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Summary

Global warming concerns have brought energy conversion into the spotlight. The
conversion of renewable energy into chemical energy carriers has required keen
inventiveness of the scientific community to find feasible solutions within today “s global
economy. The success of such solutions requires collective efforts of multiple stakeholders,
but from a purely technical perspective, this translates to the search for materials that can
readily split water using a renewable energy input. For example, by using the right
combination of light absorbing and catalytically active materials — or simply photocatalysts
— that can simultaneously harvest sunlight and catalyze water splitting (aka artificial
photosynthesis). An efficient water splitting photocatalyst aims to transform as much
power of the solar spectrum as possible into chemical energy stored in the form of
hydrogen and oxygen. The efficiency of this conversion is the result of multiple steps
ultimately related to the sequence of light absorption, charge separation and transport,
and electron transfer reactions. A photocatalyst is a semiconductor material with properties
(i.e., optical band gap and crystallinity) that facilitate that sequence. Photocatalyst
optimization is the process of tweaking the rate of those multiple steps (i.e., through
material properties) such that the losses along the sequence are minimized.

This work focuses on the optimization of the photocatalytic performance of TiOz, WOs3,
and covalent organic frameworks (COFs). Energy conversion efficiencies using these, and
state of the art photocatalysts remain far from the target set for commercial feasibility.
However, since the first water splitting experience on TiO2, various materials have been
also demonstrated promising photocatalytic properties for water splitting half reactions,
like WO3 and COFs. While both WOs and TiO; (band gap ~ 2.75 and 3.2 eV, respectively)
are n-type semiconductors with valence bands that provide enough thermodynamic driving
force for the oxygen evolution reaction (OER), WO3 allows additional harvesting of the
visible solar spectrum. COFs are crystalline organic semiconductors that can be synthesized
from earth abundant elements which have demonstrated the photocatalytic hydrogen
evolution reaction (HER). Differently to the existing myriad of inorganic HER
photocatalysts, the superior chemical tunability of COFs allows rational design and almost
unlimited options for the tailoring of their photocatalytic properties. Multiple strategies can

be found in the literature to optimize the photocatalytic performance of TiO,, WOs and
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COFs by the modification of the light harvester material properties. The workflow
presented herein differs from those, because it zooms to other aspects that are equally
crucial to explain photocatalyst performance but that are typically less explored by material
researchers. These are the increase of material photocatalytic performance upon
decoration with cocatalysts (HER or OER electrocatalyst), and the intricate interplay
between that performance and the nanoparticulate suspensions' multiphysics (optics,
transport phenomena, and colloidal suspension stabilization). The latter rationalizes the
photoreactor design presented along this work, which simplifies persisting instrumental
problems and uncertainties of the artificial photosynthesis field related to reaction
modeling, and the accuracy, reproducibility, and sensitivity of the quantification of
photocatalyst performance.

Commercial TiO2 (P25) is a standardized photocatalyst with the potential to benchmark
photocatalytic OER rates among different laboratories, but it requires the addition of an
OER catalyst to overcome water oxidation kinetic limitations. In this work a RuOx cocatalyst
is developed in-situ on P25 for such purpose. With the instrumentals developed for
sensitive Oy detection, the P25@RuO; benchmark is optimized in terms of activity and
reproducibility (at simulated sunlight, AM1.5G) and its resulting external (0.2%) and
internal photonic efficiency (16%) is presented. Along with the establishment of this OER
benchmark, this work also drafts good practices for reporting OER rates (i.e., adventitious
O2 control), and innovative photoreactor engineering and optical modelling for the
disentangling of the multiple factors determining photocatalysis physics. Using the same
instrumentals for OER detection and a more elaborated cocatalyst tuning approach, a novel
2D RuOyx electrocatalyst (ruthenium oxide nanosheet, RONS) is added to WO3
nanoparticles to enhance photocatalytic OER rates. First, the tuning of a top-down method
to produce size-controlled unilamellar RONS is developed. Then, the composites resulting
from RONS impregnation on WO3 are compared to conventionally impregnated RuO:
nanoparticles (RONP) on WOs, the former displaying a 5-fold increase in photonic
efficiency. These results are explained from the electrocatalytic properties at the RONS
edges, and the optical properties of the resulting 2D/0D morphology of the RONS/WO3

that decreases the optical losses due to parasitic cocatalyst light absorption.
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COFs have enormous potential as photocatalysts by design. In this work the photocatalytic
performance of a TpDTz COF is analyzed in terms of its interaction with a molecular HER
cocatalyst (Ni-ME) and reaction modeling. The TpDTz COF/Ni-ME system, which is one of
the few existing COF-molecular cocatalyst known to date that can produce hydrogen,
shows relatively high HER photocatalytic activity (~1 mmol ht g1, AM1.5G) compared to
other organic visible light responsive semiconductor benchmarks (i.e., like g-C3N4) and it
operates in aqueous suspension (containing triethanolamine as electron donor). The
TpDTz COF/Ni-ME surprisingly overperforms Pt modified TpDTz COF. Nonetheless, the
COFs' charge transport properties are not well understood and most likely short-ranged.
This blurs the experimental access to COFs' photocatalytic performance bottlenecks,
including the prominent case of the TpDTz COF/Ni-ME system. Regardless of such
difficulties, this work deepens the HER reaction understanding of the TpDTz COF/Ni-ME
by analyzing dynamic HER reaction trends detected using the aforesaid photoreactor
designs and instrumentals. From the modeled HER cycle kinetics and rapid dark step, the
HER rate limiting step of the TpDTz COF/Ni-ME is placed at the electron transfer to the
resting Ni-ME state. These HER mechanisms on COFs are experimentally challenging to
access and are herein partially accessed in-situ from a reaction engineering and modelling
perspective.

On the whole, this work is the culmination of a multidisciplinary effort to find new
opportunities to understand and optimize materials used for energy conversion processes,
ranging from fundamental material research, solid-state and optics physics, applied

catalysis, to reactor engineering.
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Introduction to Energy Conversion Photocatalysis

1. Introduction to Energy Conversion Photocatalysis

1.1 Sustainable Energy and Chemical Energy Conversion

Any functioning society needs energy. Energy is associated to quality of life and socio-
economic development. In the year 2017, a global population of around 7.6 billion people
consumed a total of 163,750 TW-hours/year, which is expected to increase 24% by the
year 2040, due to ongoing global population growth, current standards of energy demand
in developed nations, and socio-economic progress of underdeveloped nations.l2
Currently, such energy demands are met mostly by the burning of fossil fuels.34 Energy
production from fossil fuels is a CO2 emission intensive activity — for example, on average
62 g of CO. per ton of cargo per km of route are released by a standard freight diesel
truck, and 0.38 kg CO,/kWh is released in modern gas fueled power plants.>® Trends of
energy production portfolios worldwide show that fossil fuel consumption are to keep
increasing inexorably if different stakeholders (i.e., policy makers) do not agree on
environmental restrictions on the release of CO, emissions to the atmosphere. The relation
between anthropogenic CO, emissions and climate change is irrefutable. It has been
warned that runaway of CO, emissions can produce immediate disruptions in the global
climate. Changes of climate on a global scale will be irreversible after a net increase of 2
°C compared to preindustrial records, affecting life sustainability on earth in the long
term.347 An outlook of sustainability from a thermodynamic perspective can be applied to
modern societies in this regard. Considering our global society as an open system bound
to basic thermodynamics principles, sustainability refers to the balance of inputs (energy
and mass) equaling growth rates and appropriate disposal of wastes.? Therefore,
sustainable development of our society is almost inevitably linked to the way we produce
energy. Shall we not move from rapid depletion of fossil fuels and the accumulation of its
most distinctive greenhouse gas waste, CO», functioning of future generations will suffer
of pressuring survival conditions and conflicts created by this imbalance.2*”

As depicted in Figure 1-1, renewable resources appear not only as less CO; intensive
alternatives for energy production, but also as the most abundant, democratic, and
constant energy input necessary to keep our life standards and leveraging of less
developed nations. It must be kept in mind while analyzing Figure 1-1, that currently most

of the CO, emissions from renewable resources result from infrastructure building, which
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is assessed as part of the life cycle of the technology (i.e., for solar energy, ~ 100 gCO>
kWhe1); shall our energy portfolio contain less fossil fuel generated electricity, for example
for photovoltaic (PV) panels manufacturing, renewables resources would emit at least two
order of magnitude less CO, (< 10 gCO; kWhe1) than the finite resources (with the

exception of nuclear energy).8

el Hydro/,_) Geothermal
24 0.3-2

Figure 1-1. Comparison of finite (cubes, number in TW-year of reserve) and renewable (spheres, number in TW
of total potential) global- exploitable energy resources. Global yearly consumption by 2020 is around 18 TW.
Volume of 3D shapes is proportional to the magnitude of the resource. Surface color represents gCO, emission
per kWh generated of electricity (color bar on the left)."568

This necessary transition to renewable energy generation is occurring but at slow pace.*”
The first challenge and why going renewable is not likely to happen overnight, it is due to
its multidimensional nature (science, engineering, politics, social, economics) that involves
profound changes in country politics and infrastructure.2* A second challenge is that most
renewable resources are intermittent and cannot be used on demand like fossil fuels (i.e.,
solar and wind).>19 Since electricity cannot be stored without means of conversion
mediated by energy carriers or other forms, like capacitors or batteries, renewable
electricity generation without conversion is economically and logistically impaired. A third

major challenge to cut off CO, emissions is not directly related to electricity generation
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and storage, but what is due to technical reasons — areas so called “hard to decarbonize”.
For example, air transport and cargo trucks technology nowadays cannot shift from
running on diesel and kerojet, to conventional batteries due to the relatively low energy
densities scale up with mass of the latter.3->10 In this context, to move toward a more
sustainable society, technologies for converting renewable energy to high energy density
and viable distribution chemical energy carriers like H, tackle the challenges of energy
storage and distribution to non-stationary consumers, simultaneously. Chemical energy
conversion is then predicted as one of the pivotal technological changes driving the
transition to a CO; emission free energy grid, as shown in Figure 1-2. Among other energy
carriers, green H> production has an additional benefit in decreasing CO, emissions
because it is also a feedstock for multiple other chemical industries, like NH3 production
— nowadays, H> as a feedstock production comes mostly from steam reforming which is
another main contributor for CO; total emissions.1%11 Green H, may also have a role in
reverting climate change because of its applications in CO, recycling, for example
hydrogenation to CH3OH or Fischer-Tropsch fuels. It is therefore rational that in literature
this model of society having green H. as the central drive, so called “hydrogen society” or

“hydrogen economy”, is referred to as a synonym of sustainable energy systems.*12
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C Demand for aviation,

B Demand for long-distance transport,
tructural
Essential lirnrlilzl.ltne:ri:eﬁlsr " and shipping NH 3
. D Ammonia
energy services plant N

A Demand for
highly reliable
electricity

H Direct
solar fuels
wH-0

CO,

F synthetic
gasfliquids 4
L]

| Biomass
gasfliquids

)

air capture

CO;

M Natural gas/
biomass/
syngas

w/ caplure

R Compressed
air energy
Q Other centralized storage storage

(e.g., thermal, balteries)

0 solar
P Hydrogen/
synthetic gas

Figure 1-2. Schematic of an integrated system that can provide essential energy services without adding any CO.
to the atmosphere (A to S). Colours indicate the dominant role of specific technologies and processes. Green,
electricity generation and transmission; blue, hydrogen production and transport; purple, hydrocarbon
production and transport; orange, ammonia production and transport; red, carbon management; and black, end

uses of energy and materials. Reproduced from Davis et al (2018).%
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1.2 Green Hydrogen Market

