanied by huge volume variations of up to
358 % causing internal stress and a potential pulverization of the electrode. Nanosizing
of SnO, is a well-known strategy to achieve reversibility of both conversion and alloy-
ing reactions and to accommodate the strong volume changes.%”] The performance of
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SnO, based materials can be additionally enhanced by element doping, which increases
the electrical conductivity up to several orders of magnitude.l>8! A further increase of
the overall electrical conductivity of the electrode can be achieved by embedding the
(doped) SnO, nanoparticles into a carbonaceous support matrix that can be based on
graphene oxide (rGO), carbon nanotubes (CNTs) or carbon nanofibers (CNFs). Another
positive effect of the carbonaceous matrix is its ability to alleviate the volume changes
of SnO, during lithiation and delithiation enhancing consequently the overall electro-
chemical performance.?"111 These effects can be further improved by introducing a
carbon coating layer.['>716l Such a carbon coating layer additionally prevents the SnO,
particles from a direct contact with the electrolyte, which leads to decreased number
of side reactions, thus improving the cycling stability.'>) Moreover, carbon coating is
also reported to separate individual SnO, /graphene sheets which can result in a higher
accessibility of the active material reaching higher capacities.'?l Consequently, syner-
gistic effects between nanosized doped SnO, particles, carbonaceous support materials
and the carbon coating layer can be expected resulting in an improved overall electro-
chemical performance.

Besides improving the storage capacity of individual electrode materials, the opti-
mization of the battery design and the minimization of the fraction of electrochemi-
cally inactive components is another means to increase the total energy density of the
battery. Electrodes for LIBs are generally prepared in slurry casting approaches, in
which a suspension containing the active material or its respective composite, a poly-
meric binder and conductive additives is coated onto a copper (anode) or aluminum
(cathode) foil employed as current collector. Consequently, the electrodes consist of
up to 50 wt% of electrochemically inactive materials, which decreases the overall en-
ergy density of the negative and positive electrode dramatically.l'! An attractive con-
cept to reduce the amount of electrochemically inactive materials is the fabrication
of so-called freestanding electrodes. Freestanding electrodes are based on conducting
(mainly carbonaceous) materials that act simultaneously as current collector as well as
conducting matrix incorporating and stabilizing the active material. Thus, freestand-
ing electrodes have to face several challenges including a good electrical conductivity
and sufficient mechanical stability to withstand the stress during the cell assembly and
operation. Numerous SnO,-carbon hybrid materials have been reported, which are
partially applicable as freestanding electrodes. The reported examples of freestanding
electrodes include SnO, embedded into rGO,[1101117-21] CNTs [92223] CNFs [2427) car-
bon cloth,52-301 carbon paper,3!! or carbon monoliths,!®?! which have been prepared
via electrospinning,?*! vacuum filtration,"11192233] 3 combination of in-situ hydrother-
mal synthesis and freeze-drying, '8l hydrothermal synthesis of SnO, on a preformed
array5,1?82°l or electrodeposition.[?!l In contrast to the pure SnO,-based freestanding
electrodes, their doped analogues are much less investigated, although published ex-
amples demonstrate the clear benefits of this approach for the electrode performance.
Thus, Zhang et al. reported a Co doped SnO,/rGO/carbonized cotton composite
that demonstrated a better conductivity and a superior electrochemical performance
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as compared to the undoped equivalent.’] In another publication, Zhang et al. de-
scribed a Fe doped SnO, /rGO/carbonized cotton composite. The performance of this
material was also superior to that of an undoped equivalent, but slightly inferior com-
pared to the freestanding Co doped SnO, composite.**! The Zn doped SnO,/rGO
composite reported by Dou et al. is another example for combining doped SnO, and a
current collector-free electrode architecture with a beneficial effect on the electrochem-
ical performance.*®!

Sb doped SnO, (ATO) freestanding composites have not been reported so far, de-
spite the fact that conventional Sb:SnO, composite coated onto Cu foil electrodes have
demonstrated excellent rate and cycling stability superior to that of other SnO,-based
materials. 23637

In this paper we have investigated different ways to prepare freestanding binder-
free ATO/rGO electrodes. Two approaches were tested that are industrial applicable
due to their scalability and are commonly used for freestanding electrode fabrication,
namely freeze-casting and electrospinning. However, in our case the fabrication of
ATO/ carbon electrodes by electrospinning with polyvinyl pyrrolidone polymer (PVP)
was not possible, as the pyrolysis step required to carbonize the fiber forming PVP
employed in the spinning solution results in a reduction of ATO with a formation of
poorly performing SbSn-alloy/carbon nanofiber (SbSn/CNF) composites. In contrast,
freeze-casting enables the fabrication of freestanding ATO/C/rGO electrodes with a
good rate performance and cycling stability due to a multi-step synthesis procedure
compatible with the employed precursor solution resulting in a carbon coated rGO
composite with a homogenously dispersed nanosized ATO phase.

Finally, a freestanding full cell was produced, consisting of the freestanding ATO/C/
rGO nanocomposite as an anode and a high voltage freestanding LiFe;,Mn, PO, /C/
rGO electrode as a cathode. The ATO/C/rGO — LFMP/C/rGO LIB cell reveals an
excellent cycling stability at 1C reaching 116 mAh g! (based on the weight of LFMP)
in the 175th cycle showing practically no capacity fading.

7.2 Results and Discussion

Two different strategies were evaluated for the preparation of freestanding Sb doped
SnO, /carbonaceous hybrid materials. In the first approach, Sb doped SnO, /graphene
oxide (ATO/GO) nanocomposites (Figure 7.8, left) were prepared in a freeze-casting
approach. In the first step, a basic (pH = 9) suspension containing tin (IV) chloride, an-
timony (III) chloride and GO was prepared. As follows from the previous reports, tin
and antimony precursors hydrolyze with the formation of different tin hydroxides in-
cluding for example [Sn(H,0),_, (OH),]*™* species. The charged hydrolyzed species
can interact with the hydroxyl, carboxyl and epoxy functional surface groups of GO
which are detectable by FT-IR (Figure 7.9), resulting in a homogenous deposition of the
amorphous ATO precursor on the surface of GO, which transforms to the crystalline
ATO.IB31 After repeated extensive washing and centrifugation, the ATO/GO compos-
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ite was treated by ultrasonication forming a homogenous suspension. The suspension
was subsequently freeze-cast and freeze-dried, resulting in dark yellowish/brownish
ATO/GO monoliths (Figure 7.8, left) with a diameter of around 3.5 cm. After pyrolysis
at 400 °C in nitrogen, black ATO/rGO nanocomposite monoliths (Figure 7.8 middle,
Figure 7.10) are obtained. Further freestanding composite electrodes were prepared via
a slightly modified route including the addition of different amounts of sucrose during
the ultrasonication step to yield carbon coated ATO/rGO nanocomposites (labeled as
ATO/C/rGO and ATO/C-2/rGO, with C-2 indicating the double amount of sucrose
added in comparison to ATO/C/rGO). The additional carbon coating is thereby ex-
pected to improve the cycling stability and rate performance of SnO,-based composite
materials.>1415]

The successful formation of phase-pure crystalline ATO nanoparticles inside the hy-
brid composites is confirmed by the XRD (Figure 7.1a). The three diffraction peaks at
26.6, 33.9 and 51.8° 26 can be assigned to the (110), (101) and (211) reflections of tetrag-
onal SnO, (ICDD card No. 00-41-1445). The average crystalline domain size of the ATO
nanoparticles of the ATO/GO composite is estimated to be around 1.0 nm, based on
the broadening of the (211) peak evaluated by using Scherrer’s equation.[?® Even after
pyrolysis, only a minor domain growth with an estimated average diameter of 2.0 nm
is observed. Interestingly, the addition of sucrose during ultrasonication impedes the
ATO particle growth upon subsequent pyrolysis resulting in average domain sizes of
only 1.7 and 1.4 nm for the ATO/C/rGO and ATO/C-2/rGO composites (Figure 7.1a
and 7.11a) according to the XRD peak broadening. In case of the undoped SnO, /rGO
nanocomposites, an average particle size of 2.1 nm was observed. Thermogravimetric
analysis (TGA) of the hybrid materials reveals that ATO nanoparticles have a share of
around 75 wt% in the freestanding ATO/rGO composite (Figure 1b). Moreover, TGA
identifies that GO has been successfully reduced to rGO during the pyrolysis step at
the applied temperature of 400 °C, as only one major weight loss step between 400 and
500 °C was observed in the TGA, which is attributed to the combustion of rGO under
air atmosphere.[*’ In comparison, ATO/GO features an additional weight loss steps
at 220 °C related to the loss of oxygen containing groups on the surface of GO.[l The
weight fraction of the ATO phase in the ATO/C/rGO and ATO/C-2/rGO composites is
much lower, equaling 65 and 54 wt%, respectively, due to the additional carbon coating
(Figure 7.1b and 7.11b).

The successful reduction of GO is also confirmed by the results obtained from FT-
IR analysis (Figure 7.9). In case of GO and the respective ATO and SnO, contain-
ing composites, a large broad peak at around 3300 cm™ is visible which can be as-
signed to O-H stretching vibrations of adsorbed water molecules and structural -OH
groups.[*!l Moreover, the peaks at 1636, 1420, 1060 and 968 cm™ are attributed to bend-
ing vibration of -OH groups, and to the vibrations of carboxyl and epoxy functional
groups, respectively.[2431 ATO/sucrose/GO composites display additionally peaks be-
tween 1200 and 860 cm™ related to sucrose. These peaks vanish or at least drastically
decrease in intensity after the pyrolysis step. Additionally, two new peaks are clearly
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Figure 7.1: XRD patterns of ATO/rGO, ATO/GO, ATO/C/rGO and rGO. Bars in the box at the
bottom mark the tetragonal SnO, (cassiterite) positions (ICDD card No. 00-41-1445)
(@). TGA of ATO/GO, ATO/rGO and ATO/C/rGO (b). XPS survey spectra (c) and
Cl1s region (d) of ATO/C/rGO and ATO/sucrose/GO.

visible at 1560 and 1220 cm™!. The former indicates a C=C stretching and skeletal vibra-
tion of the rebuild graphene structure.’*4144 The latter is assigned to residual epoxy
groups on the surface of rGO and can be commonly found for rGO and rGO containing
composite materials as reported in literature.10394344]

ATO/sucrose/GO and ATO/C/rGO nanocomposite were also studied by X-ray pho-
toelectron spectroscopy (XPS). The survey XPS spectra depicted in Figure 7.1c confirms
the presence of C, O, Sn and Sb. Evaluation of the C 1s peak (Figure 7.1d) before
(ATO/sucrose/GO) and after pyrolysis (ATO/C/rGO) reveals a severe decrease of the
peak related to C-O containing groups which is a clear indication for the successful
reduction of GO to rGO and the carbonization of sucrose, hence supporting the results
of TGA and FT-IR analysis. The Sn 3d peak (Figure 7.13a) is composed of two peaks
at 495.2 eV and 486.8 eV which can be assigned to Sn 3d3,, and Sn 3ds/,, respectively.
Those binding energies are in the range typically associated with Sn**, which addi-
tionally supports the presence of a SnO, phase.'3l Doping of tin oxide with antimony
can be confirmed by XPS, as well. Antimony is mostly in the valence state Sb>* (Fig-
ure 7.13b) which indicates an enhanced electrical conductivity as Sb>* ions act as donor
species; in contrast Sb>" ions are known as electron traps./>®!

Nitrogen sorption measurements were conducted to analyze the porosity of the free-
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standing hybrid materials. As depicted in Figure 7.12, the composites display type IV
isotherms with H,-type hysteresis loops, which is typical ascribed to mesoporous mate-
rials. Analysis of the pore size distribution based on DFT methods and a slit/cylindrical
pore model (SnO, /rGO and ATO/rGO) or a slit pore model (ATO/C/rGO and ATO/C-
2/rGO) reveals a maximum ranging between 20-50 nm, as shown in the insets of Fig-
ure 7.12 which further indicates a mesoporous structure of the hybrid materials. The
total pore volume of the nanocomposites is dependent on the amount of the addition-
ally added sucrose. The ATO/rGO showed a total pore volume of 0.156 cm® g'!, which
decreased to 0.135 and 0.052 cm® g! for ATO/C/rGO and ATO/C-2/rGO, respectively.
A similar correlation is also obtained for the Brunauer-Emmett-Teller (BET) specific
surface area. The nanocomposites without an additional carbon coating showed BET
surface areas in the same range equaling to 179 and 163 m? g for SnO,/rGO and
ATO/rGO, respectively. In case of the carbon-coated hybrid materials the BET surface
area is significantly decreased to 60 m? g for ATO/C/rGO and to 21 m? g! in case
of ATO/C-2/rGO. Porosity and a large specific surface area are beneficial with regard
to a high contact area between the active material and the electrolyte, enabling rapid
charge transfer and hence an improved electrochemical performance.[29'39] However,
large surface areas can be also disadvantageous, possibly leading to a large number of
unwanted side reactions.[*>! Therefore, we assume a medium surface area as exhibited
by the ATO/C/rGO composite with moderate sucrose content to represent a suitable
tradeoff.

The morphology of the freestanding nanocomposites was analyzed by scanning elec-
tron microcopy (SEM). The cross-sectional images of the three ATO/rGO based nano-
composites (Figure 7.2) reveal that the rGO sheets form an interconnected three-dimen-
sional network homogenously coated by the inorganic ATO phase. Such a spongy
structure with its open channels can be very beneficial for infiltration with electrolyte
throughout the composite electrode ensuring a maximized wetting and electrode elec-
trolyte interface area shortening the Li+ diffusion pathways. Moreover, the fluffy struc-
ture can also be advantageous for alleviating the volume changes of the ATO phase
upon de/-lithiation.!®”]

Interestingly, the addition of sucrose affects the overall morphology of the hybrid
material. With increasing sucrose amount, the composite consists of more wrinkled and
contracted ATO-coated rGO sheets in comparison to the rather flat rGO sheets in case
of the ATO/rGO composite (Figure 7.2b, d, f). These observations also correlate with
the decreasing BET surface area upon the sucrose addition. Moreover, the morphology
of the ATO/rGO composites (with and without carbon coating) differs also from that of
pure rGO obtained by the same freeze-casting procedure. Pure rGO monoliths feature
a more crumpled-paper like structure (Figure 7.14e, f).

The homogenous distribution of ATO particles onto rGO sheets is visible in the
SEM/EDX elemental maps (Figure 7.15), where Sn and Sb signals are co-localized with
the C signals originating from rGO. Further evidence of a homogenous coverage of
the rGO sheets by inorganic phase nanoparticles is given by a comparison of identi-
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Figure 7.2: SEM images of cross sections (a, ¢, e) and magnification of the corresponding
marked areas (b, d, f) of freestanding ATO/rGO (a, b), ATO/C/rGO (c, d) and
ATO/C-2/rGO nanocomposites (e, f).

cal location SEM images acquired with a morphology contrast (secondary electron)-
based versus an increased material contrast (back-scattered electrons)-based detector
(Figure 7.16). Inorganic ATO nanoparticles thereby exhibit an increased intensity (in
Figure 7.16b) compared to the underlying carbonaceous matrix due to an increased Z-
contrast in the imaging mode. The Sb doping ratio inside the SnO, particles is around
8 to 10 at% according to EDX data (Figure 7.15e).

Transmission electron microcopy (TEM) and high-resolution transmission electron
microcopy (HRTEM) of the ATO/rGO, ATO/C/rGO and ATO/C-2/rGO nanocompos-
ites (Figure 7.3a,b, d, e, 7.17 and 7.18) furthermore shows a homogenous distribution
of the ATO nanoparticles on the rGO sheets. Sheets aligned perpendicular to the TEM
grid are indicated by red arrows in Figure 7.3b. HRTEM of the nanoparticles in the
ATO/rGO and ATO/C/rGO hybrid materials reveal their crystallinity (Figure 7.17),
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with lattice spacing of approximately 0.34 nm corresponding to the (110) lattice plane
of ATO. These results agree with the values obtained from the selected area electron
diffraction (SAED) pattern. The patterns of all three composites show diffraction rings
(Figure 7.3c, f and 7.18c), which can be assigned to the cassiterite structure of ATO
(d-values: 3.4 A(110), 2.7 A(101) and 1.8 A(211)) indicating the formation and random
orientation of nanocrystalline ATO particles on the surface of rGO.2¥4¢l The addi-
tional ring at approximately 2.1 A, which is detectable in all ATO/rGO based compos-
ites, can be attributed to rGO.[>1747] In case of the carbon coated ATO/rGO composites
(ATO/C/rGO and ATO/C-2/rGO), the rings attributed to ATO are broader and less
pronounced. The former is related to a smaller crystallite size with increasing carbon
content, in agreement with the results obtained by XRD. The latter is related to an
increasing background with increasing carbon content. Additionally, the size of ATO
particles was evaluated from the TEM images depicted in Figure 7.3,7.17 and 7.18. The
resulting particle size distributions (Figure 7.19) show a similar trend in comparison to
the average domain sizes calculated from XRD; the ATO particles decrease in size with
increasing carbon content. The larger discrepancies between particle size (TEM) and
average domain size (XRD) are observed for the carbon-coated materials probably due
to the presence of carbon, which makes the determination of particle size in TEM less
straightforward. In general, XRD analysis by using the Scherrer equation provides the
average size of crystalline domain while TEM enables to determine the size of individ-
ual nanoparticles, but the information is less statistically representative. Particle and
domain size analysis must not result in the same values. However, in total the particle
sizes obtained by both methods are in a rather good agreement.