Without means of storage, renewable energy still has made its way through the market
mostly due to the steep decrease in the levelized cost of energy (LCOE) for wind and solar
energy in the last decades. 2210 There has been evident progress in smart electrical grids
and others similar technologies to take advantage of this cheap and clean resource on
demand as much as possible.2°:10 However, there is still a surplus of renewable electricity
at peaks of generation that evidences again the techno-economic importance of energy
conversion. This peak of renewable generation has triggered among other trends the spurt
of battery applications (i.e., light weight transportation), and the drop of the estimated
cost of H, from electricity to relatively competitive prices of < 4.0 USD/Kg; H, as a
commodity has a current production cost from fossil fuels via steam reforming of around
0.8 - 1.5 USD/Kg.131% In addition to electricity prices, efficiency of conversion together
with investment costs is also a key factor in determining techno-economic feasibility of
green H> production. Nowadays, given its simplicity, robust operation, and STH efficiencies
around 10 - 30%, water electrolysis is the most prevalent technology driving the transition
to green H,.121>-18 H, production price from electrolysis depends on the price of local
electricity and the investment for infrastructure. By 2020, in some regions with abundant
solar energy from PV, electrolysis can produce H: at prices as low as 1-2 USD/Kg.1314 The
electrocatalytically produced H» price by 2040 - 2050 will eventually decrease below the
projected price of fossil H. production (optimally produced, 0.8 USD/KQg).* Following such
takeover of the H, market as a commodity, whose predicted trends are presented in Figure
1-3a, green H> production is also expected to compete as an efficient energy carrier,
meaning that the cost of energy stored in production/consumption cycles of H> in
USD/kWh will eventually compete with the ones of fossil fuels and batteries, for example,
in the field of heavy-duty transportation.®-11

Water electrolysis is an electrochemical process in which water is converted to H> and O>
via two parallel redox reactions mediated by heterogeneous catalysts and externally
applied voltage (Figure 1-3b). Most efficient catalysts for the hydrogen evolution reaction
(HER) are Pt- and Ni-based materials, while Ru- and Ir-based compounds (in acidic media
and using proton exchange membranes, PEM) are typically used as catalysts for the

oxygen evolution reaction (OER).1°-22 Projected prices of H, from electrolysis are to keep
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their decreasing trend with the condition that key persisting limitations of current
technology are solved. These limitations are associated mainly to the compromise of
efficiency, corrosion, and price of OER catalysts.1215171920 For the moment, OER
performance of alternative and cheaper materials based on earth abundant element, like
Mn and Co, is still under-developed for industrial scale applications (i.e., oxides or layered
double hydroxides).20 Other limitations of electrolysis are its requirement for HER/OER
reactions balance (alkaline or proton exchange membrane, PEM), and scale-up

complications.12:1>/16,18

a) b)
T T Potensiostat
_ Renewable Membrane
L 5 B Low Carbon - or porous
o2 | Fossil Fuel
(] K
N 4} i
- Y
S A
© kS
[8) .
= 3} E 4
o 5 Anode Cathode
S ‘\‘ (OER catalyst) (HER catalyst)
o .
E 2 B N = (Alkaline Electrolysis) O H u‘
E\ i H (PEM Etectrolysis)
1 Reaction at | Alkaline Electrolysis PEM Electrolysis
---------------------------------------- Anode 20H'9H20+V102+2e' H20—)2H*+V102+2E'
Cathode H,0+2e > H,+20H 2H +2e > H,
1 L
2020 2030 2040 2050 Overall Cell H,0 2> H,+% 0,

Figure 1-3. (a) Hydrogen production costs by production pathway. Band represents estimated cost at average
location (solid line) and optimal location (dashed) lines. Green hydrogen refers to PV based hydrogen generation
(green). Fossil Fuel refers to conventional natural gas reformation (grey). Low carbon refers to conventional
production aided with CO- capture (light blue). Key price assumptions are: 2.6 - 6.8 USD Mmbtu for natural gas,
and in USD/kWh: 25 - 73 (year 2020), 13 - 37 (year 2030), and 7 - 25 (year 2040) for LCOE od PV electricity. Adapted
from Hydrogen Council, McKinsey & Company (2021)." (b) Schematic illustration of alkaline water electrolysis and
PEM water electrolysis. Adapted from Kumar and Himabindu (2019)."

1.3 Artificial photosynthesis
1.3.1 Background

Aside from conventional electrolysis, H> and other chemicals may be produced directly
from sunlight, which is widely known as artificial photosynthesis. The definition of artificial
photosynthesis is any reaction whose overall Gibbs energy change is positive and driven

by sunlight (A&>0), and whose spontaneous backward processes are — at least partially—
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kinetically suppressed.?3 In photosynthetic systems, the maximum chemical energy stored
in @ molecule of product that can generate useful work if reacted reversibly backwards is
given by AG (A& refers to the AG at standard conditions). The efficiency of the
conversion process, or so called solar to chemical efficiency (STC), considering the solar

input, is then given by:2425

7. X AG, Equation 1-1

re : production rate of the chemical of interest (mol h!)
AG: : Gibbs energy of the reaction (J mol?)

Psun, A : the energy flux of the sunlight (100 mW cm), and the area of illumination

Artificial photosynthesis differs from natural photosynthesis mainly on the tailoring of a
range of products different than biomass. Artificial photosynthesis is mediated by Auman-
made or human-modified materials, typically heterogeneous photocatalysts.?326 The most
meritorious photosynthetic system in terms of energy stored per molecule of product, and
the aforesaid market and environmental value of the product, is photocatalytic H>
generation from water, or photocatalytic overall water splitting (POWS).12:16:27-23 Qther
less conventional forms of artificial photosynthesis include photocatalytic NH3
dehydrogenation and CO; reduction to CH3OH.30:31

H20 > Hz + 2 02 (AG®r = 237 kI mol™?)
NHz(aq) = 3/2 Ha(g) + 2 Na(g) (AG®: = 27 kJ mol=1)
CO;2 + 2 H20 © CH30H(@aq) + 3/2 02 (AG®: = 703 kJ mol=1)

The underlying principle of POWS is the generation of electron-hole (e-h*) pairs (or
excitons) when light is absorbed on the light-harvester material, i.e., on a semiconductor.
In the absence of intermediate levels (i.e., surface traps), the photogenerated electron-

hole pair potential is given by the conduction (£i) and valence band (ZiB) level,
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respectively. The energy of the absorbed photon (4v) must be equal or greater than the

material bandgap (£; = Ecs - EvB).

Light absorption: hv + photocatalyst > photocatalyst + e” + h* (Av > £)

In a single step POWS, two redox reactions occur simultaneously on the photocatalyst
surface triggered by the photogenerated electron-hole pair (electrochemical) potential.
These reactions are usually referred to as hydrogen evolution and oxygen evolution

reactions (HER and OER, respectively).

HER: 4H*+4e > 2H>(0-0.059 x pH, V versus NHE)
OER: 2H0+4h* 502+ 4H*(1.23 — 0.059 x pH, V versus NHE)

In the absence of kinetic limitations, thermodynamics of this simplified POWS process
requires 4 photons with energy at least higher than 1.23 eV (~ 1,000 nm) per molecule of
water split, which represents an ideal maximum of STH efficiency from the solar spectrum
of 47%.18 However, in a laboratory scale, state of the art optimized POWS systems for Ha
production have only achieved ~ 0.4 % STH efficiencies with one-step systems.16:18:24,32
The limitations of real POWS systems are associated to recombination of photogenerated
charges, and spontaneous backwards reactions (i.e., H>O formation).1618 On the one hand,
and despite the progress achieved compared to the initiatory POWS systems, economic
feasibility of POWS requires STH efficiencies higher than 5%. 16:18 On the other hand, given
the low cost of infrastructure and scale-up advantages of POWS compared to electrolysis,
significant efforts worldwide are still devoted to find more efficient materials. Recently,
these scale-up concepts have been tested on an industrial scale POWS facility (> 100 m?
of photocatalyst panels), which has proven H, production at 0.3% STH efficiencies under
realistic conditions (i.e., considering product separation and atmospheric conditions).33:34
As this performance remains roughly one order of magnitude lower than the aforesaid
POWS target for economic feasibility, compared to electrolysis, artificial photosynthesis is

only an emerging technology for green H, production. Nowadays, artificial photosynthesis
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research focuses on addressing fundamental material challenges on a laboratory scale to

find more efficient particulate systems.16:18

1.3.2 Semiconductor based POWS principles

As previously described, the principle of POWS is the photogeneration of electron-hole
pairs. Upon illumination with photons of energies above the band gap of the light absorber
material, for example a direct band gap semiconductor, a shift of the population of
electrons () and holes (p) at thermal equilibrium takes place. Electron-hole populations
at thermal equilibrium (im0, po) are described by the Fermi level of the semiconductor (£),
band alignment (£vs and £cg), and Fermi statistics.17:3>36 Most semiconductors are extrinsic
due to doping or crystal defects, meaning that the intrinsic concentration of electrons and
holes is unbalanced. Typically, in extrinsic semiconductors at room temperature the
increase of minority carriers (An, or Ap) under illumination largely exceeds the minority
carrier population under thermal equilibrium. For example, in an n-type semiconductor, Ap
>> p, An << mo and An ~ Ap. In practice, this can be interpreted as regions of the
illuminated n-type semiconductor having an excess population of minority carrier (Ap) at
the Eys level. Likewise, An are at the Ecs level since hot electrons relaxation is typically
considered ultra-fast. Therefore steady illumination generates a perturbed equilibrium that
is usually redefined by quasi-Fermi levels under illumination (£ and £ for electrons and
holes, respectively).173>-37 Quasi-Fermi levels are a simplification of the distribution of An
and Ap, which are local densities resulting from electron-holes generated in proximity
(exciton) at local photogeneration rates following light absorption. The quasi-Fermi level
representation is a way to describe the net driving force for locally generated electron-
hole pairs to separate and migrate in space.3”3° The elementary driving force is the
difference between the electrochemical potentials of £cs and Evs relative to the reduction
and oxidation electrochemical reactions at the semiconductor surface, respectively. Then,
a fraction of generated excitons separates, meaning that the driving force for charge
migration is enough to overcome the exciton binding energy, which is the minimum energy
to ionize the exciton from its lower energy state. This binding energy is determined by
coulombic interactions, which depend on the electronic properties of the material

structure, like dielectric constant and carrier’s effective mass.364° For strongly bound
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excitons, the probability of radiative recombination is high.4=%3 After separation, surviving
free An and Ap can migrate independently according to charge carrier dynamic principles
(diffusion-drift) to the surface of the photocatalyst. Free charge carrier recombination (for
example, radiative or via crystal defects) is still typically the fastest pathway, which is
characterized by short minority carrier lifetimes.36:4143-45 From the minority charge carrier
lifetime and its transport properties a dimensional length scale arises, known as the
minority carrier diffusion length (Zp). Zp yields a rough estimation of how far from its
generation a free minority charge carrier can travel before recombining with the majority
charge carrier in the bulk of the semiconductor.3® In POWS, free electron and holes
reaching the surface can also recombine, for example via the semiconductor surface trap
states, or engage simultaneously in OER and HER reactions.36:37

Charge separation is also affected by the (ideal) equilibration of charge carrier’s chemical
potential at the interface of the semiconductor with surrounding photocatalytic media
(electrolyte) — the first described by £ under dark conditions, and the latter by redox
pairs' reaction potentials (i.e., 02/H20) present in the elctrolyte.1737:3946 Under steady
illumination and in the absence of kinetic barriers for electron transfer, the chemical
potential of the charge carriers in the semiconductor is defined by £ and £tp. This process
is known as Fermi levels equilibration. The Fermi level equilibration condition at the
photocatalyst interface with photocatalytic media, or with the energy level of decorated
metals, triggers an additional effect crucial in describing charge dynamic trends and
exciton separation, known as band bending. Band bending refers to the shift of the Ecs
and Eys isolated energy levels after the previously described electron chemical potential
equilibration at interfaces and influences the charge carrier net electrical fields along the
photocatalyst. Nonetheless, the extent of band bending induced by the
semiconductor-electrolyte contact is small in nanoparticulate (diameter < 100 nm)
photocatalysts in the absence of semiconductor-metal contacts (< 10 mV).%47 If a
photocatalyst is composed of semiconductor-metal contacts on its surface, depending on
the dimensions and the chemical and electrical properties of the metal, when immersed in
an electrolyte, the resulting band bending magnitude along the photocatalyst may switch
locally from the one previously described for a semiconductor-electrolyte contact, to band

bending dominated by homogeneous semiconductor-metal junction.3646:48-30 The latter
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may trigger drastic changes in the band bending magnitude in the photocatalyst (i.e., up
to 1 Vif a Schottky junction is expected), significantly affecting the driving force for exciton
separation and migration of free charge carriers.36:46,48,50

Fermi level equilibration, light absorption, and other intrinsic properties of the
semiconductor mentioned previously, like exciton binding energy, transport properties and
minority carrier lifetime (or diffusion length) result in a net movement of charges towards
the surface of the photocatalyst. This whole process from light absorption to steady surface
reaction at HER and OER active sites can be seen as balanced flow of free charges along
the light-harvester, which is accompanied by the evolution of gaseous H> and O products.
A depiction of simplified POWS and the breakdown of its elemental steps are presented in

Figure 1-4 and Figure 1-5.

Natural 1-step photo-excitation POWS (n-type
Photosynthesis semiconductor)
(\\ HZO S H2 Overpotential
‘ ( @ l HER
A . - D6 & B
N T —i—=-Epam
C0; O, # H,0

e —t--—=-- Eoamz0
7 Epn “

Yz 02 Overpotential
Photocatalyst OER

CBiomass

2-step photo-excitation POWS

"""""""""""""" EIEdel

Artificial
Photosynthesis

Figure 1-4. Schematic view of natural and artificial photosynthesis. Photocatalytic overall water splitting (POWS)
systems are represented as 1-step and 2-step photoexcitation (aqueous red/ox mediator, z-scheme). Dashed lines
represent quasi-Fermi levels under illumination for an n-type semiconductor (band bending not represented). Z-
scheme OER and HER reaction ignores n- or p-type extrinsic behaviour (no overpotential assumed for red/ox
reactions). Acronyms: Eve and Ecs, valence and conduction band levels; Eg, semiconductor bandgap; HEP,
hydrogen evolution photocatalyst; OEP, oxygen evolution photocatalyst; HEC, hydrogen evolution catalyst; OEC,
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oxygen evolution catalyst; ox, oxidant; red, reductant; E+n and Ep,n, semiconductor quasi-Fermi levels of electron
and holes; Ensn, Eorgmzo and Eredjox, HER, OER and redox shuttle reaction energy levels.””
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Figure 1-5. Schematic image of the mechanistic aspects of the photocatalytic water splitting process. The gear

with the number indicates the order of the photocatalytic process to be successful for overall water splitting.
Reproduced from Takanabe et al (2017).3

Additionally, depletion of photogenerated charges at the photocatalyst surface follows
electrocatalysis principles, for example Butler-Volmer.>! Consequently, like overpotential
in electrocatalysis accounting for kinetic barriers in electron transfer, photocatalytic HER
and OER rates require an excess of reduction/oxidation potential of surface electron/holes
relative to the redox potential of HER/OER reactions.>2->* Different to the ideal case where
Fin and Eip equilibrate with HER and OER potential, this required excess of potential
establishes a dynamic offset between such levels at the photocatalyst surface. In POWS,

this overpotential requirement leads to accumulation of carriers at the interface to extract
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them as steady HER and OER currents (redox rates), which produces a potential
irreversible loss and a build-up of potential close to the photocatalyst surface.34° The
latter also increases surface charge recombination and reduces charge transport and
separation from the bulk of the photocatalyst. Therefore, the overpotential requirement
can be interpreted as a kinetic limit or boundary condition for the resulting HER and OER
currents at the photocatalyst surface, which controls the overall POWS efficiency.
Furthermore, the HER and OER electrocatalytic rates triggered by the aforesaid photo-
physics and electrochemical principles are also coupled to mass transfer of adsorbates in
solution to the photocatalyst surface (ions involved, like H*). Ion’s transport phenomena,
depending on reaction rates and transport properties (including drift and semiconductor

internal fields) may generate reaction or mass transfer dominated regimes.36:40:50,55

1.3.3 POWS efficiency and optimization

As it has been now described, POWS is a multiphysics problem involving multiple
timescales. Light absorption takes place in a rapid time scale between fs and ps, while
charge carrier dynamics (separation, diffusion, and transport) occurs within a broad time
scale frame between 10~ and 103 s.36°0 Surface reaction and mass transport phenomena
is referred to typically as the slowest processes because they occur between 10-3 and 10°
s time scale.3® These steps in different time scales influence one another, resulting in an
overall efficiency that is controlled by one or multiple bottlenecks as the gears depiction
of Figure 1-5 suggests.36:40.5055 A photocatalyst efficiency can be conveniently divided as
follows. nabs: light absorption at the semiconductor generating electron-hole pairs
(exciton), nsep: exciton separation and migration to the semiconductor surface, which is
limited by bulk charge recombination, and 7 redox reactions for proton reduction or
water oxidation, which includes interfacial potential losses (overpotential) and surface
charge recombination.>>>* Using the irradiated photon rate into a suspension as the solar

input (as photon flux k), resulting POWS rates (based on HER rates, r2) can be seen as:

I i -
TH2 = 0/2 X Nabs X Nsep X Ncat Equation 1-2
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It is clear from Equation 1-1 and Equation 1-2 that the overall STH in a photocatalyst is a
convolution of 7cat, 7sep @nd rabs. Semiconductor engineering as the light absorber POWS
material is necessary to achieve high sy and nas. However, in most semiconductors,
typical engineering of band alignment allowing visible light absorption and proper bands
potential for redox reactions, among other light absorber beneficial features, contribute to
but do not necessarily ensure efficient POWS.16:18 At most bare semiconductor active sites,
the activation energies for HER and OER reactions is relatively high (high overpotentials),
making charge transfer sluggish and kinetically hindered by surface recombination (low
neat).>2>* Few materials can harvest light and provide suitable redox active sites.
Consequently, to achieve higher STH efficiencies, hydrogen evolution and oxygen
evolution cocatalyst (HEC and OEC) addition is most of the times imperative to enable
redox reactions at the photocatalyst surface through mechanisms involving lower kinetic
barriers for electron transfer.>>->% Although some cocatalysts may also have direct effects
improving 7sep due to beneficial modifications of the electric field along the photocatalyst
(i.e., via Schottky contact band bending), the most desired attribute of a cocatalyst is their
relatively low electrochemical overpotential for HER or OER reactions, which enhances
7cat. /2738 The latter may also trigger a drastic indirect improvement of 7.p due to the
lower accumulation of charges necessary at the photocatalyst surface for efficient charge
transfer. Therefore, besides light harvester optimization, addition of an appropriate
cocatalyst is one of the most successful strategies to obtain efficient POWS composite
materials.>>~>*

Another approach to increase STH efficiencies in POWS s inspired by natural
photosynthesis, where light absorption occurs in two steps (PS-I and PS-II). POWS can
also be tailored in two steps, which is typically performed via a z-scheme.16:1827.59 In a
redox shuttle mediated z-scheme, as depicted in Figure 1-4, light simultaneously excites
the OER photocatalyst (OEP) and HER photocatalyst (HEP), whose charge balance is
mediated by the reversible oxidation/reduction of a shuttle acting as electron
acceptor/donor. Besides reversibility and stability, a suitable redox shuttle must have an

electrochemical redox potential in-between HER and OER, for example KIO3/I".>%-52

3105 +3H0+6€e > TI +60H (+0.67V versus NHE, at pH =7)
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The use of a redox shuttle introduces more backward reaction possibilities, additional
multi-electrons processes, and doubles the theoretical number of photons required per
molecule of Hx produced. This approach requires fine control of the undesired processes
to successfully achieve POWS, like a shuttle short-circuit.18 Still, it opens the possibility to
independently tune the OEP and HEP systems for visible response with less constrain on

band alignment, and thus on the semiconductor choice.

1.3.4 Inorganic Light harvesters

Since the pioneering work of Honda and Fujishima using TiO> in 1972, scientists have been
looking for more efficient inorganic semiconductors, both from a narrower band gap (/abs)
and lower recombination rates (7xep) perspective.l863 TiO, by then was the first ever
reported OWS materials. In that work, photocurrents were measured with an external bias
voltage using TiO> photoanodes. Later TiO, and other Ti based materials were screened
for POWS with modest STH limited to the UV region. It was then demonstrated that oxides
of other transition metals (like Ta>* and W®+) and conventional metal cations (like Ga3*
and Sn**) were also active in the UV region.!® These d0 and d10type materials owe their
activity to electronic structures of conduction and valence band, which come mostly from
d (CB of the transition metal) and sp (VB of the anion) hybridized orbitals.'86* This
alignment sets a minimum bandgap of around 3 eV if both HER and OER are to occur on
the same material, with only moderate reduction potential of the £ ~ 0.1 - 0.2 eV relative
to the H*/H energy level. In time, tuning of such compounds (among other aspects later
described in this chapter) into more innovative highly crystalline structures like metal
doped perovskites (SrTiO3:Al) have demonstrated high intrinsic efficiencies above 30% in
the UV region, and more recently close to 100% (apparent quantum yield, AQY).18:6566
However, as high as intrinsic efficiency can be, meaning the ratio of produced hydrogen
molecules to half the photons of a certain wavelength absorbed by the light harvester,
STH is still limited by the absorption spectra (low 7abs). For example, for a theoretical 100%
AQY in a one-step semiconductor material but with a band gap below 400 nm, the light
absorption spectra represent only a small fraction of the total solar power input (5%), thus

the system overall STH outcome of only 2%.!8 In parallel, numerous efforts have been
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made to engineer the semiconductor band gap to harvest a wider light spectrum. The
most established approach to obtain POWS activity at lower band gaps (<3 eV) is tuning
the O hybrid levels to shift the Ass bands up in potential. This branched to a new type of
crystals that are oxygen deficient and/or that contain A, orbitals, like TaON and other
oxynitrides,18:60,67,68

Another material breakthrough in artificial photosynthesis occurred with the experimental
demonstration of redox shuttles in POWS. This was first demonstrated by the work of Abe
et al (2001) on specific Anatase/Rutile phases of TiO2, which yielded only modest STH
efficiencies.>?61.6% Z-scheme materials have diversified in time following similar principle as
one-step materials but allowing independent optimization of HEP and OEP regarding band
levels and other favorable crystal aspects. Z-scheme materials now include as OEP: TiO;
(rutile), WO3 and BiVO4; and as HEP: TiO; (anatase), TaON, and SrTiQ3.5%:60,62,68,70,71 Thjg
approach has been the most successful so far and has achieved STH efficiencies in the
range of 1%.

It must be stressed that high STH efficiencies depend on multiple other aspects different
from the visible light response and band alignment of the semiconductor chosen. To
control backward processes, like charge recombination, and improve beneficial transport
properties, like small exciton binding energies and high carrier mobility, special attention
must be paid also to material crystallinity, crystal phases, morphology, size, electron
mediator, and cocatalyst decoration.6:18:32 As previously described, cocatalyst decoration
is a critical aspect to facilitate photocurrents of H> and O, at lower overpotential at the
photocatalyst surface, and charge separation. Material research of the cocatalysts

constituent is discussed separately in Section 1.3.6.