Different freestanding composites demonstrate similar electrical conductivity in the
range from 2.3 to 5.2 x 101 S em™ indicating a minor influence of the carbon coating
on the overall conductivity. However, it cannot be excluded that the carbon coating
increases the electrical conductivity locally around the ATO particles, thus improving
the electrochemical performance.

In a second synthesis approach presented in this work, we have attempted to prepare
ATO/carbon nanofiber (ATO/CNF) freestanding composite electrodes by electrospin-
ning of an ethanolic spinning solution containing tin acetate, antimony acetate and
polyvinyl pyrrolidone (PVP). The resulting flexible and mechanically stable mat has a
size of approximately 10 x 25 cm (Figure 7.21a) and consists of homogenous nanofibers
with diameters of around 250 nm (Figure 7.21b) and a length of hundreds of microme-
ter and more. EDX analysis reveals a uniform distribution of Sn and Sb along the PVP
nanofibers and an intended Sb amount of 10 at% in context to Sb:SnO, (Figure 7.20).
After stabilizing the composite mat in air, three very small broad bumps are observed
at around 26.6 °, 33.9 ° and 51.8 ° 2 0 in the corresponding XRD pattern, which can
be assigned to the (110), (101) and (211) reflections of SnO, (ICCD card No. 00-041-
1445), respectively, showing the formation of ATO.?! In order to obtain a conductive
framework, the composite has to be pyrolyzed to carbonize the PVP fibers. Different
pyrolysis temperatures were tested ranging from 400 to 700 °C. Besides the diffraction
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Figure 7.3: TEM images (a, b, d, e) and SAED patterns (c, f) of ATO/rGO (a-c) and ATO/C/rGO
(d-f) nanocomposites. The red arrows in (b) mark rGO sheets aligned perpendicu-
larly to the TEM grid. The rings in the SAED patterns (c, f) are assigned to the
tetragonal structure of the ATO nanoparticles.

peaks assigned to SnO,, additional reflections arise at a pyrolysis temperature of 400 °C
that can be assigned to a SnSb-alloy (ICCD card No. 00-033-0118) and Sn (ICCD card
No. 00-004-0673). With increasing temperature, the diffraction peaks of SnO,, SnSb and
Sn get sharper and gain in intensity, indicating an increase in crystallinity and growth
of crystalline domain sizes. At a pyrolysis temperature of 700 °C, no diffraction peaks
of the cassiterite phase (ATO) were detected, indicating a complete reduction to metal-
lic Sn and SnSb (Figure 7.4a), most probably due to a reducing environment generated
by the carbonization of PVP.*8! Chen et al. observed a similar effect with a reported
reduction of a Mo:5nO, /polyacrylonitrile (PAN) composite to a Mo:Sn/CNF hybrid
upon pyrolysis at 700 °C.["]

Moreover, pyrolysis of the Sb:SnO,/PVP composites at different temperatures also
resulted in different morphologies. After pyrolysis at 400 °C, the surface of the nanofibers
appears to be rougher (Figure 7.4b) as compared to the non-pyrolyzed raw material
(Figure 7.21b). At 500 °C additional small particles are visible at the surface of the
nanofibers that increase drastically in size with increasing pyrolysis temperature (Fig-
ure 7.4b-e), which is furthermore in good agreement with increasingly sharp peaks
visible in corresponding XRD patterns.

The SbSn/CNF composites pyrolyzed at 400-700 °C were analyzed by cyclic voltam-
metry (Figure 7.23 and 7.22a) and galvanostatic charge/discharge measurements (Fig-
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Figure 7.4: XRD patterns of electrospun non-pyrolyzed ATO/PVP and of the corresponding
composites obtained after pyrolysis at 400, 500, 600 and 700 °C (a) and the respective
SEM images (b-e).

ure 7.22b). As the composites were still maintained as paper-like mats after pyrolysis,
they were used directly as freestanding electrode materials.

The results of electrochemical characterization of the SbSn/CNF composites, as dis-
cussed in the supporting information, suggest that they are not well suited for the ap-
plication in LIBs. We assume that the poor performance of the composites pyrolyzed at
400 and 500 °C is due to the incomplete carbonization of PVP. The higher temperatures
not only lead to a targeted carbonization of PVP but also to a non-desired reduction
of ATO to Sn/Sb particles of up to several hundred nanometers in size as indicated in
Figure 7.4. The particles are not embedded in the CNF fibers probably leading to an
irreversible agglomeration and loss of active material upon cycling.

In contrast to the freestanding electrospun electrodes that feature low capacities and
fast capacity fading, the ATO/rGO nanocomposites prepared by freeze-casting reveal a
greatly improved and stable electrochemical behavior as shown in the following section.
The nanocomposites were directly used as freestanding electrodes without the help of a
copper foil current collector, polymeric binder or supplementary conductive additives.

In order to study the different reactions taking place during lithiation and delithia-
tion, the freestanding ATO/rGO, ATO/C/rGO, ATO/C-2/rGO, SnO, /rGO, SnO,/C/
rGO and rGO materials were analyzed using cyclic voltammetry in a potential range of
0.01 to 3.0 V vs. Li/Li* at a scan rate of 0.2 mV s (Figure 7.5a and 7.24).

During the first cycle a distinct cathodic peak at around 1.0 V vs. Li/Li* is observed
for the ATO/C/rGO composite electrode (Figure 7.5a), which is also detectable as a
voltage plateau in the respective galvanostatic discharge curves (Figure 7.5b). This fea-
ture is typical for SnO,-based compounds and corresponds to the conversion reaction
of ATO nanoparticles to Sn and Sb as well as Li,O. During the first scans this pro-
cess is accompanied by an irreversible formation of a solid electrolyte interface (SEI)

233



7 Challenges of Freestanding Tin Oxide-based Composite Anodes

layer, which results in significant capacity losses during the first cycles.[>*° Further-
more, a small shoulder at 0.5 V vs. Li/Li* and an intense peak at 0.04 V vs. Li/Li"
can be observed during the first reduction scan, which correspond to the multistep al-
loying reactions between Sn/Sb and lithium ions with formation of Li, 4Sn and Li;Sb
alloys.2#2501 The peaks at 0.6 and 1.3 V vs. Li/Li* observed during the reverse anodic
scan correspond to the dealloying reaction and the conversion of Sn/Sb back to ATO.!42!
Similar CV curves are also obtained for the SnO,/rGO, SnO,/C/rGO, ATO/rGO and
ATO/C-2/rGO hybrid materials (Figure 7.24a-d).

Figure 7.5c and Figure 7.5d display the change in capacity of the ATO/rGO, ATO/C/rGO,
ATO/C-2/rGO, SnO, /rGO and SnO, /C/rGO electrodes during multiple galvanostatic
charge/discharge and at different rates, respectively. The charge and discharge capac-
ities, as well as the discharging/charging current densities discussed in the following
are based on the weight of the entire electrode, including the mass of ATO/SnO,, rGO
and carbon coating.

The cycling measurements (Figure 7.5c) were conducted at a discharge and charge
current of 1 A g'l. In the first cycle, the freestanding ATO/rGO composite reaches dis-
charge and charge capacities of 1260 and 659 mAh g, respectively, corresponding to
a Coulombic efficiency of 52 %. The low initial Coulombic efficiency is assigned to the
formation of a SEI layer as discussed above. In the subsequent cycles stable Coulom-
bic efficiencies approaching 100 % were obtained. The discharge and charge capacity
values however slightly decrease resulting in capacities of 365 and 362 mAh g after
100 cycles, respectively. In case of the undoped SnO, /rGO composite, capacity fading
is even more pronounced. After 100 cycles a reversible capacity of only 60 mAh g is
retained demonstrating the benefits of antimony doping, which increases the reversibil-
ity of the conversion reaction and enhances the conductivity of SnO, particles.[%7]

In case of the carbon-coated SnO,/C/rGO composite, a clear enhancement of the
cycling stability can be detected when compared to SnO, /rGO. This is ascribed to the
stabilization effect of the carbon coating layer. The advantage of using both carbon
coating and antimony doping is demonstrated by the ATO/C/rGO composites. The
ATO/C/rGO composites with a sucrose-derived carbon amount of 13 wt% demon-
strated a drastically improved cycling stability as compared to the uncoated equivalent.
In the first cycle, discharge and charge capacities of 1316 and 933 mAh g! are reached,
respectively, corresponding to a Coulombic efficiency of 71 %, which increases in the
following cycles to almost 100 %. After 100 cycles a reversible capacity of 620 mAh g
is retained, which is almost two times as high as in case of conventional graphite
anodes. The improved stability as compared to ATO/rGO can be explained by the
newly introduced carbon coating layer which is known to enhance the contact between
ATO nanoparticles and rGO sheets upon cycling, thus enabling fast electron transfer,
increasing the overall conductivity, stabilizing the large volume changes of the ATO
particles during cycling and also preventing the Sn, Sb and SnSb nanoparticles from
aggregation.[!14155051 Moreover, comparison of the carbon-coated ATO/C/rGO and
SnO, /C/rGO composites indicates that antimony doping can lead to higher reversible
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Figure 7.5: CV curves of freestanding ATO/C/rGO recorded in the potential range between
0.01 V and 3.0 V vs. Li/Li* at a scan rate of 0.2 mV s (a) and the corresponding
charge/discharge curves at 1 A g'! (b). Cycling stability at 1 A g'! (c) and rate perfor-
mance at current densities ranging from 0.2 to 4 A g™ (d) of freestanding ATO/rGO,
ATO/C/rGO, ATO/C-2/1rGO, SnO, /rGO and SnO,/C/rGO composites.

capacities which may be caused by a better conductivity inside the ATO nanoparticles
and an improved reversibility of the electrochemical reactions.

ATO/C-2/rGO electrodes with an additionally increased amount of sucrose-derived
carbon (28 wt%) show an even slightly better cycling stability, but significantly lower ca-
pacities as compared to the ATO/C/rGO electrodes. The charge capacities of ATO/C/
rGO electrodes are 401, 360 and 242 mAh g™ in the 1st, 5th and 100th cycle, respectively.
The lower capacity values of the ATO/C-2/rGO electrode are mainly attributed to the
lower fraction of ATO in the electrode due to the increased amount of carbon. More-
over, the different morphologies of the ATO/rGO, ATO/C/rGO and ATO/C-2/rGO
composites (Figure 7.2) can also have an impact on their respective electrochemical
behavior. The crumpled structure with its slightly agglomerated rGO sheets and the
lower surface area of ATO/C-2/rGO may limit the accessibility of the ATO particles,
which could thereby explain a decreased capacity as compared to the bare ATO/rGO
as well as to the optimized carbon coated ATO/C/rGO nanocomposite.

The cycling stability of the most promising freestanding ATO/C/rGO electrodes was
additionally evaluated at a higher current density of 2 A g, with three preconditioning
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cycles at 0.2 A g! in advance (Figure 7.25). The initial low current density cycles were
conducted to assure the formation of a stable and homogenous SEI which can result
in a favorable stable cycling behavior. After the preconditioning cycles, the composite
reached reversible capacities of 750 mAh g!. After 1000 cycles at a high current den-
sity of 2 A g’!, the freestanding ATO/C/rGO composite still maintained a reversible
capacity of 423 mAh g indicating a significant cycling stability even at high current
densities.

The rate performance of the freestanding electrodes was evaluated at different charg-
ing and discharging current densities ranging between 0.2 and 4 A g™ (Figure 7.5d) For
low current densities, ATO/rGO and SnO,/rGO demonstrate the highest specific ca-
pacities due to a larger fraction of active material as compared to the carbon coated
ATO/C/rGO and ATO/C-2/rGO nanocomposites. With increasing current densities,
however, the situation reverses, and the capacity of carbon-coated composites greatly
outperforms that of the non-coated electrodes. The ATO/C/rGO composite reached
991, 892, 844, 808, 774 and 697 mAh g'1 (in the 5th cycle of each individual rate step)
at0.2,05,1,15 2and 4 A g'1 respectively. When the current density was set back
to 0.2 A g, the freestanding ATO/C/rGO composite retained 870 mAh g, corre-
sponding to a capacity retention of 81 % compared to first cycle. The ATO/C-2/rGO
demonstrated a similarly appealing rate performance, however accompanied by dis-
tinctly lower specific capacity values as compared to ATO/C/rGO which matches with
the findings obtained in the cycling stability measurements. These results demonstrate
both the advantage of introducing Sb as dopant and using an appropriate carbon coat-
ing layer to achieve an excellent rate performance even at a high current density of
4A gl

Compared with other freestanding (doped) SnO, composites reported in the liter-
ature (see Table 7.2), a superior rate performance of the freestanding ATO/C/rGO
electrode prepared by freeze-casting presented in this work can be observed. Among
them, best performing freestanding SnO,/graphene composite electrodes with SnO,
particle sizes of 3-5 nm prepared by Gao et al. exhibited a reversible capacity of 1020
and 467 mAh g7 at 0.2 and 4 A g™, respectively.l'%l Our best performing freestanding
ATO/C/rGO nanocomposite with smaller active size nanoparticles of around 1.7 nm
reached a similar specific capacity at the low current density and an almost 50 % higher
value at 4 A g'l. We attribute the better performance of our freestanding ATO/C/rGO
nanocomposite especially to the synergistic effects between Sb doping, ultrasmall par-
ticle sizes and the utilization of a carbon coating layer.

Nyquist plots derived from electrochemical impedance spectroscopy (EIS) of SnO, /-
rGO, ATO/rGO and ATO/C-2/rGO electrodes (Figure 7.26) show a semicircle in the
high frequency region with a diameter corresponding to the charge transfer resistance
at the electrode-electrolyte interphase. The slope in the lower frequency regime de-
scribed by the Warburg impedance is thereby related to the Li* diffusion through the
electrode material.®®#?l Upon doping the charge transfer resistance decreases signifi-
cantly, which is attributed to the increased conductivity inside the ATO nanoparticles.!®!
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The charge transfer resistance (RCT) of carbon coated and uncoated ATO/rGO compos-
ites is very similar; the smallest resistance was however observed for the ATO/C/rGO
nanocomposite indicating most favorable charge transfer kinetics. Additionally, lithium-
ion diffusion coefficients (Dr ) of the freestanding composites were calculated from EIS
data using the following equations:[1!/1351]

7' = Rs + Rer + opww ™ (7.1)
R2T2
PLie = S arniricagy, .2)

where Z’ is related to the real part of the impedance, Rs is the electrolyte resistance,
Rcr represents the charge transfer resistance, oy is the Warburg impedance coefficient,
w is the angular frequency, Dy;, is the lithium-ion diffusion coefficient, R is the gas
constant (8.314 ] mol™! K!), T is the temperature (298 K), A is the surface area of the
electrode (in this paper the geometrical surface area of 2.54 cm? was used for sim-
plicity), n is the number of electrons participating per formula unit, F is the Faraday
constant (96485 C mol™') and C is the concentration of lithium ions in the electrode
(1.15 M).

The Warburg impedance coefficient equals to the slope of the linear relationship be-
tween Z” and w_o5 in the low frequency region depicted in Figure 7.26b. The resulting
Dy, values are summarized in Table 7.1. It can be clearly seen that both doping and
carbon coating are beneficial for obtaining high lithium-ion diffusion coefficients result-
ing in 3.35 x 107'% cm? s in case of the ATO/C/rGO. These results are also in good
agreement with rate performance and cycling stability measurements.

In order to evaluate possible changes in morphology upon cycling, the Sb-doped
freestanding composites ATO/rGO, ATO/C/rGO and ATO/C-2/rGO were analyzed
after 100 cycles at 1 A g (Figure 7.5c) by XRD, SEM and TEM measurements (Fig-
ure 7.6, 7.27 and 7.28). Prior to analysis the electrodes were washed with dimethyl-
carbonate to remove electrolyte residues. XRD analysis of the three composite reveals
that the diffraction peaks associated with the SnO, rutile structure disappear after cy-
cling. However, in case of ATO/rGO small peaks at 30.6 ° and 40.3 ° 2 6 evolved
which can be assigned to Sn (ICDD card No. 01-071-3772). Nevertheless, Sn and Sb
are still present and highly distributed in all composites as proven by SEM/TEM-EDX
measurements. Interestingly the morphology changed differently upon cycling for the
coated and uncoated ATO based composites as evidenced by SEM analysis. In case of
ATO/rGO larger agglomerates are visible on the surface of the rGO sheets, whereas
for ATO/C/rGO a lot of small species can be detected and for ATO/C-2/rGO a more
melt-like surface coverage (Figure 7.6 and Figure 7.27) can be observed. Therefore,
it can be speculated that, in addition to increase in the local electronic conductivity,
carbon coating confine the irreversible morphology changes accompanying the phase
transformations in conversion/alloying-type electrodes, thus increasing the cycling sta-
bility of the ATO-based anodes.