1.3.5 Organic Light harvesters

In parallel to inorganic semiconductor materials, crystalline, semi-crystalline and
amorphous organic polymers have also been investigated in the field of artificial
photosynthesis.”?>74 Qrganic polymers appear attractive in comparison to inorganic
semiconductors given their higher degree of molecular tunability. In organic polymers, the
levels of highest occupied and lowest unoccupied molecular orbitals (HOMO/LUMO) have

in practice similar implications as £cs and Evs in semiconductors generating a potential to
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drive redox reactions, like HER and OER.727>76 Yet, the specific principles by which
excitons in organic polymer light harvesters separate and migrate to the surface differ
significantly from the inorganic semiconductor counterpart. In comparison to typical
inorganic semiconductors used for POWS, organic semiconductors suffer from large
exciton binding energies, and low carrier mobility due to, among other factors, the
influence of intermediate trap (“deep traps”) energy levels between HOMO/LUMO.”>/77:78

Carbon nitride-based materials are one of the first that emerged as an alternative organic
light harvester due to favorable electronic properties, crystallinity, suitable band gap,
stability, non-toxicity, and abundance.”?7280 Since the work of Wang, Antonietti, et al
(2009) that showed photocatalytic HER on graphitic carbon nitrides (g-CsN4) for the first
time, other variations of conjugated polymers have shown favorable properties for single
or hybrid light-harvesters composites. Among others CNxH, optimizations, control of
surface area, conduction band level via doping, and enhanced charge separation are
crucial for their use in POWS. 7273,73.81-83 Degpite of some encouraging results and the
higher level of tunability of CNyH, based materials when compared to inorganic
semiconductors, benchmark STH efficiencies and stability of the latter are still significantly
higher.”273:84 One explanation for this difference is the ability of inorganic semiconductor
to remain stable at highly oxidative valence band levels, meaning A deeper than 2.5V
VS NHE_18,74,85

In addition to CNxHy, 2D covalent organic frameworks (COFs) have been screened in
photocatalysis studies with organic light harvesters. 2D COFs are highly crystalline and
porous 2D polymers with covalently linked building blocks in-plane and interlayer
n-stacking out-of-plane.”8687 Given their controlled and versatile bottom-up synthesis,
unlimited building block combinations and rapidly developing new linkages, the tunability
of COFs optical and photocatalytic properties is particularly high. Furthermore, their
backbone structure allows a precise control of their micro- mesopore diameter, and a
diverse addition of cocatalyst (externally physiosorbed, chemisorbed, or covalently
linked).”6:7886:87 Compared to other polymeric semiconductors like graphene or CNxHy
based materials, COFs' chemical and crystal tunability is significantly higher and more
versatile. However, despite such versatility, COFs are for the moment not considered

photosynthetic materials yet, because most of their screening in half-reaction are
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performed with sacrificial agents. For example, photocatalytic HER using TEOA as
sacrificial agent.88®° Tt is later explained in Section 1.3.8 that in most cases, the use of
sacrificial agents provides insightful information for HER and OER half-reactions screening
on a photocatalysts, but the energy contained in the products is less than the solar input
(AG < 0).232° Although COFs have been consistently showing high HER half-reaction rates
in presence of sacrificial agents, COF systems discussed along this thesis (like in Chapter 4)
will be presented as potential photosynthetic systems only. On the other hand, the use of
COFs as a tunable polymeric semiconductor is a proof of concept that a bottom-up
approach is feasible to understand artificial photosynthesis more rationally. For example,
correlating quantitatively changes in the COF structure to improvements of specific
photocatalytic properties, like exciton lifetime, migration, and trapping.”>76:78:86 Differently,
changes in the structure of a conventional inorganic semiconductor likely modifies multiple
photocatalytic properties at the same time. Given that POWS involves multiple entangled
steps, COFs as light harvesters offer an earth-abundant based alternative that can be
rationally bottom-up approached to eventually achieve higher STH efficiencies.

Homogeneous light-harvesters, namely organic dyes, have a different light excitation
mechanism based on photochemical principles. Some dyes have applications in
photocatalysis for energy conversion, like [Ru(bpy)s]?+.70%021 Contrarily to the
heterogenous organic polymers described so far, dyes application in POWS are limited to
sensitization.!8°192 References to pure dyes used as light harvester in this work are

likewise purely conceptual to half-reaction and cocatalyst screening.

1.3.6 Heterogeneous cocatalyst

It has been established that a suitable cocatalyst addition can drastically increase 7 and
nsep in POWS. Cocatalyst addition with a suitable band alignment with a particular light
harvester can also create a Schottky contact eventually favorable for 7sep. The most desired
attribute of cocatalysts in POWS is their low electrochemical overpotential requirement to
generate high HER or OER currents or, put simply, low electrocatalytic overpotential —
other roles of cocatalysts can be found in literature.?>* In electrocatalysis, overpotential
is the potential difference between a half-reaction's thermodynamically determined

potential, and the potential at which the redox event is experimentally observed at a
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certain (low) current density (i.e., 10 mA cm2).2152>% This difference depends among
other factors on the electrocatalyst activity and the excess potential needed for electron-
transfer processes, as typically described in Butler-Volmer equations and accessed
experimentally by a Tafel Analysis (through the observed exchange current, j, and Tafel
slope).21:2236:40 At a more fundamental level, this difference comes from energetic barriers
occurring at different steps of a particular reaction mechanisms on the electrocatalyst
surface, for example of the Volmer step for HER. A Volmer mechanism assumes the M-H
bond formation (Volmer step) as the rate limiting step (RLS) for HER, which is likely the
case for Tafel slopes larger than 118 mV s1.225%93 When an electrocatalytic process is
drastically dominated by one reaction RLS, that RLS activation energy (A Gat) defines the
kinetic relation (in the absence of mass transfer limitations and ohmic drops) between
measured currents and the applied overpotential relative to the half-reaction potential (7.).
Material electrocatalytic performance is then described by the relation between this A Gact
or similar process with an energetic barrier (like the one calculated from the M-H bond
length in a Volmer HER mechanism) and the observed 7. at a certain current density (or
alternatively AGac versus jo).2%>* Results from the body of knowledge of electrochemistry
resemble typical volcano plots used in conventional heterogenous catalysis for an optimum

of AGa, as shown in Figure 1-6a and Figure 1-6b.
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Figure 1-6. () Electrocatalytic trends towards OER of different oxides (as the theoretical overpotential at a current
density of 10 mMA cm?, ne) plotted against the limiting step activation energy (AG°+ - AG®ho+). Reproduced from
Jaramillo, Ngrskov, Rossmeisl et al (2011).2294 (b) Electrocatalytic trends towards HER of different metals, alloy
compounds, and non-metallic materials (as exchange current density, jo), plotted against their computationally
predicted limiting step activation energy (reduction of adsorbed H*, AGu+). Reproduced from Zhang Qiao, Zheng
et al. (2013).2>% (c) A schematic reaction mechanism of OWS on Rh/Cr.Os-loaded (GaixZnx)(N+xOx) and the
corresponding processes on supported Rh NPs and Cr.O3 NPs. Reproduced from Maeda, Domen et al. (2006).9¢

Accordingly, cocatalyst development in photocatalysis has been linked to 7 and thus to

materials with low electrochemical overpotential for HER and OER reactions. The most

efficient HER cocatalysts in photocatalysis are noble metals, like Pt, Pd, and Rh, while for
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OER the most efficient cocatalysts are noble metal oxides, like RuOx, IrOx, and PtOyx.2>°2
>4,62,68,97 Other less active cocatalyst, but also used in photocatalysis due to their low prices
and abundances are NiOx (HER) and CoOx (OER).18%8 Most common methods found in
literature to create active junctions of such materials and heterogeneous light harvesters
(inorganic or organic) are impregnation-calcination, photo-deposition, and hydrothermal
methods. These methods can readily load cocatalyst nanoparticles directly on the surface
of a semiconductor light harvester from precursor salts like RuCls, IrCls, and H2PtCle.2%/5*
Another aspect of cocatalyst development, besides ., is the prevention of backward
reactions. In a real POWS system, HER cocatalysts speed up the spontaneous formation
of water at room temperature from H, and O2 recombination. In this regard, a significant
achievement in cocatalyst development for POWS is the creation of a cocatalyst that limits
backward reactions. In POWS, HER cocatalyst deposition is in most cases imperative, but
materials like Pt are also active catalysts for H,O formation. This has been demonstrated
to be one of the major obstacles to achieve POWS with inorganic semiconductors, both in
one-step and two-step excitation schemes.18333462,96.99 \Water formation at the HER
catalyst was first prevented with in-situ formation of a covering layer of adsorbates
preventing O, permeation. This was discovered by Abe, Sayama and Arakawa (2003). In
their work, a KIO3/I" redox shuttle was used as mediator in photocatalysis experiments on
a TiOz(Rutile)/TiO2(Anatase) z-scheme.**®® The formation of a I- layer around the
photocatalyst was theorized to prevent O diffusion to Pt active sites.>*®° The role of these
adsorbate protective layers has been also hinted by POWS obtained in one-step excitation
on TiOz in the presence of Cl- and HCOs3™ salts.100.10! This idea was later further rationalized
and controlled by Maeda, Domen et al (2006), which is described in Figure 1-6¢.%6:°° In of
their work, a CrOx layer was created around a NiOx HER catalyst to allow selective
permeation of H* to the Pt active site. This method was named as core-shell cocatalyst.
In time, the core-shell approach has expanded to other variations using more elaborated
types of HEC cores (Rh, Pt) and passivating shells (CrOy, TiO;).33:62:65,66,99,102

1.3.7 Molecular cocatalysts

Another type of cocatalyst-light harvester interaction can be obtained by using molecular

catalysts. Molecular catalysts have the advantage of exploiting specific organic
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coordination to achieve highly specific and well-defined reaction mechanisms preventing
product recombination. Given the organic complexes exposing individual atoms, metal
center exposure far higher compared to inorganic cocatalysts, and high turnover frequency
numbers are normally expected.>2°%103 Molecular catalysts can perform highly active
charge transfer from light harvesters in different combinations of phases with their light
harvester: homogeneous or heterogeneous systems.103-106 Their nature involves unique
reaction mechanisms with multiple steps and lower activation energies, which can activate
metals centers that are far from the volcano optimum of Figure 1-6.193-106 Dye to aforesaid
advantages, numerous applications can be found in the field of CO; reduction and HER
half-reactions in the presence of sacrificial electron donors (i.e., using cobaloxime, DuBois
or thiolate complexes).>2>%103 Molecular catalysts on the other hand, due to electron-
transfer issues and stability, must seemingly be anchored to a heterogeneous light-
harvester for POWS systems.193:19 This anchoring presents several challenges, and its only
application seems to be limited to very inefficient single-step systems, and as a HER
cocatalyst in z-schemes.103:1% Despite the low STH efficiencies of systems reported using
molecular catalysts, their advantages in selectivity, well understood reaction mechanisms,
and tunable charge-transfer makes them still attractive and worthwhile studying in artificial

photosynthesis applications.

1.3.8 Half-reactions versus artificial photosynthesis

POWS is thermodynamically and kinetically a burdensome multiphysics problem. At early
stages of material screening of photocatalytic activity for energy applications, POWS is
extremely challenging and unlikely to happen readily in most existing semiconductors.
Therefore, at early stages of material development, it is justified to study only half-
reactions separately with the aid of suitable sacrificial agents.?4#1%7 In case of HER, the
sacrificial agent is an electron donor (SED), while in OER the sacrificial agent is an electron
acceptor (SEA). When HER or OER are tried photocatalytically with sacrificial agents, they
are widely known as half-reactions studies of water splitting. The agents used for accepting
or donating electrons are chemicals that ideally do not impose kinetic or thermodynamic
limitations when reduced or oxidized. This with the purpose of studying the HER or OER

reaction of interest as the limiting step, for mechanistic studies, or feasibility and material
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first optimization screening. Different to redox shuttle reduction/oxidation, sacrificial agent
reduction/oxidation is an irreversible process, whose overall free energy change is downhill
(AG is < 0).232° Therefore, in such cases the produced Hz or Oz gas do not store sunlight
as chemical energy, since they happen spontaneously because of a sunlight-accelerated
exergonic reaction. This is the reason why most sacrificial systems are not interesting in
the context of artificial photosynthesis, and optimization of half-reactions does not
necessarily translate later to more efficient POWS. Half-reaction screening also likely
generates artificial inflation of HER and OER rates due to O, and H; resulting from
decomposition of sacrificial agents after oxidation/reduction.197.19 In other cases, like HER
in the presence of methanol as SED, HER photocatalytic rate inflation occurs due to proton
reduction triggered by radical decay of the first oxidized SED species, known as current
doubling.198-110 Half-reaction screening is however an insightful approach to obtain
information about reaction mechanisms, and to optimize certain aspects of novel materials
at early stages, like band structure. However, full optimization of half-reactions should not
be the goal. When possible, good practices in the field dictate that after successful half-
reactions screening, posterior optimization should move quickly to POWS.24-26/111,112 [n
case the intended application is ultimately a z-scheme, half-reaction screening should be
preferentially performed with redox shuttles as electron donor/acceptors. The use of redox
shuttles for half-reaction studies provides conditions much more like POWS, including

challenges of backward reactions.

1.4 State of the art systems for POWS-related applications
1.4.1 Half-reaction: Hydrogen Evolution Reaction (HER)

Currently, publications dealing with the HER half-reaction with inorganic semiconductors
materials are less abundant in the context of energy conversion. This is, because since
their first application in photocatalytic water splitting, the body of knowledge of the field
has progressed enough to achieve overall water splitting in the absence of sacrificial agents
or electrochemical bias.863 For example, few years after the discovery of the Honda and
Fujishima effect, TiO, was proven to produce abundant H; purely photocatalytically using
CH3OH and other carbohydrates as SED (with Pt and RuO: as cocatalyst).!13 Few decades
later, the work of Abe et al (2005, 2003) achieved POWS using phase controlled TiO; and
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Pt HER cocatalyst in a z-scheme.**%? Since then, most applications of TiO2 in energy
conversion have focused directly on POWS. HER half-reaction publications with TiO, are
nowadays mostly focused on mechanistic aspects, exploration of different crystal
structures (including defects such as oxygen vacancies), band-alignment, and optics
studies, among others.!1#118 This also applies for other more novel inorganic
semiconductor, for example niobium based layered perovskites. Niobium based layered
perovskites are a family of 2D materials widely known to work not only for photocatalytic
HER in the presence of SED, but also in one-step and two-step light absorption systems
for POWS.119 Still, HER half-reaction study using layered perovskite niobates (KCa:Nan-
3NbnO3n+1, N = 3 or 4) was recently published by Suzuki, Abe, et al (2018).120 In this study
the effect of N-doping win the presence of K* ions was explored to increase light
absorption in the visible range. N-doping is generally a straightforward technique to control
the optical bandgap in semiconductors, but in niobates is challenging with ordinary
solid-state synthesis methods due to undesired reduction of Nb* of Nb*4. In this work,
the latter was prevented with the use of a KCl flux and a NH3 stream during synthesis, and
the material was later decorated with platinum. The published photocatalytic HER rates on
this material in the presence of methanol as electron donor are modest, which does not
suggest that a potential application to POWS would be obviously outstanding with this
material.1?® However, this study demonstrated first that rational tuning of the niobates'
optical bandgap using a more elaborated synthesis technique was possible, which could
be subsequently linked to better photocatalytic HER and OER rates. In this way, the
artificial photosynthesis research community recognizes that HER half-reaction studies on
inorganic semiconductors are crucial for the progress of the field, if a novel property of a
particular material is promising for a posterior POWS application. For example, noble metal
free materials, like Zn(0O,S)/graphene-oxide or B/P-based, can photocatalytically produce
HER under visible light.121122 Eventual POWS applications of earth-abundant element-
based systems like these would significantly decrease the cost of the produced
hydrogen.81:95,121,122

As previously described in Section 1.3.5, along with the search of cheaper inorganic
semiconductors, carbon nitrides and covalent organic frameworks (COFs) are widely used

as alternative HER organic semiconductors.’276.7981 Following the pivotal work of Wang,
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Antonietti, et al (2009) in HER photocatalysis using melon, multiple other carbon nitrides
have been tested for HER.”?8183 To date, most CNyHy type materials that are
phocatalytically active for hydrogen evolution are amorphous or semi-crystalline and
contain hydrogen in their structure due to the synthesis conditions, like melon. This limited
crystallinity has only shown moderate activity of melon-based materials compared to
inorganic semiconductors. Most successful strategies to increase photocatalytic activity of
carbon nitride systems is to use alternative synthesis methods to obtain more crystalline
structures, like poly-heptazine imide (PHI) 2D-frameworks.”3:8283 The highest reported
HER photocatalytic activity in the visible range using CNxHy -based materials belongs to
one of these semi-crystalline structures. In the work of Lin, Wang et al (2016), a crystalline
Tri-s-triazine-Based framework showed an AQY of roughly 50% at 420 nm, using a
combination of TEOA and K:HPO4 as sacrificial agent and additive for charge migration,
respectively.1?3> Owing to their high photocatalytic rates and ongoing improvements in
synthesis methods, most recent publications of CNxHy, -based materials for HER half-
reactions are focused on more crystalline structures, like cation-doped-PHI and triazine
frameworks.”>82.83

Covalent organic frameworks (COFs) on the other hand are still consistently published in
photocatalytic HER studies as heterogeneous organic light-harvester.”6:86:87 Even though it
has been established that COF applications in photocatalytic HER studies still demand the
use of strong SED, COFs have several advantages over CNyHy -based materials, as
described in Section 1.3.5 .7>76:86:87,124 Gy ch potential has justified the interest in COFs as
a conceivable future photosynthetic and organic system, based solely on moderate HER
half-reaction activity evidence. Photocatalytic HER with COFs under visible light was first
published by Stegbauer, Lotsch, et al (2014). In this work a hydrazone-based COF (TFPT-
COF) showed an AQY of ~2% at 400 nm, using Pt as HER cocatalyst and 10 %v/v TEOA
as SED. This pivotal work showed that the TFPT-COF suffered deactivation, but it was also
demonstrated to be reversible with mild post catalysis treatment.!?> Although
photocatalytically HER rates cannot be compared directly, qualitatively, the HER rates
obtained with this system (i.e., in units of pmol h' g!) were comparable to the
benchmarks of graphene and C3N4-based materials at the time.2>12> In another similar

work, Vyas, Lotsch, et al (2015) demonstrated that the nitrogen content of an azine-based
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COF (Nx-COF, with x being the number of N atoms in the linker unit) had an almost unique
effect on COF crystallinity and charge migration. This crystallinity tuning of the Nx-COF
linked to nitrogen content (from No to N3) was accompanied by a roughly two-order of
magnitude increase in photocatalytic HER rate.® This demonstrated the COF chemical
tunability potential. Later, these azine-based COFs were also combined with a cobaloxime
molecular cocatalyst for photocatalytic HER, in the work of Banerjee, Lotsch, et al
(2017).195 Optical and photophysical characterization of the N,-COF employed, suggested
that electronic interaction with the cobaloxime was favorable in an outer-sphere model for
electron transfer (N>-COF@cobaloxime). Despite the moderate HER rates achieved, this
work proved that COFs and cocatalysts can be tuned simultaneously and rationally to a
molecular level to obtain a noble-metal free molecular cocatalysts. In the work of Wang,
Copper, et al (2018) it was demonstrated that on top of crystallinity, other COF properties
could also be rationally tuned to improve photocatalytic HER rates even further.”#8” In this
work a COF based on dibenzo[ b, d]thiophene sulfone (DBTS) exhibited photocatalytic HER
rates an order of magnitude higher than the benchmark of N3-COF in similar photocatalytic
media. Likewise, the DBTS COF crystallinity was required to achieve an optimal HER rate,
but also, its backbone was proven to enhance other beneficial properties for
photocatalysis, like hydrophilicity, pore size, and wettability. Another recent application of
COFs in photocatalytic HER is the functionalization of a Thiazolo[5,4-d]thiazole-Bridged
COF (TpDTz-COF) with a physiosorbed, nickel-based molecular cocatalyst (Ni-Me).
Compared to the noble-metal-free benchmark at the time, the N>-COF@cobaloxime
system, the TpDTz-COF@Ni-Me system achieved even higher and more stable HER rates
(with TEOA as SED).# Another example of COF-cocatalyst tunability is the linkage of
cocatalyst to the COF backbone. Following such trends on molecular catalyst-COF
interactions, Gottschling, Lotsch et al (2020) published a COF-42 modification with click
chemistry, which covalently linked aforesaid cobaloxime cocatalyst to the COF backbone.88
This approach showed that engineering of COF-cocatalyst interaction was possible and key
to improve turnover number and frequency of the attached cobaloxime (TON and TOF,
respectively), compared to the physiosorbed equivalent. This showed again further
evidence of rational COF tunability for photocatalysis, which justifies their screening for

HER half-reactions with sacrificial agents in the context of artificial photosynthesis.
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1.4.2 Half-reaction: Oxygen Evolution Reaction (OER)

Like the HER half-reaction, the OER half-reaction screening with inorganic semiconductors
materials is progressively less abundant for the purpose of showing artificial
photosynthesis potential. Similar to the example of HER half-reaction screening on TiO>
presented in the previous section, TiO, was also long ago described to produce oxygen in
the presence of an SEA (like AgNOs).1%” Although the techniques used at the time to
quantify photocatalytically produced oxygen had not been yet refined, qualitative OER
results with such materials were later indirectly confirmed by the POWS work of Abe et al
(2003, 2005).39:69.117,126 Following this z-scheme composed of two different phases of TiO>
and a Pt cocatalyst (described in Section 1.3.5 and Section 1.3.6), other inorganic
semiconductors have been quickly screened showing not only a significant increase in OER
half-reaction rates, but also POWS efficiencies far higher than the pioneering work of Abe
et al in (2003, 2005).1618 These more modern OEP materials include visible light responsive
semiconductors like WO3, BiVO4 and TaON. As it will be described in Section 1.4.3, most
photocatalysis applications of these materials in the context of artificial photosynthesis
have focused directly on POWS.6267.68 On the other hand, like the HER half-reaction, recent
OER half-reaction publications with TiO> and newer materials are focused on preliminary
bandgap engineering, characterization of reaction mechanism, and other specific
applications. For example, the work of Suzuki, Abe, et al (2017) with layered perovskite
niobates also screened improved photocatalytic OER with AgNO3 as SEA resulting from
their bandgap engineering work.1?% Also using AgNOs as SEA, Jadhav, Domen et al (2020)
have recently published a layered perovskite (BaTaO2N) with an astounding photocatalytic
OER efficiency (AQY~11%) in the visible range (420 nm).'?” Other works have also
screened photocatalytic OER half-reaction in more realistic POWS conditions using 103" as
electron acceptor. Iwase, Abe et al (2017) published a study screening different cocatalysts
on TaON.%% TaON is a material previously used for POWS that when decorated with RuO;
cocatalyst acts as an efficient OEP.60.67.68 RuQ; as a cocatalyst is widely known to play a
beneficial role in both water oxidation and 103" reduction in OEP systems. In this way, the
work of Iwase, Abe et al (2017) further expanded the characterization of cocatalysts in a

TaON based OEP system, which was restricted only to photocatalytic OER in the presence
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of 103.%0 Another type of photocatalytic OER screening is benchmarking and
standardization, with the goal of facilitating comparison of material efficiencies among
different laboratories. In 2020 Vignolo, Lotsch et al published a OER benchmark for
photocatalysis, using a commercial form of TiO; (P25), for standardization of photocatalytic
rates.?® This study is presented in detail in Chapter 5.

As OER is a kinetically and thermodynamically much more challenging process than HER,
it is well established in the research community that discovery or optimization of OER
materials have a higher merit than HER investigations, particularly on inorganic materials.
Due to these challenges of the OER half-reaction, OER is regularly considered the POWS
bottleneck when compared to rapid timescales of photogenerated charge
recombination.'?® A secondary POWS challenge is the prevention of water formation at
HER centers. Depending on the SEA used for OER screening, and if general strategies to
design the HEP system prevent water formation successfully, OER optimization has a more
immediate impact in posterior POWS application than HER does. It is then not surprising
that in some studies, tuning of specific photocatalytic properties are performed with the
goal of optimizing OER rates, which later shows a direct impact on POWS. In these studies,
the OER optimized system using 103" (or other irreversible SEA like AgNO3) is later coupled
to a particular HEP system, showing typically that the OER optimal system correlates with
the most efficient POWS.68,129-131

Alternatively, organic semiconductors have not overcome this OER bottleneck yet, given
their limited compromise between stability and oxidative HOMO level. A handful of CNxHy
based materials and even less COF systems have achieved photocatalytic OER at
efficiencies comparable to inorganic systems.187>81,132 A significant research resource is
being dedicated to inorganic systems, but their scarce literature in water oxidation
mechanism and stability issues make them impractical for POWS application.26:74:8>
Therefore, it is expected that exploration of more efficient materials for photocatalytic OER
screening keeps taking place on inorganic and especially on organic semiconductors in the

long term.