Finally, the freestanding ATO/C/rGO composites were analyzed in a full cell con-
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ping micrographs (e-g).

figuration using a high-voltage freestanding LiFe;,Mn,¢PO,/C/rGO composite as a
cathode (Figure 7.7). Synthesis, characterization and half-cell performance of the free-
standing LFMP/C/rGO nanocomposite can be found in our previous publication.>?]
The rate performance and the cycling stability measurements of the full cells were con-
ducted between 2.0 and 4.5 V vs. Li/Li*. The observed capacity values are based on
the mass of cathodic LFMP.
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Figure 7.7: Rate performance (a), cycling stability (1C) and Coulombic efficiency (b) of a free-
standing ATO/C/rGO — LEMP/C/rGO full cell. Performance data are based on the
weight of the LFMP cathode.

The rate performance of the freestanding ATO/C/rGO-LFMP/C/rGO LIB cell was
evaluated at different C-rates ranging from 0.2C to 5C (1C = 171 mA g1 pvp). The full
cell thereby reached 130, 118, 108, 98 and 61 mAh g'lLFMp (in 5th cycle of each individ-
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ual rate step) at 0.2, 0.5, 1, 2 and 5C, respectively (see also Figure 7.29). Furthermore,
the cell fully retains its initial capacity when set back to 0.2C, indicating a high stability
of the ATO/C/rGO and LFMP/C/rGO full cell configurations. Moreover, the rate per-
formance measurement was also conducted in a 2-electrode configuration (Figure 7.30),
instead of using a 3-electrode setup (Figure 7.7a).

Finally, the cycling stability of ATO/C/rGO-LEMP/C/rGO was analyzed at 1C. In
the first cycle, charge and discharge capacities of 118 and 113 mAh g'{pyp were ob-
tained, respectively, corresponding to a Coulombic efficiency of 95 %. In the subsequent
cycles, highly stable Coulombic efficiencies of >99 % were reached. In the 175th cycle,
the full cell delivered a discharge capacity of 116 mAh g'{pyp (Figure 7.7b), demon-
strating the excellent cycling stability of the all-freestanding ATO/C/rGO-LFMP/C/-
rGO LIB cell.

7.3 Conclusion

Electrospinning and freeze-casting were tested as possible synthesis routes for the fab-
rication of freestanding antimony doped SnO, (ATO) based hybrid materials. ATO
based freestanding composite electrodes have not been reported so far, although this
material has demonstrated a very high and stable capacity in conventional electrode
design with metal current collectors. Fabrication of ATO/CNFs electrodes by using
electrospinning was not possible due to the high pyrolysis temperatures (above 600 °C)
required for the carbonization of the PVP matrix, which is accompanied by a reduction
of the oxide active material to metallic Sn and a SnSb alloy. The resulting electrodes
showed therefore a low specific capacity and rapid capacity fading.

In contrast to electrospinning, freeze-casting enabled a successful fabrication of free-
standing ATO electrodes. In a typical synthesis, a suspension containing hydrolyzed
tin(IV) and antimony(IIl) chlorides and GO composites was freeze-cast and finally py-
rolyzed resulting in freestanding ATO/rGO composites. Undoped SnO,/rGO and
carbon coated ATO/C/rGO electrodes were prepared in a similar way in a slightly
modified procedure. The ATO/C/rGO hybrid material demonstrated a superior rate
performance reaching 697 mAh g at a high current density of 4 A g significantly
outperforming the non-coated SnO2/rGO and ATO/rGO nanocomposites. Moreover,
ATO/C/rGO demonstrated an appealing cycling stability retaining 423 mAh g after
1000 cycles at 2 A g!. The distinctly improved electrochemical performance of the free-
standing ATO/C/rGO composite is attributed to the synergistic effects of Sb doping,
ultrasmall particle size, thin and homogenous carbon coating layer and good contact
between the ATO nanoparticles and the rGO sheets, thus enhancing the electrical con-
ductivity and stabilizing the ATO particles during the electrochemical reactions.

Finally, the freestanding ATO/C/rGO anodes were combined with freestanding Li-
Fey,Mn, PO, /C/rGO composites employed as cathode to provide a freestanding full
cell. The full cell exhibited an excellent cycling stability with practically no capac-
ity decay during 175 cycles at 1C (1C = 171 mAh glipyp), reaching a capacity of
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116 mAh g pvp based on the cathode mass. The full cell performance demonstrates
the applicability of both ATO/C/rGO and LFMP/C/rGO freestanding electrodes also
under more practical conditions. Based on the obtained results, application of free-
standing ATO/C/rGO electrodes seem to be especially favorable for light-weight bat-
teries applicable for example in small electric aerial vehicles at which the gravimetric
specific capacity is more important than the volumetric energy density.

7.4 Experimental Section

Materials: All chemicals were used as-received unless otherwise noted: tin(IV) ac-
etate (Sigma Aldrich), antimony(III) acetate (99.99 %, Sigma Aldrich), polyvinylpyrroli-
done (PVP; Sigma Aldrich, My, ~ 1,300,000 by LS), tin (IV) chloride pentahydrate
(5nCly-5H,0; 99 %, Sigma Aldrich), L (+)-ascorbic acid (C;HgOg, Riedel-de Haen),
antimony (III) chloride (SbCl;; 99 %, abcr), hydrochloric acid solution (2 M, Bernd
Kraft), ammonia solution (25 %, Acros), sucrose (C;,H,,0y;, Sigma-Aldrich), graphite
microparticles (2-15 pm, 99.9995 %, Alfa Aesar), PuriEL electrolyte (1.15 M LiPF, in
EC/EMC/DMC = 2:2:6 v/v + 1.0 %wt FEC, soulbrain MI), lithium metal (Rockwood).
Sulphuric acid (98 %), phosphoric acid (85 %), potassium permanganate (99.5 %), hy-
drogen peroxide (30 %), barium nitrate (99.5 %) and N,N-dimethylformamide (DMF)
were obtained from Penta, Czech Republic.

Synthesis of graphene oxide suspension: A graphene oxide suspension was synthesized
according to our previous work!>®?! being a slightly modified synthesis route reported
by Marcano et al..’3! 3.0 g graphite and 18.0 mg potassium permanganate were added
to a cooled (below 0 °C) mixture of concentrated sulfuric acid (360 mL) and phosphoric
acid (40 mL). Afterwards, the mixture was heated at 50 °C for 12 h under stirring,
cooled to room temperature and finally poured on ice followed by the addition of a
30 % hydrogen peroxide (3.0 mL) solution. After the ice was molten, hydrogen peroxide
(30 mL) and water (2500 mL) were subsequently added. The resulting graphene oxide
was washed by repeated centrifugation and redispersion in deionized water until a
negative reaction on sulfate ions with Ba(NO;), was achieved. The graphene oxide
slurry was ultrasonicated for 1 h to exfoliate the GO sheets. The concentration of GO
in this suspension was measured to be 20.4 mg mL! by gravimetric analysis.

Fabrication of ATO/rGO freestanding nanocomposites by freeze-casting: 263 mg tin(IV)
chloride pentahydrate (SnCl,-5H,0; 0.75 mmol), 14 mg antimony(III) chloride (SbCls;
0.061 mmol) and 30 mg ascorbic acid (1.7 mmol) were dissolved in 5 mL hydrochlo-
ric acid (HCl; 2 M). Afterwards 2 mL of the previously prepared GO suspension and
15 mL deionized water were added. The resulting suspension was stirred at room
temperature for 20 min followed by the addition of ammonia solution until the pH
reached 9 and another stirring period of 45 min. Afterwards, the suspension was
washed by repeated centrifugation and redispersion in deionized water. Freestand-
ing nanocomposites were obtained by dispersion of the brown composite material in
20 mL deionized water, subsequent ultrasonic treatment for 2 h and freeze-casting on
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aluminum blocks, which were cooled in advance with liquid nitrogen. After removing
the aluminum substrate, the frozen composite was finally freeze-dried. The resulting
freestanding composites were pyrolyzed at 400 °C for 4 h in nitrogen atmosphere yield-
ing ATO/rGO. ATO/C/rGO and ATO/C-2/rGO composites were prepared similarly
except that 20 and 40 mg sucrose was added during ultrasonication, respectively.

Fabrication of ATO/CNF freestanding nanocomposites by electrospinning: In a typical pro-
cedure, 1.0 g tin(IV) acetate (2.8 mmol) and 0.1 g antimony(IIl) acetate (0.33 mmol)
were dissolved in 4.5 mL ethanol for one day. A second polymer-containing solution
was prepared by dissolving 0.3 g PVP in 4.5 mL ethanol. The slightly viscous electro-
spinning solution was obtained after dropwise addition of the acetate salt-containing
solution to the polymer solution. After 1 h of vigorous stirring, the precursor solution
was transferred into a syringe having a blunt stainless-steel needle, which was con-
nected to a high voltage power supply. The spun fibers were collected on a rotating
(300 rpm) stainless-steel drum collector placed at a distance of 8.5 cm to the needle
tip. The electrospinning setup was operated at a voltage difference of 10.2 kV between
the needle and the rotating drum collector and a precursor solution feeding rate of
10 mL h! controlled by a syringe pump. After electrospinning the product was care-
fully removed from the drum collector, resulting in a mechanically stable fiber mat of
approximately 8 x 20 cm in size that was dried at 80 °C for 1 h, stabilized at 250 °C for
2 h in air and finally pyrolyzed between 400 °C and 700 °C in nitrogen for 2 h.

Battery assembly: Electrochemical measurements were conducted on ECC-PAT-Core
electrochemical test cells (EL-Cell). The analyzed freestanding composites were cut
into size and used directly as working electrodes, without the addition of extra carbon
black or PVDE. The freestanding ATO/rGO, ATO/C/rGO and SnO,/rGO electrodes
prepared by freeze-casting had a composite mass loading of 1.6-2 mg cm™ and those
prepared by electrospinning of 0.9-1.2 mg cm™. The cells were assembled in an ar-
gon filled glove box (Labstar 1250/750, MBraun, Germany) with lithium metal foil as
counter and reference electrode, glass fiber membrane (EI-CELL ECC1-01-0011-A /L) as
separator and a commercial electrolyte consisting of 1.15 M LiPF; in EC/EMC/DMC

at a 2:2:6 vol ratio and 1.0 %wt FEC.

Characterization methods: Wide angle X-ray diffraction was conducted in transmission
mode using a STOE STADI P diffractometer with Cu Ka-radiation (A = 1.54060 ) and
a Ge (111) single crystal monochromator equipped with a DECTRIS solid state strip
detector MYTHEN 1K. Powder XRD patterns were measured in a 20 range from 5° to
80° with a step size of 1° and a fixed counting time of 90 s per step.

FTIR measurements were performed on an BXII/1000 FTIR spectrometer (Perkin
Elmer) equipped with an ATR unit (Smiths) in the range of 4000-550 cm™.

TGA measurements were performed on a NETZSCH STA 440 C TG/DSC at a heating
rate of 10 °C min’! in a stream of synthetic air of about 25 mL min'.

XPS measurements were carried out using a VSW TA10 X-ray source providing Al Ka
radiation and a VSW HA100 hemispherical analyzer.

Nitrogen sorption measurements were carried out at 77 K using a QUANTACHROME
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Nova Station C. Before the sorption experiments, the samples were degassed under vac-
uum for 12 h at 120 °C. The specific surface area was determined by the BET method
in the range of p/p° = 0.05-0.2. Density functional theory (DFT)/Monte Carlo methods
and a nonlocal density functional theory adsorption model with slit/cylindrical pores
was used to calculate the pore size distribution.

SEM images were acquired with an FEI Helios NanoLab G3 UC scanning electron
microscope having a field emission gun operated at 3-5 kV. EDX analysis was con-
ducted at an operating voltage of 20 kV using an X MaxN Silicon Drift Detector with
80 mm? detector area (Oxford Instruments) and AZTec acquisition software (Oxford In-
struments). The samples were suspended in ethanol and drop-coated on a silicon wafer,
which was then glued onto a sample holder with silver lacquer. The freestanding com-
posites were also measured on carbon tabs glued onto a sample holder. Cross-section
samples were prepared by gluing the respective composites into a special cross-section
holder.

S/TEM measurements were carried out on a FEI Titan Themis equipped with a field
emission gun operated at 120 or 300 kV, a high-angle annular dark-field (HAADF)
detector and a Super-X energy-dispersive X-ray spectrometer. The samples were dis-
persed in ethanol and drop-coated on a copper grid with a holey carbon film.

Four-point electrical conductivity measurements were carried out on an ECOPIA
HMS 3000 system in Van der Pauw geometry.

Electrochemical measurements were carried out at 20 °C with ECC-PAT-Core (EL-
Cell) battery test cells using an Autolab potentiostat/galvanostat (PGSTAT302N) with a
FRA32M module or an Autolab Multipotentiostat M101 equipped with an SAUT.M101
module operated with Nova 1.11 software. Cyclic voltammetry was conducted in a po-
tential range of 3.0-0.01 V vs. Li/Li* at scan rates of 0.2 and 0.5 mV s™!. Galvanostatic
charge/discharge measurements were carried out at different charging and discharging
rates varying between 0.2 and 6 A g! in a voltage window of 3.0-0.01 V. Electrochem-
ical impedance spectroscopy (EIS) was performed on cells before the cycling test by
applying a perturbation voltage of 10 mV in a frequency range of 100 kHz to 0.1 Hz.
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7.6 Appendix

Figure 7.8: Images of the freestanding ATO/GO (brownish) and ATO/rGO (black) nanocom-
posites.
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Figure 7.9: FT-IR spectra of ATO/GO, ATO/rGO, GO, rGO, Sn0O,/GO, Sn02/rGO,
ATO/sucrose/GO and ATO/C/rGO freestanding composites.
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Figure 7.10: Photograph of a freestanding ATO/C/rGO electrode showing its mechanical sta-
bility.
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Figure 7.11: XRD patterns of SnO,/rGO, SnO,/GO, 5nO,/C/rGO, ATO/C-2/rGO and
ATO/sucrose/GO freestanding composites (a) and TGA curves of SnO,/rGO
Sn0, /C/rGO, and ATO/C-2/rGO (b).

247



7 Challenges of Freestanding Tin Oxide-based Composite Anodes

Volume adsorbed (em® g™

Figure

o
S

Intensity (a.u.)

Figure 7.13: High-resolution XPS spectra of the Sn 3d (a) and Sb 3d (b) regions of ATO/C/rGO.
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Figure 7.14: SEM images of cross sections (a, ¢, e) and magnification of the respective marked
areas (b, d, f) of freestanding SnO,/rGO (a, b), SnO,/C/rGO (c, d) and rGO
nanocomposites (e, f).
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Figure 7.15: SEM micrograph of freestanding ATO/rGO (a) and corresponding EDX element
mappings illustrating the homogenous distribution of Sn (c) and Sb (d) on rGO (b).
The corresponding EDX spectrum (e) delivers a Sb doping ratio inside the SnO,
particles of 9.4 at%.
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Figure 7.16: SEM images of freestanding ATO/C/rGO acquired with a through the lens detec-
tor (TLD) using secondary electrons (a) and a mirror detector (MD) using backscat-
tered electrons (b).

Figure 7.18: TEM images (a, b) and SAED pattern (c) of the ATO/C-2/rGO nanocomposite. The
indexed rings in the SAED pattern (c) are assigned to the tetragonal structure of
the ATO nanoparticles (cassiterite phase).
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Figure 7.19: Particle size distribution of ATO particles in the composites ATO/rGO (a),

ATO/C/rGO (b) and ATO/C-2/rGO (c). The particle size was evaluated from
TEM images of the respective composites.

Figure 7.20: SEM image and EDX analysis of ATO/PVP fiber mat after stabilizing at 250 °C

(a) and the corresponding EDX element mappings illustrating the homogenous
distribution of Sn, Sb and O (b-d).
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Figure 7.21: ATO/PVP fiber mat after stabilizing at 250 °C (a) and the corresponding SEM
image (b).

Electrochemical analysis of Sn based composites derived by electrospinning

Cyclic voltammetry measurements of the composites which were prepared by electro-
spinning were performed in a potential range between 0.01 and 3.0 V at a scan rate
of 0.5 mV s’l. Due to different composition of materials obtained at different pyrol-
ysis temperatures, their cyclic voltammograms also differ strongly (Figure 7.23). The
composite pyrolyzed at 400 °C demonstrated the worst electrochemical performance.
In the first cycle, a broad reduction peak at 0.9 V can be observed, which disappears
in the subsequent cycles. This peak is assigned to the formation of a solid electrolyte
interphase (SEI) and the formation of amorphous Li,O upon reduction of SnO, to Sn."]
The reduction current between 0.3 and 0 V can be associated with the alloying reactions
forming Li, Sn and the insertion of lithium into carbon. The corresponding Li,Sn deal-
loying reactions occur at 0.6 V.2l Interestingly, the reduction current increases during
the subsequent cycles. The composite pyrolyzed at 500 °C showed similar voltammo-
grams as the composite pyrolyzed at 400 °C, however with distinctly higher reduc-
tion and oxidation currents. Moreover, an additional small, rather broad anodic peak
at 1.28 V could be observed, which corresponds to the re-oxidation of Sn to SnOQ.B]
The composites obtained after pyrolysis at 600 and 700 °C showed a greatly improved
electrochemical performance as compared to the compounds obtained at lower tem-
peratures. In the first cycle of CVs of these materials several small peaks between 0.7
and 0.4 V were visible, which were ascribed to the alloying reactions of Sn and SnSb
phases formed by pyrolysis. The corresponding dealloying reactions visible as mul-
tiple peaks took place between 0.7 and 1.1 V. The individual peaks partially merged
into broad peaks in the following cycles.'"*l The rate performance of the composites
pyrolyzed at 500-700 °C was analyzed at 0.2, 0.5, 1, 1.5, 2, 4 and 6 A g (Figure 7.22).
Not including the 400 °C pyrolyzed sample, the composite obtained after pyrolysis
at 500 °C demonstrated the worst electrochemical performance in this set with a low
initial capacity and a rapid capacity fading at higher applied currents. The poor per-
formance of this compound can be explained by an insufficient carbonization of the
PVP fibers at 500 °C and, as a result, low overall conductivity. Moreover, ATO parti-
cles entrapped in the "PVP" fibers are possibly not completely accessible for lithiation
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reactions. Interestingly, the specific capacity continuously increased during the first
20 cycles. Nevertheless, the observed specific capacities are still low reaching only
200 mAh g! at 0.2 A g'l. In comparison, the composites pyrolyzed at 600 and 700 °C
demonstrated initial capacities of 691 and 602 mAh g™, respectively. The higher initial
capacity in case of the 600 °C composite is attributed to the presence of the SnO, phase,
which has a higher theoretical capacity (1400 mAh g)[4l as compared to metallic Sn
(994 mAh g'l)[5] and Sb (660 mAh g‘l).[S] The capacity of the 600 °C composite however
continuously decreased during the subsequent charge/discharge steps. In contrast to
that, the initially lower capacity of the compound pyrolyzed at 700 °C increased dur-
ing the charge/discharge steps at 0.2 A g'. In total, compounds pyrolyzed at 600 °C
and 700 °C demonstrate similar charge/discharge performance during the prolonged
cycling, showing rapid capacity fading at higher C-rates. When the charge/discharge
current is set back to 0.2 A g-1 there is an ongoing capacity fading, resulting in a ca-
pacity of 262 mAh g (600 °C) and 258 mAh g (700 °CC) in the 80th cycle equaling
to a capacity retention of only 38 % and 43 % compared to the 10th cycle, respectively.
Interestingly, in case of the composite pyrolyzed at 500 °C, the capacity is increased to
266 mAh g in the 80th cycle indicating an activation of the composite upon cycling.
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Figure 7.22: CV curves of electrospun Sn/Sb based composites pyrolyzed at 400, 500, 600 or
700 °C, recorded at a scan rate of 0.2 mV s™! (5th cycle) (a) and their respective rate
performance at charging/discharging rates varying between 0.2 and 6 A g! (b).
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Figure 7.23: Cyclic voltammograms of electrospun Sn/Sb based composites obtained after py-
rolysis at 400 °C (a), 500 °C (b), 600 °C (c) and 700 °C (d).
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Figure 7.24: Cyclic voltammograms of freestanding ATO/rGO (a), ATO/C-2/rGO (b),

Sn0O, /1GO (c), SnO,/C/rGO (d) and rGO (e), recorded each at a scan rate of
02mV s
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Figure 7.25: Cycling stability measurement of ATO/C/rGO at 2 A gl
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Figure 7.26: Nyquist plot of freestanding ATO/rGO, ATO/C/rGO, ATO/C-2/rGO, SnO, /rGO
and SnO,/C/rGO nanocomposites before cycling (a) and the corresponding Z'-
w3 plot in the low frequency range (b).

Table 7.1: Lithium-ion diffusion coefficients of freestanding tin oxide-based electrodes

Sample Lithium diffusion coefficient Dy ;+ [cm? s7]
ATO/rGO 9.88 x 1071
ATO/C/rGO 3.35 x 10710
ATO/C-2/rGO 1.22 x 10710
SnO, /tGO 6.37 x 10712
Sn0O, /C/rGO 1.32 x 10710

256



7.6 Appendix

o
~—’

™

4

\W"\ ATO/C-2AGO

e,
AN kb o]
T
| $n0, (ICCD: 00-041-1445)

‘ ‘ ‘ ‘ Sn (ICCD: 01-071-3772)
1 | TR Y RSO
U T T T t

10 20 30 40 50 60 70 80
20(%)

Intensity (a. u.)

Figure 7.27: (a) XRD ex-situ analysis of ATO/rGO and ATO/C-2/rGO after 100 cycles at 1 A g’l.

SEM images of ATO/rGO (b, c¢) and ATO/C-2/rGO (d, e) before (b, d) and after
cycling (c, e).

Figure 7.28: STEM image of ATO/rGO after cycling in HAADF mode (a) and the corresponding
EDX mapping micrographs (c-d).
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Figure 7.29: Charge and discharge curves of the freestanding ATO/C/rGO — LFMP/C/rGO full
cell. The cell was measured in a 3-electrode configuration applying the freestand-
ing LEMP/C/rGO electrode formally speaking as working and the ATO/C/rGO
freestanding electrode as counter electrode.
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Figure 7.30: Rate performance of a freestanding ATO/C/rGO — LEMP/C/rGO full cell mea-
sured in a 2-electrode configuration (a) and the respective charge-discharge curves

(b).

Table 7.2: Lithium-ion diffusion coefficients of freestanding tin oxide-based electrodes

Sample Current density Specific capacity Voltage window [V] Mass loading Lit.
[agh (cycle) [mAh g1]
Zn doped SnO, /rGO foam 0.1 725 (5) 0.01-2.5 2 mg cm™2 Te]
0.2 603 (15) (77 wt% SnO,)
05 528 (25)
1 446 (35)
2 382 (45)
5 369 (55)
0.1 516 (120)
Fe doped SnO, /graphene/cotton ~ 0.05 582 (5) 0.001-3 2.3-2.8 mg cm? 71
0.1 506 (15)
02 418 (25)
0.4 289 (35)
0.8 162 (45)
0.1 485 (60)
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Co doped SnO, /graphene/cotton 0.05 638 (5) 0.001-3 na. 18]
0.1 506 (15) (57 wt% SnO,)
02 418 (25)
0.4 289 (35)
0.8 162 (45)
0.1 485 (60)

SnO, QDs/graphene framework 0.2 1020 (5) 0-3 2.5 mg cm™ 1]
0.4 ~ 870 (15) (70 wt% SnO,)
0.8 ~ 820 (25)
1 ~ 770 (35)
2 ~ 650 (45)
4 467 (55)
02 988 (70)

SnO, /N doped graphene aerogel 0.1 1032 (2) 0.05-3 n.a. [10]
0.2 881 (7) (49 wt% SnO,)
05 674 (12)
1 460 (17)
2 304 (22)
0.1 998 (35)

Sn0, /1GO 0.1 1085 (3) 0.01-3 na. (1]
02 958 (9) (70 wt% SnO,)
0.5 758 (15)
1 480 (21)
0.1 1000 (30)

ATO/C/rGO 0.2 991 (5) 0.01-3 1.6 mg cm™ This work
05 892 (15) (65 W% Sb:SnO,)
1 844 (25)
1.5 808 (35)
2 774 (45)
4 697 (55)
02 870 (70)
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8 Protection of Lithium Cobalt Oxide by Atomic Layer Deposition of LNO

Abstract

Lithium cobalt oxide (LCO) is one of the most important cathode materials for lithium-
ion batteries (LIBs). Owing to its high gravimetric energy density, LCO is expected to
be used especially in portable devices in the future. By using higher cut-off potentials
to increase the specific capacity further, LCO undergoes several phase transitions and
thereby suffers from an insufficient long-term stability. Protective coatings applied to
cathodes have been shown to overcome interface stability issues and to extend the
cycle life of lithium-ion batteries. In this study we investigate the effect of amorphous
lithium niobium oxide (LNO) layers with varying thickness on a 3D LCO cathode
via SEM, TEM and electrochemical measurements. LCO cathodes with an optimized
LNO coating thickness retained 75% of the starting capacity after 80 cycles at a cut-
off potential of 4.3 V vs. Li/Li", significantly outperforming unprotected LCO. Post-
mortem analysis of long-term cycled electrodes show the beneficial effect of the LNO
coating as surface degradation and structural breakup are inhibited.

8.1 Introduction

In the portable electronic domain, lithium-ion batteries (LIBs) have attracted a contin-
uously increasing interest due to their high theoretical capacity and energy density."]
Here, the focus is strongly on the volumetric energy density of LIBs rather than the
gravimetric energy density due to the very finite space and the sophisticated require-
ments of portable devices, e.g., large screens, limited thickness and long desired standby
times.[?!

Over the past 30 years, Lithium cobalt oxide, LiCoO, (LCO), has led to the unprece-
dented success of consumer electronics and is still the dominant cathode material due
to its easy synthesis, highly compact density, high initial coulombic efficiency, excellent
cycle stability, high-voltage plateau and stable charge/discharge voltage.’! Used as a
cathode, LCO exhibits a high theoretical specific capacity of 274 mAh g* and a high
volumetric energy density. LCO-based batteries have typically an upper voltage limit of
4.2V vs. Li/Li* equaling a specific capacity of 137 mAh g'! and extraction of 0.5 Li per
LCO. However, cycling to voltages greater than 4.2 V , causes a significant structural
instability and severe capacity fading.[>4-8!

During Li-ion extraction at voltages over 4.2 V vs. Li/Li*, LCO undergoes several
phase transitions leading to surface degradation, structural damage, loss of oxygen,
dissolution of Co and inhomogeneous reactions.”!% In order to overcome these critical
problems, many different strategies have been reported aiming to promote long-term
stability at high cut-off voltages, e. g. single'1%l and mixed element doping,!'4-1°]
morphology control,'”] post-thermal treatment!!®2%1 and corresponding modifications
of electrolyte, separator and binder.[2!-20l

Promising results have also been obtained by protecting the electrode surface us-
ing different solid lithium-ion conductive coatings, which can prevent a direct contact
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between electrode and electrolyte and subsequently suppress side reactions, promote
surface charge transfer, inhibit the dissolution of transition metal ions and prevent the
structure from transformation and pulverization (see Scheme 8.1).272l Among these
surface coating methods, a great deal of attention has been paid to the atomic layer de-
position (ALD) of various metal oxide coatings, including Al,O3, TiO, and ZrQ, [30-33]
ALD is based on a self-saturating gas-solid reaction, enabling conformal and uniform
deposition at sub-nm thickness at elevated temperatures. These coatings significantly
enhanced the cycling performance and rate capability of various cathode materials, but
so far lack in ionic conductivity and thereby can result in hindered lithium-ion trans-
port properties.30-33l

Electrolyte side reactions
Dissolution of Co
Transformation and pulverization

LNO protection

Figure 8.1: Schematic illustration of the protection effect of coatings against parasitic side reac-
tions.

Lithium niobium oxide (LNO) has been proven to be a suitable candidate for the pro-
tection of different cathode materials because of its good chemical stability and high Li
ion conductivity. Several different methods for coating LNO have been applied, includ-
ing pulsed laser deposition,!?”! sol-gel chemistry!®3 and atomic layer deposition.[3738l
So far, only sol-gel based LNO has been used to coat LCO, demonstrating an improved
performance. Controlling the uniformity and homogeneity of such protection layers is
still challenging but very important for high cut-off cycling.

Herein, we have developed a ALD process to deposit lithium niobium oxide using
a stop-flow protocol which enables the uniform coating of lithium cobalt oxide elec-
trodes. After structural and morphological characterization of the protected electrodes,
we have investigated the electrochemical performance and lithium diffusion character-
istics dependent on the LNO film thickness. The superior stability of protected LCO
has been demonstrated for more than 80 cycles at a high cut-off potential of 4.3 V vs.
Li/Li* with a charging current of 200 mA g'. Post-mortem analysis of cycled elec-
trodes shows the beneficial effect of the LNO protective coating, keeping the cathode
structure together and thereby retaining a higher specific capacity.
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8.2 Results and Discussion

8.2.1 ALD of Lithium Niobate Coatings

Amorphous lithium niobate (LNO) layers were deposited at 200 °C resulting in a con-
stant growth rate of 0.25 nm per cycle using a so-called stop-flow protocol, where the
steady inert gas flow and vacuum process of the ALD was briefly interrupted, enabling
diffusion of the precursor into high aspect ratio structures. To determine the appro-
priate ratio between Li,O and NbOy pulses, several different ratios of Li to Nb were
prepared ranging from 1:1 up to 4:1. After heating the obtained films on silicon sub-
strates in nitrogen atmosphere at a temperature of 550 °C, the resulting crystalline films
were investigated via grazing incidence angle X-ray diffraction (see Figure 8.2). Only
for a 3:1 ratio of Li to Nb pulses, phase-pure LiNbO3 was observed, whereas other ra-
tios showed the presence of Nb,Os or did not crystallize at this elevated temperature.
The XRD pattern for an 80 nm thick film of deposited LixNbyO, is shown in Figure 8.2a
before and after heating, showing phase-pure LiNbO;3 for the heated sample without
any side phases. The approximate crystallite size was calculated from the broadening
of the (012) reflection using Scherrer’s equation showing a mean size of 10 nm. The
deposition of LiNbOj3 reported by Jstreng et al. was proposed to involve a so-called
reservoir effect,[*’] presumably caused by the lithium-containing material absorbing
water during water pulses and the release of water during the metal pulses. How-
ever, no such reservoir effect was observed for the deposition recipes established here.
We attribute this finding to the ALD reactor architecture, where the vacuum does not
need to be interrupted between two different ALD processes because of an integrated
antechamber.

| a) LiNbO, ref b) c) Nb 3dy,
—— Nb, 0y ref .
—— ALD 80 nm LiNbO, Nb 4s

Intensity / a.u.
Intensity / a.u.

Intensity / a.u.

e

15 ZID 2‘5 3‘0 3‘5 QIU 4% 50 75 7ID 6,5 E‘ﬂ 5‘5 5‘0 220 2;5 2;0 2:]5 200
20/° Binding energy / eV Binding energy / eV

Figure 8.2: XRD pattern of 80 nm lithium niobate deposited on quartz and calcined at a tem-
perature of 550 °C (a). Magnification of the Nb 4s, Li 1s (b) and Nb 3d3,,, Nb 3ds,
energy regions. The fit components in (b) and (c) are shown as colored areas.

We chose to use the oversaturated ratio of Li to Nb of 3:1 for the protection of LCO
due to the crystallization to phase-pure LiNbO3; (while Wang et al. reported that ALD
deposited lithium deficient LiNbO3; showed the highest conductivity).[37] The elemen-
tal composition of the as-deposited layers was studied using X-ray photoelectron spec-
troscopy (XPS). The survey XPS spectrum is provided in Figure 8.9, showing signals
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for Li, Nb, O and small carbon impurities. These carbon impurities may result from
the deposition procedure, typical environmental impurities in the instrument and the
carbonization of LiOH surface layers into Li,CO3 as already reported by Ostreng et
al.3%1 The peak positions for Nb can be found at energy levels of 210.4 eV and 207.7 eV
for the Nb 3ds5,, and Nb 3d3,, states (see Figure 8.2b and c) confirming the presence of
Nb®* and showing positions typical for Nb surrounded by O.*421 Only one sharp and
symmetric peak can be detected at 56.0 eV for Li 1s, revealing a single chemical state
of Li*. The peak at higher binding energy belongs to Nb 4s. By comparison of the Li
and Nb peak areas, an approximate 2.75:1 ratio of Li to Nb can be verified, which is in
good agreement with deposited pulse ratio.

8.2.2 Characterization of LNO-coated LCO

After adjustment of the LNO ALD process, four different cycle numbers were chosen
to find the optimum thickness for protection of the lithium cobalt oxide cathodes. LCO
based electrodes were prepared using a thin film applicator resulting in a loading of
7.8 mg cm™. A scanning electron microscopy (SEM) image of the unprotected LCO elec-
trode shows that the LCO crystals are embedded in a three-dimensional carbon black
matrix. Due to the high surface area of the electrodes (consuming more precursor) and
in order to ensure a homogeneous coverage by LNO during the ALD process, only LCO
coated foils with an approximate area of 20 cm? were used for deposition. After deposi-
tion of different cycles numbers of LNO, no macroscopic changes are visible in the SEM
overview pictures (Figure 8.3a-d). In the high magnification images a thin layer of LNO
can be observed for LCO-25 and LCO-40, corresponding to a theoretical thickness of
6 nm and 10 nm, respectively. EDX measurements show an increased niobium content
with increasing LNO cycle number as the amount of deposited niobium is increased.
However, EDX measurements using SEM can only deliver semi-quantitative results as
the LCO electrodes are varying slightly in overall film thickness, LCO distribution and
morphology (Figures 8.10-8.14).