1.4.3 Photocatalytic Overall Water Splitting (POWS)
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As described in previous sections, most efficient one-step light absorption systems have
been achieved with optimization of multiple properties of d0 and di0 type of
semiconductors.1® Active systems in the UV region are typically SrTiOs and Ta-based
systems. Benchmarks of these systems show STH efficiencies in the range of
0.1 - 0.5%.18:346566 For example, Kato, Kudo et al (2003) demonstrated an AQY as high
as 57% for 270 nm with Lanthanum doped NaTaO3 (NaTaOs:La) as light absorber and NiO
as cocatalyst.133 Approaches introducing additional levels above Oy, orbitals have also
achieved great progress in STH efficiencies, for example, with Nyp levels like LaTaON. The
band gap narrowing approaches have achieved STH in a similar range of 0.1 - 1%.18 On
the other hand, some of the most active systems are either are not well understood, like
p-n type heterojunctions (GaN:Mg/InGaN:Mg) and organic semiconductors (g-CsN4-
CDots), or they lack stability, like d7materials (Co0).18:134135 In general, one-step systems
are limited by the tradeoff between charge recombination and visible light response.3?
Regardless of these limitations, Goto, Domen et al (2018) have shown a scalable hydrogen
production prototype using Al-doped SrTiOs light harvester (SrTiO3:Al) decorated with a
core-shell HER cocatalyst (Rh/Cr203).34 This one-step light absorption tandem supported
on a panel-like reactor achieved a STH of 0.4%, which is like the material performance at
laboratory scale (STH=0.65%). The panel has been put to operation later at a 100 m?
scale, with a robust performance at ambient pressures with minimal losses of energy due
to product separation.333* Wang, Domen et al (2018) and Abe et al (2011, 2011, 2017)
have also presented other band gap engineered Ta-based materials, which at laboratory
scales show high STH efficiencies, like nitrides (i.e., TasNs) and oxynitrides (i.e.,
TaON).6067,6898 Another approach to achieve POWS in one-single step was first presented
by Ohno, Matsumura et al (1996), using a mixed phase TiO2 decorated with platinum.13¢
In previous sections, it is described that passivating layers (i.e., core-shell cocatalysts) can
prevent backward water formation in POWS. Following this approach, I" is intendedly
added as an additive to shield the HER cocatalyst center from evolved O, in this case Pt.
If besides Pt shielding, I- oxidation is kinetically limited compared to water oxidation at the
semiconductor surface, even if inefficient, POWS may overcome backward reactions. This
effect was further refined by controlling I oxidation on the same material by Abe, Ohtani

et al (2003), but remained unexploited for almost a decade due to the limited light
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absorption range of TiO,.7% With the advent of 2D visible light active semiconductors, like
layered niobates, this approach was revisited by Oshima, Maeda, et al (2019).137 In this
study, KCa2Nb3010 was used as the light harvester. If compared to TiO», layered niobates
not only owe their higher photocatalytically activity to suitable electronic structure and
visible light response. 2D light harvester like layered niobates also prevent charge
recombination due to short charge migration lengths, and further control of water
formation at HER cocatalyst (Pt) due to enhanced shielding of Pt centers at the interlayer
space. In addition to Pt shielding, Oshima, Maeda, et al (2019) explored the specific effect
of in-situ Na cation exchange by replacing the KI additive by Nal, which improved POWS
rates significantly. The Na/K exchange in the structure was proven and enhanced the
hydration of the interlayer space, which was believed to increase the availability of protons
at the Pt center. The published AQY of POWS in this study is significantly lower than other
benchmarks of one-step POWS systems. Still, this study demonstrated that layered
niobates like KCa2Nb3O10 show an alternative approach to achieve POWS in a single step
given the peculiar properties of their interlayer space.

Alternatively, two-step excitation systems have achieved STH efficiencies higher than 1%
with a much wider variety of visible-light active semiconductors. Similar to scalable
one-step POWS with Al:SrTiO3, Wang, Domen et al (2016) have proposed a POWS solar
panel printed with a two-step light absorption POWS system in a z-scheme.®? The system
is composed of BiVOs:Mo as OEP (RuOx cocatalyst), and TaON:La,Rh as HEP
(Ru/Cr203/TiO2 cocatalyst). This z-scheme was relayed with a Au solid layer shuttle. As a
result, a STH efficiency of 1.1% was obtained with similar advantages for industrial
scalability as with their work with SrTiO3:Al.3*62 In a lab scale, similar approaches of two-
step excitation systems have been attempted by other authors, but to date and to our
knowledge, the benchmark of 1% has not been exceeded. For example, other works have
explored different combinations of WO3 (IrO/PtOx cocatalyst), H2WO4 and H4WOs as OEP,
and SrTiOs:Rh (Ru cocatalyst) and HxNb,O; (Pt cocatalyst) as HEP.58:131,138-140 particularly,
the interlayer properties of layered niobates exploited for one-step POWS using I" as
additive, are also advantageous to prevent backward reactions in z-schemes POWS. This
in addition to visible light response and the short migration lengths required. For example,

one of the HEP systems published by Abe et al was composed of layered H4NbeO17 as light
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harvester with interstitially decorated Pt cocatalyst.?® In this work, the STH efficiency
achieved was modest (<0.01%) and required dye-sensitization. In the same direction, the
works of Fujito, Abe et al (2018) and Oshima, Maeda et al (2018), have tried variations of
layered niobates (i.e., KCa:Nbs3O10) to improve exciton lifetime.137:139.140 Although STH
efficiencies of these visible-light-responsive z-schemes based on layered niobates have
remained low, it has established another valid approach to suppress backward reactions
at the HER cocatalyst in a z-scheme, different to the well-established core-shell cocatalyst

approaches, and research on these materials is still going on.
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2. Theory of Photocatalyst Engineering for Energy Conversion

Within the context of energy conversion reactions, in this section, we list the principles by
which a given photocatalyst can be externally optimized for different purposes, i.e., to
increase its solar to chemical efficiency. In this chapter, a semi-quantitative description of
external methods for photocatalyst optimization is given, assuming that the internal basic
aspects of a heterogeneous light-harvester are previously settled. Coarse-grain models are
used along this chapter to describe the approximate expected behavior when a
photocatalyst is decorated with a cocatalyst material, or when the photocatalytic
suspension properties or reactor design are considered on the photocatalyst overall
performance. This section does not consider multi-physics modeling resolution, or
mechanistic description of single photocatalysis steps described conceptually in the
previous sections. Nonetheless, it facilitates understanding of the underlying basic
principles to rationally elaborate the methods for photocatalyst decoration, photo reactor
design, and reaction instrumentals discussed in Chapter 4 and Chapter 6 for WOs and TiO>
based OER systems, and a COF based HER system in Chapter 5.

In what follows we present a list of coarse-grain models to account for the external
performance modification of a given light-harvester, including reaction media. Such
description is presented in a bottom-up approach order, that in heterogeneous catalysis
this is, starting from the fundamental thermodynamics and dynamic processes involving
rapid time scales and short length scales, to then describe measurable changes occurring
in @ macro scale. Accordingly, a standard charge carrier dynamics model for inorganic
semiconductors is developed semi-quantitatively (Section 2.1 and Section 2.2), to relate
nsep and ncar — separation and catalytic efficiencies defined for photocatalysis in Chapter
1, respectively — formally to modifications to surface reaction, for example, by means of
heterogeneous cocatalyst decoration. Such model is refined from other literature sources
and applied to the WO3/RuO; photocatalytic OER system, later analyzed in Chapter 6.
Secondly, such concepts are expanded to the thiazolo[5,4-d]thiazole-linked COF presented
in Chapter 5 as the light absorber in a photocatalytic HER scheme, considering the different
nature of charge carrier dynamics in organic polymers (Section 2.3). Opposite to the many
examples in the literature where COFs reach their optimal HER photocatalytic performance

when decorated with Pt, the thiazolo[5,4-d] thiazole-linked COF performs more optimally
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when combined with an in-situ formed Nickel HER molecular catalyst. The essence of the
latter result is expanded connecting the aforesaid concepts developed for 7sep and 7cat, and
the original work presented in Chapter 4 (Section 2.4). From Section 2.5 to Section 2.7,
crucial phenomena external to the photocatalyst material are presented and unraveled in
their multiple and subtle interconnections to the very nature of charge carrier dynamics,
and the way they affect 7sep, 7car @and light absorption efficiency (7as). The external
phenomena in question appear along Chapters 4 to Chapter 6, and are: mass transfer,
photon fate and reactor optics, and colloidal stabilization of nanosized photocatalysts. Mass
transfer is an integral constituent of the resulting 7sep and 7car Of @ photocatalyst. Reactor
optics is a concept that is crucial to understand 7.bs from a perspective different to the
light-harvester optical band gap. Colloidal stabilization of a nanosized photocatalyst is
crucial to prevent material aggregation and agglomeration in suspension, which has
consequences in all the aspects just described. Finally, in Section 2.8, the figure of merits
that define overall photocatalytic performance are presented, whose quantification are
based on measurable quantities and capture the convolution of all the steps that shape

photocatalysis.

2.1 Charge transport in inorganic semiconductors

The initiating phenomena in photocatalysis happen with the irradiation of photons above
the optical band gap of the starting semiconductor material (or also organic polymer). The
key parameter in a heterogeneous light-harvester is the extinction coefficient (k(1)).13 &
describes among other crucial properties the optical band gap (%) and optical depth (a(1))
in @ material, the second meaning the average extinction of photons traveling in the light
harvester medium.#> Additionally, a fraction of photons reaching the photocatalyst
surface are scattered away. To disentangle the scattering effect from photon absorption,
additional optical experiments and modeling are required using also other material
properties, like the refractive index (n(1)).23® This optical modeling of scattering and
absorbed photon fraction is later described in Section 2.6. For decorated materials,
cocatalyst on the surface of the light harvester may also shield the light from reaching the
actual light harvester, which is known as parasitic light absorption and produces optical

losses.”- 1 For the moment, to calculate photogeneration of charges, we consider only the
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intensity of the fraction of incident photons whose fate is not being scattered away or
parasitically absorbed (/). Using such, the exciton generation rate function ¢ (using radial
depth coordinate r) in a photocatalyst nanoparticle (radius nm) can be obtained from

Lambert-Beer’s law.12:13

G = a x I [exp(—ar) + exp(—a(ry —1))] Equation 2-1

Equation 2-1 considers that 7 is isotropic and steady around the nanoparticle. 7is at the
same time a local quantity which depends on the irradiated photons to the photocatalytic
suspension, and light extinction along the suspension geometry (described in Section
2.6).1213 Following light absorption, it is assumed that the dominant charge transport in
typical inorganic semiconductors is separated electron-holes. This assumption for inorganic
semiconductors is justified given that bound excitons have short lifetimes, and due to the
fast carrier mobility and high dielectric constants of inorganic semiconductors.'41® This
results in low exciton binding energies in inorganic semiconductors (typically 10 meV),
which can be readily overcome at the typical magnitudes of electric fields triggered, for
example, under the influence of Fermi level equilibration at semiconductor contacts.1#41415
Then, at the space domain of a nanoparticle geometry, the equations governing movement
of free charges are the Poisson equation for electric field, and the continuity equation for

free electron (n) and holes (p) as follows (in cartesian coordinates),

q . )
V() =— e (p+n+ Ny + Np) Equation 2-2
dn _ 1 Equation 2-3
FT qV Jo—R+G
dp _ _1 Equation 2-4
T —EV Jy—R+G

Where ¢ is the fundamental electron charge, i and / are the electron and hole current

densities, Ma and M are the acceptor and donor concentration of the semiconductor, &
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and & are the vacuum and relative permittivity constant of the material, respectively.!41?
R(n,p) is a scalar function that is the sum of all types of recombination processes in the
light harvester bulk that are dependent on local electron and hole excess concentrations
(i.e., Shockley-Read-Hall, or radiative).1*1° ¢ is the scalar function for the exciton
generation rate described in Equation 2-1 in spherical coordinates (depending on the
photocatalyst geometry, ¢ may also depend on the spherical angular coordinates).l#1?