As shown in Figure 8.4, the XRD pattern of the freshly prepared LCO electrodes
exhibits the expected diffraction peaks corresponding to rhombohedral LiCoO, with
the space group R3m (PDF 01-070-2685). The marked reflections at 38 ° and 44 ° 26
correspond to the underlying Al foil current collector. The diffraction pattern of LCO-
25 is similar to the XRD pattern of LCO-0, indicating no significant change in crystal
structure of the LCO cathode or formation of alternate LCO phases during the LNO
deposition at 200 °C. The absence of further diffraction peaks or other features of
LNO is due to its amorphous character and the ultra-low thickness of the deposited
protective layer.

For detailed insight into the growth of LNO, lamellae of LCO-40 crystallites were
prepared via the FIB technique in order to enable transmission electron microscopy
imaging of the protective layer. An HAADF-STEM image of a complete LCO particle
together with EDX elemental distribution maps of the marked area is shown in Fig-
ure 8.15. Nb can be found on the surface of the LCO particle showing a continuous
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Figure 8.3: SEM images of LCO-0 electrodes in different magnifications (a) and b). High resolu-
tion images of LCO crystallites covered with 25 and 40 cycles of LNO, respectively
(c) and d). HAADF-STEM image and the corresponding EDX distribution maps (e)
of a single LCO crystallite with 40 cycles of LNO.

and homogeneous distribution. Note that due to the spherical form of the LCO crys-
tallite, the surface edge is not perfectly perpendicular to the electron beam, thereby
showing a broadened signal for the surface LNO layer. The LNO film thickness can be
estimated from the on-edge tilted HAADF-STEM image and the corresponding EDX
maps (see Figure 8.3e). The measured thickness of around 10 nm for the Nb signal
tits very well with values from spectroscopic ellipsometry on Si substrates, implying a
similar growth and resulting thickness on both oxidic surfaces.

8.2.3 Electrochemical Characterization

Figure 8.5a-e compares the CV profiles of LCO-0, LCO-5, LCO-15, LCO-25 and LCO-
40 in the 1st, 2nd and 5th scans cycled between 3.0 and 4.3 V (vs. Li/Li"), obtained
by scanning at a sweep rate of 0.2 mV s'. For uncoated LCO-0 three pairs of current
peaks corresponding to the oxidation and reduction reactions in LCO can be observed.
The first pair of redox peaks at 4.08/3.84 V can be attributed to the oxidation of Co®*
to Co** for the first-order phase transformation (Li* extraction/insertion out of and
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Figure 8.4: XRD pattern of freshly prepared LCO-0 (red) and LCO-25 (blue) electrodes. Marked
reflections correspond to the underlying Al current collector foil.

into the LiCoO, cathode) between H1 to H2 hexagonal phases.*3l The additional redox
peaks at 4.15/4.00 V and at 4.22/4.14 V result from the order-disorder transformation
between hexagonal and monoclinic phases.[*+4]

As shown by Li et al., direct deposition of metal oxide coatings via ALD is beneficial
compared to prior deposition on the powdered active material, as the contacting area
between LiCoO, and carbon black as the conductive agent is wrapped up by the pro-
tective layers.!®?) Consequently, lithium diffusion and electron transport pathways are
maintained and not blocked by the metal oxide coating.

For LNO-coated LCO electrodes with varying ALD cycle numbers, a shift in both ox-
idation and reduction peaks can be observed, resulting in a larger difference between
cathodic and anodic peaks for thicker coatings obtained with larger cycle numbers (po-
sitions are summarized in Table 8.1). With increasing ALD cycle numbers, the cathodes
exhibit a greater peak separation, leading to the conclusion that a high degree of elec-
trochemical polarization occurs due to the low electrical conductivity of the thicker
LNO coatings. However, LCO-5 still shows the typical redox features of unprotected
LCO (with an increased peak separation), indicating that an optimized thickness of
LNO is required to achieve an enhanced cyclic performance for the LCO cathodes.

In order to examine the influence of the LNO coating layer thickness on the lithium
diffusion mechanism, CV measurements at different scan rates (0.1, 0.2, 0.5, 0.8, 1.0, 1.5
and 2.0 mV s') were carried out. A clear shift of the oxidation and reduction peaks to
higher and lower potentials with increasing scan rate can be observed, resulting from
increasing high electrochemical polarization. The apparent lithium-ion diffusion rates
can be estimated by linear fitting of the peak current (iy) vs. the square root of the scan
rate (vqp) for the H1 to H2 phase transition in the voltammograms which are shown
Figure 8.16a-e, respectively. According to the Randles-Sevcik equation (equation 8.1)
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Figure 8.5: Cyclic voltammograms of (a) LCO-0, (b) LCO-5, (c) LCO-15, (d) LCO-25 and (e)
LCO-40.

the peak current can be expressed by a function of the square root of the scan rate:

iy =269 -10° - n¥%. A .42 . DY? . Cpy (8.1)

Where 7 is the number of electrons in the specific electrochemical reaction; A is the
electrode area (cm?); Dy; is the chemical diffusion coefficient and Cj; is the bulk con-
centration of the lithium ions in LCO (mol cm?). With the knowledge of the common
parameters assuming 7 = 1 and Cy; = 0.013 mol cm™ for the anodic and cathodic peaks,
the chemical diffusion coefficients of Li can be determined and are shown in Figure 8.6f
and Table 8.2.1461 A clear drop from =~ 3 x 10 cm? s™! and a stabilization of the lithium
diffusion coefficient (in the cathode) to ~ 2 x 107! cm? 57! can be observed, indicating
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Figure 8.6: CVs of (a) LCO-0, (b) LCO-5, (c) LCO-15, (d) LCO-25 and (e) LCO-40 at different
scan rates (0.1, 0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 mV/s). Their corresponding plots of peak
current vs. the square root of scan rates for the charge and discharge region can be
found in Figure 8.16. (f) Plot of calculated lithium diffusion coefficients for cathodic
(red) and anodic scan (blue) with the standard error of the linear fit.

the formation of a pinhole-free LNO film between 5 and 15 ALD cycles. The obtained
diffusion coefficients are within the range of values reported in the literature, ranging
from 1073 to 107 cm? s™! depending on the techniques and evaluation methods used
for their determination.!4”-51]

In order to demonstrate the advantages of a protective layer for high-voltage cycling
with the associated higher specific capacity, rate performance measurements of the
LCO electrodes with different coating layer thicknesses were conducted. As shown in
Figure 8.7a, the different samples were charged and discharged using current densities
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8 Protection of Lithium Cobalt Oxide by Atomic Layer Deposition of LNO

between 100 and 1000 mA g! in a voltage range from 3.0 to 4.3 V. For a better clarity
of the graph, only the specific capacities extracted from discharging curves are shown,
ull rate performance plots can be found in Figure 8.16. Assuming an approximate
extraction of x ~ 0.6 for LiyCoO; at a cut-off potential of 4.3 V,521 3 minimal theoretical
specific capacity of 164 mAh g™ can be expected, which at the charging current density
of 100 mA g corresponds to a C-rate of 0.68C.

a) b) 200
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Figure 8.7: Rate capability of LCO-0, LCO-5, LCO-15, LCO-25 and LCO-40 at room temperature
at different current densities (0.1, 0.2, 0.3, 0.5, 0.6, 0.7, and 1 A/g) (a). Cyclic stability
at 0.2 A/g of LCO-0 and LCO-25 (b).

LCO-0 exhibits a specific capacity of 158 mAh g-1 in the first discharge cycle at
a charging current density of 100 mA g, which agrees well with the theoretically
expected value. Over the whole rate performance measurement, a steady decrease at
all different charging rates can be observed for the unprotected electrodes. This can be
explained by the inferior structural stability and a poor cathode/electrolyte interface
stability. After 80 cycles a capacity of only 86 mA g! was retained. A behavior similar
to unprotected LCO can be observed for the LCO-5 electrode, as the LNO layer is still
not closed. LCO-40 shows a drastically reduced specific capacity compared to bare
LCO, reaching only 130 mA g, but on the other hand for this cathode losses of only
6% are observed after 80 cycles as compared to the starting capacity. The rather low
capacity values and the inferior insertion behavior at higher charging current densities
can be attributed to the low lithium diffusion rate through the protective layer. A good
trade-off between the two extreme cases can be found for LCO-15 and LCO-25, where
a high and stable specific capacity at low charging current densities is observed. LCO-
25 exhibits a capacity of 150 mA g in the first discharge cycle and of 142 mA g in
cycle 80, corresponding to a high retention of 95%. However, at high charging current
densities the performance decreases similar to that of LCO-40 due to the slower lithium
diffusion in the amorphous LNO protection layer.

Because of the lower stress for the LCO-25 electrode compared to LCO-0 during
rate performance tests at high charging rates, long-term measurements at a constant
current density of 200 mA g and a cut-off potential of 4.3 V were conducted to verify
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the superior stability of the LNO-protected LCO electrodes (see Figure 8.7b). In order
to get some insight into the degradation process, impedance spectra were recorded
every 20 cycles, which causes a short increase in capacity in the respective cycles. Both
electrodes exhibit a starting specific capacity of 147 mA g for the first discharge cycle.
After 40 cycles LCO-0 already experienced a capacity decrease of 32% while LCO-25
shows a good stability with only 8% of capacity decline. After 80 cycles, only one-
third of the initial performance is left for LCO-0. In comparison, LCO-25 still shows a
good specific capacity of 107 mA g™, indicating a successful surface modification via an
ultra-thin LNO layer as a facile and effective strategy to improve the cycling stability of
LiCoO; under a high cut-off voltage of 4.3 V.

Additionally, impedance spectra at 3.0 V vs. Li/Li* were recorded during the long-
term measurement every 20 cycle (see Figure 8.17). In the respective Nyquist plots
of LCO-0 and LCO-25 a semicircle in the high frequency region with a diameter cor-
responding to the charge transfer resistance (Rcr) at the electrode-electrolyte inter-
phase is observed. The slope in the lower frequency region described by the Warburg
impedance is thereby related to the Li* diffusion through the electrode material.[475354]
The Rcr value stays nearly constant for LCO-0 whereas for LCO-25 a small increased
semicircle diameter can be observed, indicating an increase of resistance between the
protective LNO coating and the active material, possibly by small contact problems
between the different layers due to the volume change of LCO during cycling. Addi-
tionally, lithium-ion diffusion coefficients (D;;) can be calculated from the impedance
data using the following equations:[>!

Z' = Rg + Rer + oww ™% (8.2)
R2T2

Div = -5 >
2A2n*FAC2 0%,

(8.3)

Here, Z’ is related to the real part of the impedance, Rs is the series resistance,
Rcr represents the charge transfer resistance, oy is the Warburg impedance coefficient,
w is the angular frequency, Dy; is the lithium-ion diffusion coefficient, R is the gas
constant (8.314 ] mol™! K1), T is the temperature (298 K), A is the surface area of the
electrode, n is the number of electrons participating per formula unit, F is the Faraday
constant (96485 C mol™) and Cj; is the concentration of lithium ions in the electrode.
The Warburg impedance coefficient equals the slope of the linear relationship between
Z’ and w™? in the low frequency region as depicted in Figure 8.17. The resulting Dy;
values are summarized in Table 8.3. The diffusion coefficient for unprotected LCO
stays approximately the same, whereas for the protected LCO-25 a moderate decrease
within one order of magnitude can be observed. The loss of contact and the growth of
a non-conducting layer on the active materials surface are probably again reasons for
the observed effect.

So far, several different protection strategies have been reported in the context of us-
ing high-voltage cut-offs (4.3 — 4.6 V) to increase the specific capacity of LCO.[27/2831,3255]
Among these so-called "zero-strain" cathodes coated with ZrO,, Al,O3 and TiO,, the
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8 Protection of Lithium Cobalt Oxide by Atomic Layer Deposition of LNO

most promising results were obtained for Al,O3 coatings, enhancing the cycling perfor-
mance to 140 mAh g™ after 100 cycles at a charging rate of 140 mA g™'.3? Nevertheless,
due to a large electrochemical polarization caused by the coating layer, the supply of
electrons becomes problematic and no increase in rate capability can be observed.!?!
The ZrO, based coating with a higher electrical conductivity shows a better rate capa-
bility but does not protect the LCO as well as the Al,O3 coating. Further improvement
could be shown by Xie et al. who used LiAlO; as interfacial layer and could increase
the specific capacity close to 200 mAh g being stable over 50 cycles at a high cut-
off potential of 4.6 V, however only at very low charging currents of 50 mA g!. The
LiAlO,-protected LCO electrodes were also able to outperform Al,Oz-coated reference
electrodes in direct comparison.[?®! This shows the importance of a dense, stable and
ion conductive coating on LCO.

8.2.4 Post-mortem analysis

LCO-0 and LCO-25 electrodes were collected after the long-term measurements for
post-mortem investigation in order to evaluate the beneficial function of the protective
LNO coating. The XRD patterns of the cycled electrodes are shown in Figure 8.8 and
compared to the freshly prepared ones. For LCO-25 no change in crystal structure can
be observed, whereas LCO-0 loses crystallinity and new reflections arise corresponding
to CoO,. These new reflections indicate the irreversible delithiation of LCO and a
destruction of the crystal structure, explaining the much worse performance of LCO-0
after 80 cycles.

LCO-0 post-mortem
——LCO-0 fresh
—— LCO-25 post-mortem
+ LCO-25 fresh
*  Alfoil

003

Intensity / a.u.

i
i
|

1

Figure 8.8: Post-mortem analysis of LCO-0 (a) and b) and LCO-25 (c) and d) disassembled elec-
trodes after 80 cycles at 0.2 A/g by SEM (a-d). Comparison of XRD measurements
of freshly prepared and post-mortem LCO-0 and LCO-25 electrodes(e).

The cycled electrodes were also analyzed microscopically (Figure 8.8a-d). For LCO-
25 no significant changes in morphology could be observed; even at high resolution, the
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crystal facets are intact and no cracks or particle detachment can be seen. LCO-0 shows
a completely different picture, where the LCO particles are splintered and delaminated,
even some loose particles can be observed. The SEM pictures of both electrodes clearly
demonstrate the strong effect of the LNO protective coating on LCO for high cut-off
cycling, where the original structure can be preserved and the destruction of the LCO
particles and loss of active material can be prevented.

Taking all post-mortem data into account, the drop of capacity for LCO-0 can be
explained by the destruction and delamination of LCO at higher cut-off potentials,
and to a lesser extent by changes of charge and ion diffusion. On the other hand,
LNO-protected LCO-25 retains its crystal structure and morphology, accompanied by a
moderate decrease of interfacial conductivity and associated slightly reduced charging
performance and capacity of the electrode.

8.3 Conclusions and Outlook

In this work, lithium niobate layers of different thickness were coated directly on LCO
electrodes by means of atomic layer deposition. Depending on the thickness of the pro-
tective coating layers, a strongly improved electrode stability at high cut-off potentials
and therefore an increase in specific capacity was observed. The results of electrochem-
ical and structural characterization suggested a moderate lithium diffusion slow-down
effect of the LNO layer for LCO leading to an increased cell impedance, while stabiliz-
ing the LCO structure and thereby retaining the high capacity over multiple cycles. This
work offers a strategy for the stabilization of structurally sensitive cathodes in lithium-
ion batteries at high cut-off potentials and thereby contributes to the development of
batteries with enhanced energy storage capabilities.

8.4 Experimental Details

LCO electrode preparation: The working electrode was prepared by coating a homoge-
neous slurry consisting of lithium cobalt oxide (LCO, Alfa Aesar, 99.5 %), polyvinyli-
dene fluoride (PVDEF, Aldrich) and carbon black (TimCal) at a mass ratio of 8:1:1 in
N-methyl-2-pyrrolidone (NMP, Aldrich) on Al foil. The slurry was stirred overnight
and uniformly coated on an aluminum collector with a thin film applicator (wet film
thickness: 150 pm, corresponding to a loading of ~ 7.8 mg cm™). The electrodes were
die-cut into round disks with a diameter of 18 mm (254.5 mm?). After deposition of
varying thicknesses of LiNbO3z by ALD, the electrodes were dried at 120 °C for 3 h in
vacuum before use. The cells were assembled in an argon filled glove box using lithium
metal as the counter and reference electrode in an EL-CELL ECC1-01-0011-A/L with
a glass fiber membrane as separator. As electrolyte, a commercial mixture of 1.15 M
LiPF¢ in EC/EMC/DMC at a 2:2:6 volume-to-volume ratio and 1.0 %wt. fluoroethylene
carbonate (FEC) was used.
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8 Protection of Lithium Cobalt Oxide by Atomic Layer Deposition of LNO

ALD of lithium niobate: The deposition of LiNbOj3 thin films was carried out in a
Picosun R-200 reactor at 200 °C and a base pressure of approximately 6 hPa with Nj
(Air Liquide, 99.999 %) as carrier and purging gas. Lithium-bis(trimethylsilyl)amide
(LiHMDS, Aldrich, 97 %) was sublimed in a glass vessel at 80 °C and niobium ethoxide
(NEO, Strem, 99.9+ %) was kept at 160 °C. Ultrapure water (MilliQ, 18.2 M) cm)
was held in a stainless-steel cylinder at 18 °C. LiNbO3; was deposited by sequential
pulsing of three subcycles of Li;O and one subcycle of NbOy resulting in a growth
per supercycle of 0.25 nm cycle. The Li;O ALD subcycle comprised three LIHMDS
pulses (1.6 s pulse, 8 s purge) and one water pulse (4 s pulse, 4.5 s static exposure, 7.5 s
purge) showing a growth per cycle of 0.061 nm, while the NbOy subcycle consisted of
four pulses NEO (1.6 s pulse, 6.5 s static exposure, 6 s purge) and one water pulse (1 s
pulse, 4.5 s static exposure, 7.5 s purge) showing a growth per cycle of 0.068 nm. The
thicknesses of the LiNbO3 protection layers on the LCO electrodes were controlled by
varying the number of ALD supercycles (0, 5, 15, 25 and 40), and the corresponding
electrodes are referred to as LCO-0, LCO-5, LCO-15, LCO-25 and LCO-40, respectively.

Materials characterization: Thickness and composition studies of the deposited LNO
films were conducted on Si (100) substrates. Layer thicknesses were determined by
spectroscopic ellipsometry (J. A. Woolam M-2000 VASE) and evaluated using the WVASE
v 3.650 software package.

X-ray photoelectron spectroscopy (XPS) was conducted using a VSW Tal0 X-ray
source providing Ka radiation by a non-monochromatized Mg anode system (Mg-
Ka = 1253.6 €V) and analyzed by a VSW HA 100 hemispherical electron analyzer. Fits
of the photoelectron peaks are based on a convolution of a Doniach-Sunijic-function
and a Gaussian function after subtraction of a linear background.

Ex-situ annealing of approx. 80 nm thick LNO films on Si substrates was performed
in Ny at a temperature of 550 °C for 30 min.

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Discover diffrac-
tometer using Cu-Ka radiation (A = 1.5418 A) in Bragg-Brentano geometry. For thin
film characterization, a small grazing incidence angle of 6 = 0.7 ° was used.

SEM imaging and FIB lamella preparation was carried out using a FEI Helios Nanolab
G3 UC, equipped with a Schottky-type field-emitter, an Oxford EDX detector and Ga+-
focused ion beam, operated between 1 and 30 kV. (S)TEM images and EDX maps were
acquired on an FEI Titan Themis 80-300 microscope operated at 300 kV acceleration
voltage, equipped with an X-FEG electron source, a monochromator, a Cs-corrector
and an HAADF detector.

Electrochemical measurements: Battery testing cells were measured at room tempera-
ture using an Autolab potentiostat/galvanostat (PGSTAT302N) with an FRA32M mod-
ule or a Autolab Multipotentiostat M101 with an 8AUT.M101 module operated with
Nova 1.11 software. Cyclic voltammograms were recorded in a potential range of 3.0
to 43 V vs. Li/Li* using a scan rate of 0.2 mV s and a step potential of 1.06 mV.
Determination of the diffusion coefficients was done by cycling from 3.0 to 4.6 V with
different scan rates ranging from 0.1 - 2.0 mV s!. Charge-discharge characteristics
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8.5 References

were galvanostatically tested between 3.0 and4.3 V vs. Li/Li* using different current
densities ranging from 0.1 to 1.0 mA g..
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8.6 Appendix
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Figure 8.9: XPS survey spectra of 80 cycle as-deposited lithium niobate coated via ALD on a
Si(100) substrate.

Co C

Figure 8.10: SEM micrograph of an LCO-0 electrode and corresponding EDX elemental maps
(elements given in the figure panels).
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Figure 8.11: SEM micrograph of LCO-5 and corresponding EDX elemental maps illustrating the
homogeneous distribution of Nb (purple) on the LCO particle (elements given in
the figure panels). The corresponding EDX spectrum provides a Nb to Co ratio of
0.2 at%.
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Figure 8.12: SEM micrograph of LCO-15 and corresponding EDX elemental maps illustrating
the homogeneous distribution of Nb (purple) on the LCO particle (elements given
in the figure panels). The corresponding EDX spectrum provides a Nb to Co ratio
of 1.0 at%.
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Figure 8.13: SEM micrograph of LCO-25 and corresponding EDX elemental maps illustrating
the homogeneous distribution of Nb (purple) on the LCO particle (elements given
in the figure panels). The corresponding EDX spectrum provides a Nb to Co ratio
of 1.7 at%.
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EDX: 0.025 Nb/Co ratio

o
- @
Ul ke

rrrrrrrrrryrrrrrrrrrrrrrrrrrrr T g

0 5 10 15 kel

Figure 8.14: SEM micrograph of LCO-40 and corresponding EDX element maps illustrating the
homogenous distribution of Nb (purple) on the LCO particle (elements given in
the figure panels). The corresponding EDX spectrum provides a Nb to Co ratio of
2.5 at%
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Figure 8.15: HAADF-STEM image and the corresponding EDX element distribution maps of
Co (blue), Nb (red) and Pt (yellow) showing the cross-section of an LCO particle
coated with 40 cycles of LNO without any further processing (elements given in

the figure panels).

Table 8.1: Peak positions of 1st and 5th cycle from cyclic voltammograms of (a) LCO-0, (b)
LCO-5, (c) LCO-15, (d) LCO-25 and (e) LCO-40 and their calculated distance.

LCO-0 LCO-5 LCO-15 LCO-25 LCO-40

Cycl Ox. 4.081  4.142 4.183 4215 4.168
Cycl Red. 3.807 3.744 3.751 3.785 3.767
AV 0274  0.398 0.432 0.43 0.401
Cych Ox. 4.056  4.121 4.072 4.152 4.171
CycS Red. 3.806  3.758 3.799 3.727 3.766
AV 0.250  0.393 0.273 0.425 0.405

Table 8.2: Lithium diffusion coefficients calculated with Randles-Sevcik equation from CVs of
(a) LCO-0, (b) LCO-5, (c) LCO-15, (d) LCO-25 and (e) LCO-40 at different scan rates

(0.1,0.2,05,0.8, 1.0, 1.5 and 2.0 mV/s).

Lithium-ion diffusion coefficient Dy; / cm? s

1

cathodic scan

anodic scan

LCO-0 3.30 x 107
LCO-5 2.45 x 107
LCO-15 1.74 x 10710
LCO-25 1.94 x 1010
LCO-40 3.34 x 1010

1.38 x 107
4.62 x 10710
2.57 x 10710
1.78 x 10710
432 x 1011
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Figure 8.16: Figure 8.6 corresponding plots of peak current vs. the square root of scan rates for
charge and discharge regions for (a) LCO-0, (b) LCO-5, (c) LCO-15, (d) LCO-25 and

(e) LCO-40.
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Figure 8.17: Nyquist plot of LCO-0 and LCO-25 after 20, 40, 60 and 80 cycle at 0.2 A g™ charging
rate and a cut-off potential of 4.3 V (a and c) and the corresponding Z’ - w™ plot
in the low frequency range (b and d).

Table 8.3: Lithium diffusion coefficients of LCO-0 and LCO-25 after 20, 40, 60 and 80 cycle at
0.2 A g’ charging rate and a cut-off potential of 4.3 V vs. Li/Li*.

Lithium-ion diffusion coefficient Dy; / cm? s
20t cylce  40M cylce  60M cylce 80 cylce
LCO-0 723 x 1018 948 x 103 9.38 x 10 8.99 x 10713
LCO-25 4.06 x 1013 1.79 x 10 1.02 x 103 8.70 x 1014
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9 Enlarging the Imidazolate-based COF
family for Lithium-Ion Conduction

This chapter is based on the following publication:
Sebastian Héringeri, Stephan Reuter?, Quirin Schmidt, Florian Zoller, Vivian Meier and
Thomas Bein*, manuscript in preparation.

fThese authors contributed equally.

Sebastian Haringer was in lead of this project, designed the concept of the used build-
ing blocks, conducted the material characterization and electrochemical measurements,
and wrote the complete manuscript.
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9 Expansion of Li-conductive Imidazolate-COF family

Abstract

Covalent organic frameworks (COFs) offer the unique possibility to precisely design
their covalently bound building blocks for various energy conversion applications and
integrate them into stable, crystalline organic structures. Crystalline imidazolate-con-
taining COFs were recently introduced as high performance lithium-conducting elec-
trolytes. Herein, we expand the series of imidazolate-COFs by increasing their pore
dimensions for improved accessibility as well as the density of lithium-ion binding
sites within the framework. We obtained two novel, highly crystalline and porous
COFs (sCF3-TFPB and diCF3-TFPB) with enlarged pore dimensions and increased im-
idazolate density and investigated their impact on lithium-ion conductivity.

9.1 Introduction

Covalent organic frameworks (COFs) are a relatively new class of crystalline, porous
organic materials, where molecular building blocks (nodes or bridges) are linked by
slightly reversible condensation reactions, thereby promoting a self-healing
mechanism.['# By controlling the properties of the building blocks, a large diversity
of 7t-stacked "2D" COFs or 3D COFs can be realized.!

Dispersive 7-71 interactions between the ordered 2D polymer sheets in 2D COFs
result in ordered stacks with open channels along the c-axis. Implementation of spe-
cific functional groups into the respective building blocks allows for the integration of
molecular moieties designed for the desired application of the resulting framework.
As a result, diverse potential applications of the frameworks have been investigated,
ranging from gas storage or separation!®’] to optoelectronic applications,®1!l insertion
of guest molecules!'?'5! as well as catalysis.[117]

In recent years, COFs have also been explored for energy storage systems in super-
capacitors and metal ion batteries. Here, they are used as electrodes for ion/charge
storage or as electrolytes for ion conduction by either using pre-designed building
blocks or via post-synthetic modification of the organic frameworks.

Upon addition of commonly used additives in battery technology like conductive car-
bon or certain standard solvated Li salts (e.g., LiPFg in in ethylene carbonate/dimethyl
carbonate (EC/DMC),!"8 lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),!1%2"]
LiClOy in propylene carbonate (PC)!2!l), COFs show competitive performance in com-
parison to already established inorganic and organic battery components. However, by
the addition of the aforementioned additives, the systems become more complex and
it is no longer trivial to attribute the observed performance solely to the COF under
investigation.

Recently, Hu et al. introduced lithiated imidazolate COFs with high Li-ion conductiv-
ity of up to 7.2 x 102 S cm™, low activation energy of down to 0.10 eV and a high trans-
ference number of 0.81, which is in the range of sulfur-based solid-state electrolytes.??]
By changing the substituent on the imidazole moiety to different electron withdrawing
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groups (-H, -CHj3, -CF3), they observed a weakening of the imidazole-lithium bond and
thereby explain the enhancement in lithium-ion conductivity. The ionic conductivity of
this COF system could be further increased upon the addition of propylene carbonate
(PC), which is commonly used as a solvent for inorganic salts in Li-electrolytes.
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Figure 9.1: Schematic construction of novel imidazolate-COFs with varying size and density of
Li-binding imidazolate moieties.

Here, we enlarge the family of imidazolate-based COFs by doubling the number of
imidazole-groups (diCF3-) within the building blocks and increase the pore dimension
by co-condensation with enlarged nodes (1,3,5-tris-(4-formyl-phenyl)-benzene (TFPB)).
Utilizing supercritical CO; extraction of the newly designed COFs, residue-free and
highly crystalline imidazole-COFs (sCF3-TB, sCF3-TFPB and diCF3-TFPB) were ob-
tained and characterized.
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9.2 Results and Discussion

In a previous study,!??! Hu et al. synthesized a variety of new imidazolate-based COFs
via co-condensation of benzene-1,3,5-tricarbaldehyde (TB) and imidazole-substituted
diamine building blocks containing a CFz-electron-withdrawing group (sCF3) on the
imidazole moiety. In order to increase the number of imidazolate-based COFs for fur-
ther investigation of the influence of pore size and thereby pore accessibility and the
density of lithium-conducting moieties, we constructed a new building block with twice
the number of imidazolate groups (diCF3) and increased the size of the linking node by
one benzene group (TFPB). Due to the sterically demanding —CF3 group on the imida-
zole ring, we investigated the impact of imidazole density only on the large-pore (and
presumably more flexible) TFPB-COFs with enhanced pore accessibility. The COFs
sCF3-TB, sCF3-TFPB and diCF3-TFPB were synthesized under solvothermal condi-
tions within 6 mL reaction tubes catalyzed by aqueous acetic acid with different ratios
of solvent described in detail in section C in the Supporting Information. After a 3 day
reaction period at 120 °C, the obtained products were washed with tetrahydrofuran
(THF) and further purified by CO;-extraction in order to fully remove solvent residues
along with other remaining impurities. Lithiation of the respective COFs was con-
ducted by dispersion of the material in hexane under argon atmosphere and treatment
with n-BuLi in hexane solution at 0 °C for 16 h, leading to the lithiated products Li-
sCF3-TB, Li-sCF3-TFPB and Li-diCF3-TFPB. The resulting powders were examined
regarding their crystallinity, porosity and electrochemical properties.

Powder X-ray diffraction (XRD) analysis of the obtained powders revealed three
highly crystalline COFs sCF3-TB, sCF3-TFPB and diCF3-TFPB, showing sharp and in-
tense reflections in the low diffraction angle range with only minimal background (see
Figure 9.2). Here, the first intense reflections correspond to the 100 plane, which can be
directly attributed to the size of the unit cell for hexagonally shaped pore systems with
P3 symmetry for sCF3-TB and sCF3-TFPB and P6 symmetry for diCF3-TFPB. Pawley
refinement was used to confirm the unit cell parameters assuming an AA model layer
arrangement (inset of Figure 9.2(a)-(c) and sections D and F in the SI). The experimental
diffraction pattern was fully indexed and the observed reflections could be attributed.
According to the obtained model, sCF3-TB has a smaller unit cell (@ = b = 3.77 nm,
c=042nm, « = B =90 ° v =120 °) compared to sCF3-TFPB (2 = b = 521 nm,
c=045nm, a = =90 °, v =120 °) and diCF3-TFPB (@ = b = 5.19 nm, ¢ = 0.45 nm,
«=p=90° v =120 °), as expected. The increased interlayer distance shown for
TFPB linked compounds can be attributed to the more sterically demanding additional
benzene group, which is tilted out of the plane (compare Figure 59.13-9.15).

Applying Bragg’s equation (equation 9.2) the unit cell size and therefore the pore
size can be estimated. For 260 =2.73 °, 1.98 ° and 1.85 ° a unit cell size of 3.3 nm, 4.5 nm
and 4.9 nm for sCF3-TB, sCF3-TFPB and diCF3-TFPB was calculated, respectively.

The nitrogen physisorption isotherms of the different COFs all exhibit a completely
reversible Type IVb isotherm shape without hysteresis indicating a mesoporous struc-
ture (Fig. 9.2(d)-(f)).123! All COFs show high BET surface areas values of 896 m? g™ for
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Figure 9.2: (a)-(c) PXRD patterns of sCF3-TB, sCF3-TFPB and diCF3-TFPB COFs with Pawley-
refined simulations and the obtained theoretical structure. (d)-(f) Nitrogen ph-
ysisorption isotherms, calculated BET-surface areas and pore size distributions of
the respective COFs.

sCF3-TB, 841 m? g for sCF3-TFPB and 1470 m? g! for diCF3-TFPB. Calculated pore
size distributions based on a QSDFT carbon kernel for cylindrical pores show good
agreement with the structurally modeled pore sizes (Fig. 9.2(a)-(c) and 59.10-9.12) for
all different three COFs. DFT-calculated pore sizes were 2.6 nm (simulated 3.0 nm),
4.0 nm (simulated 4.0 nm) and 4.2 nm (simulated 4.2 nm) for sCF3-TB, sCF3-TFPB and
diCF3-TFPB, respectively.

Scanning and transmission electron microscopy (SEM and TEM) images reveal the
sheet-like nanocrystalline morphology of individual COF crystallites (Figure 9.3). The
SEM images show a flake-like desert rose structure for the different COFs (Figure 9.3(a)-
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Figure 9.3: SEM (a)-(c) and TEM (d)-(f) micrographs of sCF3-TB, sCF3-TFPB and diCF3-TFPB,
respectively.

(c)). In the TEM images (Figure 9.3(d)-(f)), we observe crystallites that are either
oriented with their crystallographic c-axis (i.e., along the pores) perpendicular (Fig-
ure 9.3(d)) or parallel to the viewing direction (Figure 9.3(e),(f)), showing the highly
ordered hexagonal arrangement of the mesopores with spacings of around 2.6 nm for
sCF3-TB and about 4.0 nm for sCF3-TFPB and diCF3-TFPB, which is in excellent agree-
ment with the refined structure model and sorption data.

Electrochemical Characterization

In order to investigate the influence of pore size and density of functional imidazole
moieties, sCF3-TB, sCF3-TFPB and diCF3-TFPB were lithiated as previously described
and thoroughly washed in order to remove excess lithium species from the COF. The
Li elemental analysis showed the expected values for Li content based on the density
of imidazole moieties in the COF and assuming a one-to-one stoichiometry between
imidazole moieties and Li ions after lithiation. A comparison between theoretically ex-
pected and experimentally obtained values is given in the experimental section. Neither
a change in color nor a degradation of structural integrity could be observed (charac-
terized by PXRD (Figure S9.6). The Li-COFs were vacuum-dried for 3 h at 120 °C prior
to analysis to remove any residual moisture. The dried COF powders were then han-
dled under argon atmosphere, pressed into dense pellets with a 13 mm stainless steel
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die and electrochemically characterized between two stainless steel current collectors
within a typical battery testing cell.
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Figure 9.4: Nyquist plots of electrochemical impedance spectroscopy measurements of sCF3-
TB (a), sCF3-TFPB (b) and diCF3-TFPB (c) after addition of propylene carbonate
or commercial Li liquid electrolyte. Insets show a magnification of the beginning

section.