The electron-hole fluxes are obtained from the following diffusion-drift expressions,

Jn = q(upnE + DVn) Equation 2-5
J» = a(uppE + D,Vp) Equation 2-6
E=-V¢ Equation 2-7

Where 1, 1 are the electromobility constants of electron and holes in the semiconductor,
and Dn, D. the electron and holes diffusivity.41% With this set of equations plus the
boundary conditions at the light-harvester surface, the distribution of electron and holes
along the photocatalyst geometry can be estimated from fundamental physical properties
only. The boundary conditions can be obtained from the Fermi level equilibration at the
interface of the light harvester with the electrolyte (photocatalytic solution media, or just
solution), or with a decorated cocatalyst.*20

For homogeneous and symmetrical semiconductor-solution (-electrolyte) and
semiconductor-metal (-cocatalyst) interfaces, the band bending region can be estimated
based on a depletion layer width (4, or accumulation in p-type semiconductors).420 g is
calculated using some of the semiconductor electrical properties described above, plus the
emission barrier height at the contact interface.*2° For homogeneous interfaces, the carrier
density and thus band bending in the dark can be predicted based on Wi and a depletion
region, without solving the set of carrier transport presented in Equation 2-2 to Equation
2-7. For example, in photocatalysis using bare semiconductor nanoparticles, band bending
is obtained from the 3D Poisson-Boltzmann equation, assuming an ideal Schottky contact

at the semiconductor-solution interface. The analytical solution for the band bending
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magnitude (VBs) versus nanoparticle radial coordinate r (spherical coordinates) is

presented in Equation 2-8 for dark conditions.*20

KT [r — (ro — WD [1 + 2(rg — W) Equation 2-8
Vpp(r) = E Lo "

Where ry is the nanoparticle radius, and L« is the Debye Length, which like Wy, is a
dimensional number dependent on the same material properties described above in carrier
transport equations. Other similar expressions can be obtained for ideal 2D and 3D
geometries of semiconductor-metal Schottky and ohmic contacts.%2%21 However, in
photocatalysis the geometry of decorated cocatalyst typically produce
metal-semiconductor contours with characteristic lengths smaller than the semiconductor
Wa, whose band bending is then inhomogeneous.???* Band bending under inhomogeneous
and asymmetrical conditions can only be estimated from the resolution of charge carrier
dynamics principles (Equation 2-2 to Equation 2-7) considering the semiconductor and
contact geometry.*2> Additionally, the inhomogeneous band bending of the semiconductor
around a nanosized cocatalyst metal contact, when immersed in an electrolyte leads to
the pinch-off effect.*222> The pinch-off effect is the inhomogeneous band bending regime
where the semiconductor-solution junction properties dominate the semiconductor-metal
junction, typically reducing the effective barrier height of the ideal Schottky junction in n-
type semiconductors.224

To account for inhomogeneous and asymmetrical band bending, which is the case by
default in photocatalysis, the semiconductor-metal and semiconductor-solution contacts
must be modelled locally. Assuming an n-type semiconductor forming a Schottky contact
at the interface with a metal or solution, and no surface trap states or fermi level pinning,
the emission barrier height of the contact (&s, for metal or solution) becomes a local
boundary condition. The surface electron and hole densities at thermal equilibrium (mo|q,
pola), at each point Q(xy,z) that belongs to the surface of the contact between the

semiconductor and the photocatalytic solution or metal (Scontact) is defined as,
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Equation 2-9

o)
nOlQ = N¢ exp (k T) , (Q € Scontact)
B

Equation 2-10

E; - ¢B)

kBT ) (Q € Scontact)

pOlQ = Ny exp(

Where M and W are the density of states of conduction and valence band, respectively,
E; is the semiconductor optical band gap, and &z is the Boltzmann constant, and Scontact is
the geometrical surface of the contacts (metal or solution).#2% The Dirichlet boundary
conditions in Equation 2-9 and Equation 2-10 are a way of representing the concentration
of electrons and holes at the semiconductor surface that produces a zero current of charge
carriers going across the contact emission barrier height.#2%25> The set of equations above
defines a relative potential difference at the surface compared to the Fermi level of the
semiconductor, thus an additional condition is needed to obtain a mathematical solution
at absolute potential levels. At no illumination, this last boundary condition is that the
chemical potential of electrons described by the Fermi level of the majority carrier (£r)
must be aligned with the redox couple potential of the surrounding solution (Zo).#23:26
This is, assuming an n-type semiconductor, the condition at which the electron transfer
rates of oxidation and reduction of the dominant redox species are equal.?32¢ In
photocatalytic systems where more than one dominant redox couple exists, for example
in one-step POWS systems (Ayn1+ and Fozmz0), the condition of net zero current in dark
leads to a non-equilibrium equilibration potential Z.1 in between both energy levels.?3
Additionally in the dark, no generation or excess of electron-holes (G=0) perturbs the net

zero current condition.
Er = Esp Equation 2-11

With the set of equations above, self-contained numerical solutions can be obtained for
any geometry and combinations of semiconductor-metal and semiconductor-solution
contacts present in photocatalysis.*2%2> Numerical solutions of interest showing geometry

dependent band bending under dark conditions can be found in the literature.*20:25,26
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2.2 Interface reaction and cocatalyst role in inorganic semiconductors

Under illumination, the charge generation rate is different than zero (G, in Equation 2-1)
producing excess of electron and holes for which the bulk recombination term (R) is also
different than zero, yet the latter not necessarily annihilates all photogenerated charges.
The band bending solution in the dark at the surface contact (metal or solution) no longer
holds, because the surviving photogenerated charges in the bulk will migrate according to
the charge dynamic principles in Section 2.1, for which a charge extraction boundary
condition is needed at the surface to describe no charge accumulation. This leads to the
change of the Dirichlet to a Neumann-Robin condition at the semiconductor-solution and
semiconductor-metal interfaces, accounting for electron-holes at the surface at
concentrations different from the ones described by the surface equilibrium in the dark,
which is no net current around the potential barrier. Therefore, under illumination, the
surface potential condition of the contact is not Fermi level equilibration with £ anymore.
An additional boundary condition involving the surface potential is required to complete
the degrees of freedom of the transport problem (like in Equation 2-11). For simplicity, it
is typically found in the literature that the semiconductor contact, with metal or solution,
are treated as sinks for holes and electrons with no surface recombination (& = 0), which
are assumed to operate at overpotentials commonly found in electrochemistry for
HER/OER reactions.'*1? This approach therefore interprets electron and holes currents at
the contacts as charge extraction at the constant overpotential set (the semiconductor-
solution interface can be treated as an ideal Schottky contact deriving the
emission/recombination velocities from a pseudo-first order electron transfer rate).l#1°
This is an unrealistic condition but makes the system simple enough to calculate numerical
solutions without the input of reaction kinetics parameters that are challenging to be
accessed experimentally. Any careful attempt to include electron transfer kinetics would
need to deal with potential effects due to the formation of Helmholtz layers at the
photocatalytic solution (electrolyte) surrounding the surface of the photocatalyst, or
complex reaction mechanisms for OER reaction.1#1%:23.27 For example, the work of Pan,
Domen, Hu, et al (2020) has embraced partially such intricacies of POWS interface
reactions under electrochemical principles.?®> They have modelled multiple coarse-grain

electron transfer steps involved in Al-doped SrTiOs/Pt and TasNs/Pt photocatalyst
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junctions, which are studied immersed in an aqueous solution.?? Their mathematical model
is further validated experimentally via photoelectrochemistry open circuit experiments on
a model material (SrTiO3/Pt) at electrolytes purged at different gas atmosphere, mimicking
dark conditions in photocatalysis.22> Some of their findings have refuted persisting
misconceptions within the research field. For example, they highlight the importance of
the pinch-off effect and the adaptive junction behavior of semiconductor-metal
photocatalyst junctions in charge-separation, and the non-equilibrium condition when two
redox couples are present in solution.2223.2> Although their findings are pivotal and have
generated a more realistic working model for POWS photocatalyst, their models are based
on analytical expressions that ignore the cocatalyst geometry.23 Therefore, their
assessment of cocatalyst performance is only qualitative and cannot differentiate the
multiple roles of a cocatalyst in an actual photocatalytic system. Other similar analytical
solutions in the literature deal with transport equations under illumination and assume
simple homogeneous geometries, whose most important inputs are typically migration
length, optical depth, and depletion layer width (like the Gartner 1-D solution).20:28:29 Yet,
the extent of analytical solution applications to real photocatalysis conditions is only
qualitative and cannot realistically isolate the charge separation and catalytic effects of
cocatalyst addition.

It must be noted that different to photoelectrochemistry, where the convoluted cocatalyst
role effects can be broken down experimentally (i.e., with contacts measuring the potential
drop at the semiconductor-cocatalyst interface), in particulate suspension photocatalysis
isolated cocatalysts effects are for the moment accessible only via modeling and
simulations addressing the actual photocatalyst geometry.192326 In the context of
photocatalysis numerical simulations, reaching an estimation of the free charge’s potential
may justify aforesaid simplifications that neglect reaction kinetics at the surface by
introducing the fixed overpotential boundary condition (Dirichlet boundary condition).1#1°
Such models at a constant parameter input of overpotential do not only target the
influence of the pinch-off effect but estimate in full the charge separation effect of adding
a cocatalyst to tune the surface reaction, for example, increasing locally the emission
barrier of the ideal Schottky contact relative to Fo.l*1° The emission barrier at the

semiconductor-metal-solution interface versus semiconductor-solution can be up to 1 eV
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higher at homogeneous ideal conditions.1*1%2>30 Equation 2-8 shows that for a bare
semiconductor nanoparticle in contact with only solution, the magnitude of band bending
is dependent on the nanoparticle radius and the emission barrier height. For typical
nanoparticle sizes in photocatalysis (< 100 nm) and photocatalytic solutions,
photocatalytic solution induced band bending is only in the order of 10 mV.20.2131
Depending on the inhomogeneous geometry of the metal cocatalyst and its work function,
this band bending magnitude can be increased significantly by adding a metal contact,
changing the 7sep Of the resulting photocatalyst. 14192531

In the literature about charge transport modeling in photoelectrochemistry, quantitative
solutions can be found describing the enhancement of charge separation by different types
of metal cocatalyst geometries (ohmic or Schottky contact), which reflects on variations
of simulated quantum efficiencies (from extracted electron-hole currents at the contact
surface, and illumination input in Equation 2-1).1923:26323% For the first time, such
numerical simulation concepts were explored by Garcia-Esparza and Takanabe (2016) for
photocatalytic systems, particularly a POWS system. In their work numerical simulations
of transport using a TaON/Pt system are presented, with a simplified boundary condition
assuming a fixed overpotential and charge extraction described by a thermionic kinetic
process.}* Their POWS numerical simulations ignore the actual catalytic role of cocatalyst
addition, which is simplified to the assumption of a typical overpotential for HER on
platinum (nanoparticle), close to 0 mV, and 300 mV for OER on TaON. They describe for
example, that for n-type semiconductors decorated with HER cocatalysts, an ohmic
junction is preferred instead of a Schottky junction to promote electron migration to the
HER site, which can also be found in other experimental literature sources.'#3> Their work
also predicts a maximum of 15% quantum efficiency for Pt cocatalyst nanoparticles of
sizes of 10 - 20 nm separated at an angle of 90° on the TaON nanoparticles (100 nm)
surface. In their work the effect of other semiconductor engineering aspects different than
cocatalyst addition are also quantitatively predicted, like donor density in an n-type
semiconductor.!#