According to Hu et al., we found all as-prepared Li-COF pellets to be modest Li-ion
conductors (with a conductivity of 8 x 107 S cm™).1?2l They claim that upon addition
of small amounts of propylene carbonate the lithium-ion conductivity can be increased
to values of up to 7.2 x 103 S cm™. However, contrasting their findings, we were only
able to boost the conductivity upon addition of PC to 1 x 10° S ecm™, presumably
due to the improved contacts between the stainless steel current collector and the im-
pregnated Li-COF pellet. The observed strong differences in lithium-ion conductivity
may arise in small deviations between the prepared COFs. In general, propylene car-
bonate is commonly used as polar solvent for lithium salts in liquid Li-electrolytes, e.g.
LiPF¢. Impurities originating from the lithiation step of the imidazolate group may be
necessary for the strong performance of CF3-Li-ImCOF prepared by Hu et al.[??!

In order to mimic the impact of possible impurities on Li-ion conduction in the
COFs, we impregnated the Li-loaded COFs Li-sCF3-TB, Li-sCF3-TFPB and Li-diCF3-
TFPB with the commonly used 1.15 M LiPF¢ in EC/EMC/DMC electrolyte. Using this
method, we could obtain conductivity values in the range of 7 x 102 S cm™, which
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are now comparable to previously reported values and suggest that the reported values
could indeed have resulted from Li-salt-loaded COFs (see Figure 9.4(a)-(c)).

Additionally, the morphological macro-structure of the COFs may influence conduc-
tivity as well. The domain size, shape and relative orientation of the crystallites can
impact the transfer of the Li-ions between the conductive pore channels of individual
crystallites. Hu et al. obtained a not clearly defined bulk, whereas in this work, a flake
like structure for all products can be observed.l??! These findings can explain the differ-
ences in lithium-ion conductivity and should be further monitored in future studies in
order to enlarge the understanding of ion conductivity in COFs.

9.3 Conclusions and Outlook

Herein, we extend the family of imidazolate-containing COFs for the potential use as
solid-state electrolyte in LIBs. Two new, highly crystalline and porous COF structures
with a flake like morphology and hexagonally shaped pores could be synthesized. The
varying pore size and density of lithium-binding moieties did not lead to a signifi-
cant change in lithium-ion conducitivity, which is why the enlargement of a broader
spectrum of different COF structure is necessary to further investigate the lithium-ion
conduction mechanism in covalent organic frameworks.

9.4 Experimental Details

Synthesis of sCF3-TB COF: 4,7-di(4-aminophenyl)-5,6-dimethyl-2-(trifluoromethyl)-1H-
benzimidazole (sCF3) (7.43 mg, 0.019 mmol, 1.00 equiv.), benzene-1,3,5-tricarbaldehyde
(TB) (2.03 mg, 0.013 mmol, 0.67 equiv.) were combined and mixed with ethanol (125 nL)
and mesitylene (125 pL) inside a 6 mL reaction tube under inert conditions. Subse-
quently, 3 M HOAc (50 nL) were added. The sealed tube was heated at 120 °C for three
days. After cooling to room temperature, the precipitate was collected by vacuum fil-
tration, washed with tetrahydrofuran (THF) and further purified by supercritical CO;-
extraction, yielding the sCF3-TB COF as yellow flakes (6.02 mg, 64 %). Anal. Calcd for
(CasHi9NyF3)n: C, 71.8; H, 4.1; N, 12.0. Found: C, 69.7; H, 4.0; N, 11.5.

Synthesis of Li-sCF3-TB COF: A 25 mL Schlenk flask was charged with sCF3-TB COF
(130 mg) under inert conditions, which was well-dispersed in hexane (5.5 mL). The dis-
persion was cooled to 0 °C and a 2.5 M solution of n-butyllithium (in hexane, 0.35 mL)
was added drop wise. The mixture was allowed to warm to room temperature whilst
stirring overnight. The resulting solid was vacuum filtrated and dried under vacuum.
Li-CF3-TB COF was obtained as a yellow powder (120 mg, 95 %). Anal. Calcd for
(CosHigN4FsLi),: C,709; H, 3.8; N, 11.8; Li, 1.5. Found: C, 69.1; H, 4.4; N, 11.4; Li, 2.2.

sCF3-TFPB, Li-sCF3-TFPB, diCF3-TFPB and Li-diCF3-TFPB COFs were synthesized
following the procedure similar to that described above for sCF3-TB and Li-sCF3-TB,
using the same molar ratios and treatment conditions. Anal. Calcd for sCF3-TFPB
(CaoH31NyF3)n: C, 76.9; H, 5.0; N, 9.0. Found: C, 75.2; H, 4.9; N, 8.7. Li-sCF3-TFPB
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(CaoH30NyFsLi)n: C, 76.2; H, 4.8; N, 8.9; Li, 1.1. Found: C, 75.1; H, 4.5; N, 8.7; Li, 1.9.
diCF3-TFPB (C0Hi3N3Fz)n: C, 68.2; H, 3.7; N, 11.9. Found: C, 64.9; H, 4.1; N, 10.4.
Li-diCF3-TFPB (CyoH2N3F3Li),: C, 67.0; H, 3.4; N, 11.7; Li, 1.9. Found: C, 63.1; H, 4.0;
N, 10.4; Li, 3.2.

Electrochemical characterization: All electrochemical measurements were conducted on
ECC-PAT-Core electrochemical test cells (EL-Cell) at 20 °C using an Autolab poten-
tiostat/galvanostat (PGSTAT302N) with a FRA32M module operated with Nova 1.11
software.

Conductivity measurements were carried out by lightly compressing Li-COF pel-
lets between stainless steel current collectors. COF pellets were prepared by pressing
about 30 mg of sample powder in a 13 mm die for 1 h with an applied pressure of
1.5 GPa. Propylene carbonate loading was conducted according to Hu et al. with an
amount of approx. 6 pL.?2l The same amount of liquid electrolyte (1.15 M LiPF4 in
EC/EMC/DMC) was added to the dry COF pellets in a second experiment. Resistance
of the pellet was determined as the extrapolated high frequency intercept with the real
x-axis of the Nyquist plot. According to equation 9.1, the conductivity of the pellets
was calculated depending on the pellet’s thickness L, the cross-sectional area A and the
measured resistance R.

- L
R x A
A detailed description of building block and COF synthesis as well as additional
information about applied analytical methods can be found in the provided Supporting
Information.
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9.6 Supporting Information

A. Materials and Methods

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and
AV 400 TR spectrometers (400 MHz).

Powder X-Ray diffraction (PXRD) measurements were performed using a Bruker D8
Discover with Ni-filtered Cu K, radiation and a LynxEye position-sensitive detector.

The initial structure models of the COFs were constructed using the Accelrys Ma-
terials Studio software package. Considering the symmetry of the building blocks, we
applied the space group with highest possible symmetry. The structure models were
optimized using the Forcite module with the Dreiding force-field. Unit cell parameters
were determined using Pawley refinement of our PXRD data based on the proposed
model.

The nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at
77 K in a pressure range from p/pp = 0.001 to 0.98. Prior to the measurement of the sorp-
tion isotherm, the sample was heated for 24 h at 120 °C under turbomolecular pump
vacuum. For the evaluation of the surface area, the BET model was applied between
0.05 and 0.2 p/pg. The calculation of the pore size distribution was done using the QS-
DFT equilibrium model with a carbon kernel for cylindrical pores on the adsorption
branch.

Scanning Electron Microscopy (SEM) was carried out using a FEI Helios Nanolab
G3 UC equipped with a Schottky-type field-emitter, an Oxford EDX detector and Ga+-
focused ion beam, operated at 2 and 5 kV acceleration voltage.

Transmission Electron Microscopy (TEM) images were acquired on a FEI Titan
Themis 80-300 microscope operated at 300 kV acceleration voltage, equipped with an
X-FEG electron source, a monochromator, a Cg-corrector and a HAADF detector.
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B. Building Block Syntheses

Unless stated otherwise, all reagents and solvents were purchased from commercial
suppliers in high purity grades and were used without further purification. Typically,
most reactions were performed in oven-dried glassware under argon atmosphere.

Do W ik T
p ; 3
NH, ;@N/fC% N 3 N
1

NH,

Br

H H
H2N NH; N N N N N N
Ij CFy—~ ]@[ >—CFs CFs—~ »—CFy CFy—< O »—CFs
HoN NH, H N H N ” N

Br
4 5 ) dicr,
NH,

Figure 9.5: Schematic drawing for the synthesis of sCF3 and diCF3 building blocks.

5,6-dimethyl-2-(trifluoromethyl)-1H-benzimidazole (1)

H

N
j@( »—CFs

N

In a 100 mL round bottom flask, 4,5-dimethylbenzene-1,2-diamine (5.00 g, 37.3 mmol,
1.00 equiv.) was dissolved in trifluoroacetic acid (28 mL). The reaction was stirred at
70 °C for 16 h. After cooling to room temperature, surplus acid was removed by
rotary evaporation and the residue was washed with water. Purification via column
chromatography (silica gel, hexane : EtOAc, 1:1, v/v) yielding compound 1 (4.24 g,
19.8 mmol, 53 %) as a brown solid.

1H NMR (400 MHz, CDCl3): J = 9.56 (s, 1H), 7.68 (s, 1H), 7.38 (s, 1H), 2.40 (s, 6H)

4,7-dibromo-5,6-dimethyl-2-(trifluoromethyl)-1H-benzimidazole (2)

Compound 1 (214 mg, 1 mmol, 1.00 equiv.) was placed into a 25 mL round bottom
flask and dissolved in 48 % aqueous HBr solution (10 mL). Liquid bromine (0.15 mL,
3.00 mmol, 3.00 equiv.) was added in one portion and the reaction mixture was stirred
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Br

H

N
»—CF3

N

Br

for 10 h under reflux. The mixture was allowed to cool to room temperature and af-
terwards poured on ice. A saturated solution of Na,SO; was added until pH 5. After
vacuum filtration, washing with water and drying under high vacuum, compound 2
(313 mg, 0.84 mmol, 82 %) was obtained as a white solid.

1H NMR (400 MHz, DMSO-dy): & = 8.28 (s, 1H), 2.50 (s, 6H)

MS (ED: m/z (%) = 372 (100), 353 (6), 291 (54), 271 (20), 191 (10), 117 (10), (calculated:
369.89)

4,7-di(4-aminophenyl)-5,6-dimethyl-2-(trifluoromethyl)-1H-benzimidazole (sCF3)

Under argon atmosphere, a 25 mL Schlenk flask was charged with compound 2
(38.0 mg, 0.640 mmol, 1.00 equiv.), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline
(309 mg, 1.41 mmol, 2.20 equiv.), Pd(PPh3),Cl, (45.0 mg, 0.064 mmol, 0.10 equiv.) and
K,CO; (265 mg, 1.92 mmol, 3.00 equiv.). After adding water (0.80 mL) and dioxane
(3.20 mL), the mixture was stirred for 20 h under reflux. After cooling to room temper-
ature, the mixture was extracted with dichlormethane (3 x 20 mL), dried over MgSO,
and the organic solvents were removed through rotary evaporation. Purification via col-
umn chromatography (silica gel, DCM : EtOAc, 3:1, v/v —EtOAc) yielded the linker
sCF3 (138 mg, 0.35 mmol, 55 %) as a pale yellow powder.

1H NMR (400 MHz, CDCly): 6 = 7.27 (d, 3] = 7.8 Hz, 2H), 7.18 (d, 3] = 7.8 Hz, 2H), 6.84
(dd, 2] = 13.2 Hz, %] = 7.7 Hz, 4H), 2.30 (d, 3] = 9.3 Hz, 6H)

MS (ED: m/z (%) = 396 (100), 380 (6), 198 (4), (calculated: 396.16)
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2,6-bis(trifluoromethyl)-1,5-dihydrobenzo[1,2-d:4,5-d’]ldiimidazole (4)

H

N N
CF3— ]@ »—CFs
N N

H

Benzene-1,2,4,5-tetraamine tetrahydrochloride (600 mg, 2.11 mmol, 1.00 equiv.) was
placed into a 25 mL round bottom flask and dissolved in trifluoroacetic acid (9.60 mL).
The reaction mixture was stirred at 100 °C for 24 h. After cooling to room temperature
the solution was poured into ice-cold water and neutralized with a saturated aqueous
solution of K,CO;. After filtering and washing with cold water the resulting precipitate
was dried under HV. Compound 4 (610 mg, 2.07 mmol, 98 %) was obtained as a white
solid.

1H NMR (400 MHz, DMSO-dg): 6 = 13.91 (s, 2H), 7.99 (s, 2H)

MS (EL): m/z (%) = 294 (100), 274 (35), 253 (54), 178 (10), (calculated: 294.03)

4,8-dibromo-2,6-bis(trifluoromethyl)-1,5-dihydrobenzo[1,2-d:4,5-d"]diimidazole (5)

BrH

N N
CF3— »—CF3
N N

HBr

A 100 mL round bottom flask was charged with compound 4 (1251 mg, 4.25 mmol,
1.00 equiv.) and dissolved in 48 % aqueous HBr solution (42.5 mL). Liquid bromine
(0.646 mL, 12.75 mmol, 3.00 equiv.) was added in one portion and the reaction mix-
ture was stirred for 12 h under reflux. The mixture was cooled to room temperature
and poured on ice. A saturated solution of Na,SO; was added for neutralization until
pH 5. After vacuum filtration, washing with water and drying under high vacuum
the desired product 5 (1127 mg, 2.49 mmol, 59 %) was received as a light brown solid.
Due to low solubility of this compound in common deuterated solvents, a 'H NMR
spectrum could not be obtained.

MS (ED: m/z = 452 (100), 450 (47), 431(16), 411 (18), 304 (6), (calculated:449.86)
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NH,
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H N

NH,

4,4’-(2,6-bis(trifluoromethyl)-1,5-dihydrobenzo[1,2-d:4,5-d"]diimidazole-4,8-
diyldianiline (diCF3)

Under inert conditions, a 25 mL round bottom flask was charged with compound 5
(1127 mg, 2.49 mmol, 1.00 equiv.), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline
(1200 mg, 5.48 mmol, 2.20 equiv.), Pd(PPh3),Cl, (174.8 mg, 0.249 mmol, 0.10 equiv.)
and K,CO; (1032 mg, 7.47 mmol, 3.00 equiv.). After adding water (3.06 mL) and diox-
ane (12.45 mL) the reaction mixture was stirred for 20 h under reflux. Solvents were
removed by rotary evaporation. Purification via column chromatography (silica gel,
DCM : EtOAc, 2:1 — EtOAc —Acetone) yielded diCF3 (809 mg, 1.173 mmol, 47 %) as
a red-brown powder.

MS (EI): m/z = 476 (100), 436 (5), 238 (3), (calculated: 476.12)
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C. Li-COF Syntheses

All COF syntheses were performed under argon atmosphere in PTFE-sealed glass re-
action tubes (6 mL volume). Solvents and acetic acid were obtained in high purity
grade from commercial suppliers and were, unless shipped under argon, degassed and
saturated with argon prior to use.

H . >
N
O />_CF3 +
: 0
| H
0
e o0

NH,
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sCF3-TFPB COF

4,7-Di(4-aminophenyl)-5,6-dimethyl-2-(trifluoromethyl)-1H-benzimidazole (sCF3) (7.43
mg, 0.01875 mmol, 1.00 equiv.) and 1,3,5-Tris(p-formylphenyl)benzene (TFPB) (4.88 mg,
0.0125 mmol, 0.67 equiv.) were filled into a reaction tube, followed by the addition of
mesitylene (187.5 nL), ethanol (62.5 uL), water (25 nL) and 6 M acetic acid(25 pL). The
sealed tube was heated at 120 °C for three days. After cooling to room temperature, the
product was collected by vacuum filtration, washed with tetrahydrofuran (THF) and
further purified by supercritical CO,-extraction, yielding the sCF3-TFPB COF as light
yellow flakes (8.47 mg, 69 %).

diCF3-TFPB COF

4,4’-(2,6-Bis(trifluoromethyl)-1,5-dihydrobenzo[1,2-d:4,5-d’]diimidazole-4,8-diyl) diani-
line (diCF3) (8.93 mg, 0.01875 mmol, 1.00 equiv.) and 1,3,5-tris(p-formylphenyl)benzene
(TEPB) (4.88 mg, 0.0125 mmol, 0.67 equiv.) were filled into a reaction tube, followed
by the addition of mesitylene (62.5 pL), ethanol (187.5 pL), water (25 puL) and 6 M
acetic acid(25 pL). The sealed tube was heated at 120 °C for three days. After cool-
ing to room temperature, the product was collected by vacuum filtration, washed with
tetrahydrofuran (THF) and further purified by supercritical CO,-extraction, yielding
the diCF3-TFPB COF as light yellow flakes (8.47 mg, 69 %).

COF-Lithiation

A 25 mL Schlenk flask was charged with COF (130 mg), which was well-dispersed in
hexane (5.5 mL). The reaction mixture was cooled with an ice bath, while a 2.5 M solu-
tion of n-butyllithium in hexane (0.35 mL) was added slowly drop wise. The mixture
was stirred at room temperature overnight. The resulting solid was vacuum filtrated
and dried with vacuum. Li-COF was obtained as a yellow powder (120 mg, 95 %).

D. X-Ray Diffraction Analysis
Determination of the unit cell size was additionally calculated with Bragg’s equation,

where 7 is the order of reflection, A is the incident wavelength, 4 is the plane spacing
and 0 the bragg angle between incident ray and the planes.[!]

nA = 2dsin(0) (9.2)
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Figure 9.6: PXRD patterns of Li-sCF3-TB, Li-sCF3-TFPB and Li-diCF3-TFPB.
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Figure 9.7: Pawley refinement of sCF3-TB COF. Experimental (red), Pawley refined simulation
(black), difference (blue) and Bragg positions (olive) show good agreement of exper-
imental and simulated PXRD patterns.
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Figure 9.8: Pawley refinement of sCF3-TFPB COF. Experimental (red), Pawley refined simula-
tion (black), difference (blue) and Bragg positions (olive) show good agreement of
experimental and simulated PXRD patterns.
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Figure 9.9: Pawley refinement of diCF3-TFPB COF. Experimental (red), Pawley refined simula-
tion (black), difference (blue) and Bragg positions (olive) show good agreement of
experimental and simulated PXRD patterns.
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E. Nitrogen Sorption
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Figure 9.10: Nitrogen sorption isotherm of sCF3-TB recorded at 77 K (left). Fitting of isotherm
with a QSDFT equilibrium model for cylindrical pores (right).
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Figure 9.11: Nitrogen sorption isotherm of sCF3-TFPB recorded at 77 K (left). Fitting of
isotherm with a QSDFT equilibrium model for cylindrical pores (right).
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Figure 9.12: Nitrogen sorption isotherm of diCF3-TFPB recorded at 77 K (left). Fitting of
isotherm with a QSDFT equilibrium model for cylindrical pores (right).
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E. COFs Structural Simulations

P3 \SOr
a=b=37709A \
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Figure 9.13: lllustration of the Pawley refined sCF3-TB structure viewed along the c-axis (a)
showing the pore structure and distances between different moieties. Unit cell
viewed perpendicular to the crystallographic a-b plane (b). The COF shows P3
symmetry with AA-stacked layers with a distance of 4.1 A(c).

Table 9.1: Fractional atomic coordinates of sCF3-TB unit cell.

sCF3-TB COF (space symmetry P3)
a=b=377093 A, c =4.1484 A
a=p=90°7=120°

No. Name X y z

1 C1 1.39355 0.84106 0.25736
2 C2 1.30161 0.67861 0.36862
3 C3 1.34363 0.70723 0.36918
4 C4 1.35725 0.75136 0.36995
5 H5 1.27976 0.68932 0.36803
6 Cé 1.41202 0.82201 0.42389
7 c7 1.41129 0.88364 0.26356
8 C8 1.44728 0.90800 0.43918
9 c9 1.46590 0.88880 0.59995
10 C10 1.44862 0.84630 0.59006
11 (11 1.46689 0.95350 0.44257
12 C12 1.50771 0.97708 0.34583
13 (13 1.46841 1.01922 0.54706
14 H14 1.36614 0.82344 0.11561
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No. Name X y z

15 HI15 1.33451 0.76063 0.34070
16 Hlé 1.39666 0.89754 0.13348
17 HI17 1.49405 0.90677 0.73132
18 HI8 1.46353 0.83215 0.71599
19 NI19 1.53406 0.96382 0.21891
20 C20 1.40234 0.95258 0.65437
21 H21 1.46553 1.07478 0.66832
22 H22 1.38794 0.91900 0.65160
23 N24 1.39542 0.77846 0.42008
24 C25 1.59920 1.14821 0.60505
25 C26 1.67591 1.30147 0.39814
26 C27 1.63373 1.28776 0.39857
27 C28 1.60307 1.24367 0.39776
28  H29 1.68647 1.27950 0.39717
29  C30 1.58691 1.17285 0.44386
30 (31 1.57395 1.10570 0.61035
31 (32 1.53599 1.08691 0.45079
32 (33 1.52436 1.11161 0.28027
33 (C34 1.54933 1.15418 0.27811
34 (C35 1.51029 1.04144 0.44677
35 (36 1.52814 1.01870 0.34526
36 C37 1.44657 0.97512 0.54331
37 H38 1.62829 1.16209 0.73036
38 H39 1.57108 1.23457 0.36989
39 H40 1.58411 1.08746 0.73908
40 H41 1.49582 1.09798 0.15011
41  H42 1.53960 1.17211 0.13984
42 N43 1.56813 1.03396 0.21495
43  C44 1.44647 1.04118 0.66559
44  H45 1.40030 0.96122 0.90614
45  H46 1.52943 0.93425 0.19822
46  HA47 1.43586 1.03184 0.91663
47  HA48 1.41972 1.03348 0.50908
48  N49 1.61399 1.21639 0.44352
49  C50 1.57032 1.00154 0.14374
50 (51 1.60701 1.00370 0.13452
51  F52 1.62665 1.03850 0.20228
52 F53 1.59500 0.96953 0.20460
53 P54 1.63388 1.00501 0.21851
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Figure 9.14: [llustration of the Pawley refined sCF3-TFPB structure viewed along the c-axis (a)

showing the pore structure and distances between different moieties. Unit cell
viewed perpendicular to the crystallographic a-b plane (b). The COF shows P3
symmetry with AA-stacked layers with a distance of 4.5 A(c).

Table 9.2: Fractional atomic coordinates of sCF3-TFPB unit cell.

sCF3-TFPB COF (space symmetry P3)

a=b="52.0613 A, c =4.4993 A
x=B4=90°v9=120°

No. Name X y z

1 C1 0.63423 0.31324 0.57695
2 C2 0.65315 0.30099 0.57638
3 C3 0.37168 0.64146 0.57291
4 C4 0.36538 0.61573 0.73757
5 C5 0.38431 0.60372 0.72801
6 Coé 0.41071 0.61758 0.55943
7 c7 0.41761 0.64358 0.39992
8 C8 0.39819 0.65501 0.40314
9 C9 0.42999 0.60606 0.54824
10  NI10 0.41929 0.57651 0.53138
11  HI11 0.40361 0.67560 0.26734
12 Ci12 0.43478 0.56201 0.52920
13 (13 0.42408 0.53645 0.35103
14 Cl4 0.43965 0.52087 0.33294
15 C15 0.46572 0.52964 0.50168
16 Cl6 0.47579 0.55494 0.68647
17 C17 0.46083 0.57115 0.69742
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9 Expansion of Li-conductive Imidazolate-COF family

No. Name X y z

18 (18 0.48159 0.51413 0.48713
19 C19 0.51294 0.52918 0.46415
20 C20 0.52935 0.51454 0.46819
21  N21 0.53201 0.55806 0.41430
22 C22 0.56031 0.56241 0.33573
23 N23 0.55798 0.53536 0.43305
24 C24 0.58791 0.59186 0.43127
25  F25 0.58659 0.61556 0.31456
26 P26 0.59074 0.59588 0.73070
27  H27 0.45501 0.62170 0.55335
28  H28 0.40262 0.52841 0.22079
29  H29 0.43133 0.50078 0.18043
30 H30 0.49639 0.56251 0.82995
31 H31 0.46972 0.59179 0.84276
32 (32 0.68411 0.32099 0.57695
33 (33 0.69637 0.35216 0.57638
34 H34 0.37838 0.58263 0.85708
35 H35 0.34447 0.60475 0.87982
36 C36 0.67636 0.36312 0.57695
37 C37 0.64520 0.34421 0.57638
38 (38 0.62568 0.35589 0.57291
39  (C39 0.63197 0.38163 0.73757
40  C40 0.61305 0.39363 0.72801
41 C41 0.58664 0.37978 0.55943
42  C42 0.57975 0.35377 0.39992
43 (43 0.59917 0.34234 0.40314
4  C44 0.56737 0.39129 0.54824
45  N45 0.57807 0.42084 0.53138
46  H46 0.60930 0.29713 0.57791
47  H47 0.59375 0.32175 0.26734
48  H48 0.55828 0.34183 0.26687
49  C49 0.56257 0.43534 0.52920
50 C50 0.57327 0.46090 0.35103
51 (51 0.55771 0.47648 0.33294
52 (52 0.53163 0.46771 0.50168
53 (53 0.52156 0.44241 0.68647
54 CH4 0.53653 0.42621 0.69742
56 (55 0.51576 0.48323 0.48713
56 (56 0.48441 0.46817 0.46415
57 C57 0.46801 0.48281 0.46819
58 (58 0.46534 0.43929 0.41430
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9.6 Supporting Information

No. Name X y z

59  H59 0.54235 0.37566 0.55335
60  H60 0.59474 0.46894 0.22079
61  Heél 0.56603 0.49658 0.18043
62  H62 0.50096 0.43485 0.82995
63  H63 0.52764 0.40557 0.84276
64  Ho4 0.70022 0.31217 0.57791
65  C65 0.31324 0.67636 0.57695
66  Co6 0.35216 0.65315 0.57638
67  He67 0.68519 0.38805 0.57791
68  H68 0.61898 0.41473 0.85708
69  H69 0.65289 0.39261 0.87982
70  H70 0.47440 0.42541 0.51702
71  H71 0.46245 0.43506 0.16467
72 H72 0.44298 0.43290 0.51890
73  C73 0.45540 1.48054 0.49693
74  H74 0.45075 1.45718 0.54977
75  H75 0.43361 1.48074 0.49076
76 H76 0.47042 1.49651 0.67568
77  H77 0.52451 0.57452 0.43724
78  F78 0.60858 0.59225 0.34153
79  H79 0.64432 0.27605 0.57549
80  HB80 0.72130 0.36827 0.57549
81  H81 0.43908 0.65552 0.26687
82  H82 0.29802 0.68623 0.57791
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Figure 9.15: llustration of the Pawley refined diCF3-TFPB structure viewed along the c-axis
(a) showing the pore structure and distances between different moieties. Unit cell
viewed perpendicular to the crystallographic a-b plane (b). The COF shows a P6
symmetry with AA-stacked layers with a distance of 4.5 A(c).

Table 9.3: Fractional atomic coordinates of diCF3-TFPB unit cell.

diCF3-TFPB COF (space symmetry P6)
a=b=51.8950 A, c = 4.5365 A
a=B=90°1=120°

No. Name X y z

1 C1 0.63627 0.31425 0.57222
2 C2 0.65524 0.30195 0.57166
3 C3 0.37287 0.64352 0.56822
4 C4 0.36655 0.61770 0.73152
5 C5 0.38554 0.60566 0.72205
6 Co 0.41203 0.61955 0.55484
7 c7 0.41895 0.64564 0.39665
8 C8 0.39946 0.65711 0.39984
9 c9 0.43137 0.60801 0.54375
10 N10 0.42063 0.57836 0.52703
11  HI11 0.38680 0.70040 0.57218
12 HI12 0.40495 0.67551 0.27403
13 HI13 0.43802 0.65630 0.27373
14 H14 0.41371 0.79370 0.84143
15 H15 0.39323 0.74125 0.86189
16 Cle6 0.43618 0.56381 0.52487
17 C17 0.42544 0.53817 0.34816
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No. Name X y z

18 C18 0.44105 0.52254 0.33021
19 C19 0.46722 0.53134 0.49757
20 C20 0.47732 0.55672 0.68085
21 C21 0.46230 0.57297 0.69170
22 Cc22 0.48314 0.51577 0.48314
23 C23 0.51458 0.53088 0.46034
24 C24 0.53104 0.51619 0.46435
25 N25 0.53372 0.55985 0.41091
26 C26 0.56211 0.56421 0.33298
27 N27 0.55976 0.53707 0.42950
28 C28 0.58980 0.59376 0.42773
29 F29 0.58847 0.61753 0.31199
30 F30 0.59263 0.59778 0.72471
31 F31 0.61524 0.59481 0.32609
32 H32 0.45386 0.62239 0.53671
33 H33 0.40643 0.53100 0.22665
34 H34 0.43317 0.50487 0.18899
35 H35 0.49577 0.56366 0.81052
36 H36 0.47034 0.59127 0.82511
37 H37 0.52831 0.57523 0.40392
38 H38 0.56222 0.56328 0.09317
39 H39 0.57635 0.53346 0.44025
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10 Conclusions and Outlook

In this thesis, innovative ways of interface engineering for energy conversion and en-
ergy storage applications are presented. Especially the interface between two different
phases plays a crucial role in the context of efficient charge carrier transfer. A wide
variety of materials were investigated regarding their electrochemical performance and
stability under working conditions. The change of surface area by nanostructuring
and the modification of the surface by ultrathin corrosion-stable films led to a strong
increase in device life-time and overall-efficiency.

For the deposition of these thin and conformal films, atomic layer deposition was
utilized due to its unique properties, enabling the homogeneous coating of nanostruc-
tured high-aspect-ratio surfaces. The film thickness can be tuned depending on the
desired application by variation of the ALD cycles. For example in Chapter 3, a con-
ductive and corrosion-stable NTO layer with a thickness of around 60 nm was applied
on an inexpensive carbon soot template followed by ALD of a sub-nanometer thin IrO,
catalyst layer for the acidic oxygen evolution reaction. This concept allows the optimal
utilization of the rare noble metal due to the high dispersion on a corrosion-stable high
surface-area support material and shows a promising way for the reduction of catalyst
loading.

Potential IrO, catalyst substitutes made from carbon-based materials were reviewed
in Chapter 4, showing good values for the alkaline-based oxygen evolution reaction.
However, in acidic environments only poor stability could be observed for most mate-
rials, leaving IrO, as one of the most desired catalysts for proton exchange membrane
electrolysis.

In the context of photoelectrochemical water-splitting, stability and efficiency of pho-
toelectrodes are still serious issues. Based on detailed studies on the corrosion mech-
anisms of the electrodes, we could design a protection concept, again using ALD, de-
scribed in Chapters 5 and 6. The application of a corrosion-stable and dense, but
still charge carrier permeable film and the subsequent coating with a catalyst yielded
efficiencies near the theoretical maximum and increased the stability under working
conditions. However, for commercial applications of PEC water-splitting, there are still
some steps to go. Although extended, the stability is still significantly too low. At least
a factor of 1000 would be necessary for this approach to be really relevant for indus-
try. Additionally, the efficiency of hydrogen production is still too low; photovoltaic
cells coupled to an electrolyzer are significantly better and more attractive due to the
possible modular design.

A similar protection concept was also applied for a cathode battery material, de-
scribed in Chapter 8. The atomic layer deposited film keeps the active material together
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10 Conclusions and Outlook

during intercalation and extraction of lithium and thereby prevents cation leaching and
contact losses caused by pulverisation of the compound.

ALD has proven to be a perfect tool for the protection and functionalization of differ-
ent materials. It has been shown that both thickness and composition play an important
role and have to be optimized for every targeted material. So far, many different pre-
cursors for various target compounds are available for ALD. However, the low amount
of deposited material make the accurate analysis of the resulting films challenging.
Especially, for not completely irreversible gas-solid reactions or very slow reaction ki-
netics, impurities can’t be excluded and create a significant challenge for the synthesis
of totally new materials. Highly desirable insight into the growth characteristics and
mechanisms can be obtained by the implementation of already existing in-situ tech-
niques.

The last section of this thesis was dedicated to the emerging material class of covalent
organic frameworks. Here, we enlarged the family of imidazolate-containing covalent
organic frameworks for the use as lithium-ion electrolytes by elongation and functional
group doubling in the linking building blocks. The concept appears to be promising to
be able to change the optical and physical properties by exchanging functional build-
ing blocks. So far, COFs play virtually no role in commercial applications in practice.
The macrostructure in particular plays a major role in energy conversion applications,
where grain boundaries and domain sizes lead to additional resistances that can ob-
struct the charge carrier "highways" through the pore structure. Therefore it would be
attractive to obtain pure single crystallites with micrometer size to study the underlying
conduction mechanism inside the pores and build pure COF devices without any nec-
essary additives. The absence of rare or environmentally problematic elements makes
COFs an extremely interesting material class for sustainable energy conversion applica-
tions, but some key issues such as processability or suitable (opto)electronic properties
still need to be resolved in order to move these materials closer to applications.

In conclusion, this thesis evaluates the ability to functionalize the surface of already
existing, highly active energy conversion materials by ALD and to protect them against
parasitic corrosion reactions to achieve an increased device life-time. New design con-
cepts of parts or whole devices for the oxygen evolution reaction, PEC water-splitting
and electrochemical energy storage are presented. All in all, the presented work high-
lights the importance of better utilization of existing materials, the development of in-
novative preparation ways and the search for new materials for a better and sustainable
future.
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