Following on the work of Garcia-Esparza and Takanabe (2016) that addresses actual
photocatalyst geometries and same equations for charge carrier dynamics described in

this and the previous section, we add an additional level of complexity to at least capture
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semi-quantitatively the catalytic role of cocatalyst decoration on semiconductor
nanoparticles. For such, boundary conditions are treated as actual Neumann-Robin
conditions, accounting also for surface recombination. For simplicity, the general
terminology for the transport equations above is now specified for one of the well
understood systems that will be presented in Chapter 6. This system is photocatalytic (AM
1.5 G) OER half-reaction on bare WO3 as light harvester (100 nm nanoparticles), and WOs
decorated with RuO; (10 nm nanoparticles) as a cocatalyst for water oxidation. In this
system there is typically no pH adjustment, and KIO3 (10 mM) is used as an electron
acceptor, which is assumed to dominate the solution redox energy level (Esol ~ Eosz-- =
0.67 V versus NHE, at pH =7).363°

The change to a Neuman-Robin boundary condition (/i and j are currents density of
electron and holes following Equation 2-5 and Equation 2-6) can be modeled for example
assuming a second order electron transfer rate constant (4.d and kx for reductive and
oxidative outer sphere processes, respectively) to the solution acceptor/donor molecule
([I03)/[I"], [OH]/[O2]), and with a thermionic kinetic process for a semiconductor-
cocatalyst Schottky contact (1 and w, are the emission/recombination velocities across the
barrier for electrons and holes, respectively).1923:26:28:33 Sych process is assumed arbitrarily
as an outer sphere mechanism for simplicity. Additionally, recombination at the
semiconductor surface must be considered, for example via intermediate energy level
traps or surface states (R).*!° For the bare semiconductor the system is completed by
replacing the Dirichlet surface conditions (Equation 2-9 to Equation 2-11) with the
following equations at each point Q(x,,z) that belongs to the surface of the contact

between WOs and the photocatalytic solution (Sso1),
ntQ Tilg = kreallO371(nlg —nole) + Rslo . (Q € Sso1) Equation 2-12
fplQ Tilg = kox[OH 1(plg — polg) + Rslg . (Q € Sso1) Equation 2-13

Where n” is the local normal vector to the surface of the contact, and 103 and OH" are

acceptor and donor species, respectively. ked and kox are the coarse grain 2"d-order
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electron transfer constants for 103~ reduction and water oxidation,
respectively.1213.23.26:23.33 The mass action law above assumes a single electron transfer
event as the rate limiting step (RLS), with the remaining sequence of multiple electron
steps in a pseudo steady state. For example, some mechanisms for water oxidation place
the RLS at the oxidation of OH- to OH" step.23:26:23,33

With this model accumulation of n» and p at the contact sets the electron and hole currents
leaving the surface, which must match the rate of recombination and reaction events (right
side of Equation 2-12 and Equation 2-13). According to a classical Marcus outer sphere
mechanism, kw.d and kox are also dependent on the driving force between energy levels of
the redox reactions involved (Zios-s- and Fizosou-) and the energy of surface electrons and
holes (trapped or bulk).1213 OER is very unlikely to occur via outer sphere since the ked
and kx are typically several orders of magnitude slower than surface
recombination.12134041 Additionally, as both outer sphere reactions occur at almost no
spatial separation and in the absence of external voltage bias like in photoelectrochemical
systems, regardless of band bending induced by the semiconductor-solution contact, both
electrons and holes still need to migrate their way through to the same homogeneous
contact surface. The consequence of the latter would be poor charge separation and fast
charge recombination (i.e., radiative decay), with the only possibility of active site
dissociation being local fluctuations of [IO3]/[I'] and [OH]/[O2] adsorbed on the
semiconductor surface, which would enable potentially more favorable direct (but
inelastic) mechanisms for charge transfer.20:23:29

Indeed, materials like WO3 and TiO; have surface traps (like surface bridging oxygen sites),
whose predicted reaction mechanisms for electron transfer involve far lower kinetic
barriers, i.e., for both water oxidation and 103" reduction.1213:2940-43 Instead of the outer
sphere mechanisms in Equation 2-12 and Equation 2-13, reaction pathways are faster via
aforesaid metal oxide semiconductor surface traps, which also involve spatial active site
separation.1213:29:40-43 However, such mechanisms known in literature as indirect charge
transfer still require high activation energies in WO3 compared to typical electrocatalysts
(i.e., RuO2) and present a minimal active site separation on the sub-nanometer scale,
therefore limiting charge separation also.121340:414445 The implications of electron transfer

occurring via surface traps are discussed at the end of this section. For simplicity, it is
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temporarily assumed that on a bare WO3 surface, 103" reduction occurs readily according
to Equation 2-12 and Equation 2-13, and that the bottleneck for charge extraction is water
oxidation, whose timescale is similarly slow via surface trap or outer sphere, the latter
captured by kox.

Low photocatalytic OER rates on bare WOs3 can be explained primarily using the set of
equations above based on the typical timescales of kx versus rapid recombination.
Sluggish water oxidation rates on WOs3 are supported by electrocatalysis experiments
found in the literature.383944 The electrocatalytic overpotential for water oxidation for bare
WO3 (photo)anodes is on the order of 1 V.38394 This poor catalytic behavior of WO3 for
water oxidation can be captured for example with the Tafel exchange current in
electrocatalysis (/i).! For a small /i value of WOs, the amount of overpotential needed to
observe any OER rate in photocatalysis is unrealistically high since the charge accumulation
needed at the surface translates to increased bulk recombination on the carrier pathway
to the surface (due to loss of band bending), and surface recombination that also increases
with 7 and p densities at the surface.!383944

Consequently, our photocatalytic system model predicts that OER will not be observed
practically on WO3 without decoration with a proper cocatalyst. If WO3 is decorated with
RuO,, at the RuO,/WOs contact (assumed as Schottky for simplicity), the first effect on
the boundary condition is the local change in the emission barrier that creates an additional
gradient to migrate holes at the surface to the RuO; sites, and electrons to neighboring
reduction sites.*!® For a system with decorated cocatalyst, the following boundary

conditions must be considered at the semiconductor-cocatalyst contact (Scat),

]p| 7ilg = vp(plg — Polo) + Rslo (Q € Scar) Equation 2-15

Q
The catalytic role of the RuO; sites can be described semi-quantitatively by using the
representation found in the literature that considers OER catalyst as hole sinks. In our
system, RuO; can store holes by generating higher valence Ru species, and their

accumulation in the cocatalyst phase builds up an energy level (£at) such that eventually
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the stored holes can be quenched steadily by water oxidation at the metal-solution
interface.32-3446-49 On the one hand, in view of the pinch-off effect and the ability of some
metallic cocatalyst to engage in parallel redox reactions, like Pt/PtOx catalysts and the
reactions leading to multiple Pt oxidation states, often in the literature 0D models of
photocatalyst nanoparticles assume that the cocatalyst junction approximates the limit of
an adaptive junction. Therefore, in such models it is expected minimal influence of the
cocatalyst in band bending.?22* On the other hand, RuO: catalysts have chemical
properties that approximate better the definition of a buried junction (shifting potential),
meaning that conventional anhydrous RuO; (rutile) is dense, ion impermeable, and highly
conductive.323446:47 Accordingly, and alike to other sources in the literature, we consider
RuO> cocatalysts as a buried junction in our model, from the perspective that it is rather
likely that a RuO, phase conducts and stores holes close to the metal-solution interface,
which does not happen via chemical transformation to intermediate Ru species that are
electrolyte-permeable.32344647  The main implication of considering RuO; as a buried
junction in our model is that the potential barrier is fixed relative to Eat, and Ecat must
match thermionic kinetics in Equation 2-14 and Equation 2-15, and electrochemistry
kinetics.3%4° Additionally, the model presented in this section deals directly with the
cocatalyst geometry and local band bending, hence it does not require assumptions about
the outcome of the band bending magnitude.

The resulting model for a WO3/RuO; junction is presented in Figure 2-1, which depicts all

the crucial mathematical objects described in Section 2.1 and 2.2.
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Solution

Figure 2-1. Depiction of charge carrier dynamics modelling of a WOs/cocatalyst junction in photocatalysis. The
WOs; nanoparticle (radius ro) spherical surface that is in contact with the photocatalytic solution is Sso, while the
patch that corresponds to the contact with the arbitrary cocatalyst shape is Sct. The cocatalyst volume is mapped
in spherical coordinates (radial coordinate r, angle coordinates 9 and p). n (red) and p (blue) are local electron-
hole densities, and ns and ps their corresponding surface value. Scalar functions G and R are the generation rate
(depends on irradiated photon flux I), and the recombination rate (depends on n and p), respectively. Boundary
conditions at contact surfaces are visualized as the carrier current (Jn and Jp) and the normal surface vector (n”)
at an arbitrary point on the contact surface. roer,ruo2 and R'cat are the frequency of OER and recombination events
on the cocatalyst phase, respectively. The solution of the transport problems yields the n and p distribution along
the WO; volume.

On the one hand, cocatalyst decoration creates another pathway for recombination at the
RuO:; site (R, defined as an absolute # of events per unit of time).1%4> On the other
hand, kinetic barriers for water oxidation decrease dramatically such that at steady state,
the accumulation of holes in the catalyst produces significant OER rates (rokrruoz, defined
as an absolute # of events per unit of time).1%% rorruo2 depends on the difference

between E..x and the oxidation potential of water (| £cat - Fizo/0n-|), for example following
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Butler-Volmer equations.1%243745 Different to the electron transfer rate constants defined
in Equation 2-12 and Equation 2-13 for single events per carrier at the semiconductor
surface (ked and kox), due to the difficulty in describing electron and hole densities in a
semi-metal material like RuO,, the dependence of roerruo2 to accumulation of charges is
kept as an implicit function of | Eua: - Eizo/0u-|, as in electrocatalysis.?*3” To complete the
solution to the transport equations, boundary conditions in in Equation 2-14 and Equation
2-15 must also accomplish that electron and holes rates going across the contact emission
barrier set by £ca match the recombination and catalytic event frequency at the cocatalyst
phase.*19:3234 Then the charge transfer at the semiconductor-cocatalyst interface can be

described as follows,

, Equation 2-16
# Vp(P —Po) dS = R'cqe + rOER,RuOZ(lEcat - EHZO/OHl)
s

cat

) Equation 2-17
# vp(n—ngp) dS = R'cq
S

cat

Ecglo — Ecar = &5 (Q € Sso1) Equation 2-18

The equations presented in this and the previous section for charge carrier dynamics
include transient states. Still, in photocatalysis the solution to such equations is typically
of interest only at steady-state conditions. To obtain steady-state solutions directly, time
derivatives (dp/dt dn/dt) in Equation 2-3 and Equation 2-4 can be cancelled out, which
should be consistent with neutrality of photogenerated charges and currents leaving the
surface. Therefore, the boundary conditions involving electron currents (Equation 2-14)

can be replaced directly by the equality to hole currents, as in Equation 2-19

. . Equation 2-19
# ]n-ndS=—# Jp-ndS
S, S

catt Ssol catt Ssol
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Given the previous models and photocatalytic OER rates on bare (negligible) and decorated
WOs nanoparticles that will be presented in Chapter 6, it can be inferred that the addition
of cocatalyst has two major positive effects. One has already been described and relates
to separation efficiency (7sep) and the immediate effect of increased local band bending
facilitating migration of holes to the cocatalyst surface, due to a higher emission barrier
and the larger separation of HER and OER active sites. 7sep increases indirectly also
because of the cocatalyst catalytic role, due to less hole surface accumulation on the
cocatalyst decorated WOs. The 7sep can now be defined more formally as the surface
integrated hole-current density leaving the entire photocatalyst surface (Stat+sol = Seat +
Sso1) divided by the total absorbed photons by the WO3 nanoparticle volume ( Viwos), which

for holes leads to Equation 2-20 (equivalent for electrons in steady state).

L -7 dS Equation 2-20

The second effect is attributed directly to the cocatalyst catalytic role and the increase of
neat, Which can be understood from lower cocatalyst kinetic barriers for water oxidation
compared to bare WOs. For bare WOs3, 7.t is defined as the ratio of surface charge transfer
versus charge transfer plus surface recombination, which for holes leads to Equation 2-21

(equivalent for electrons in steady state).

gb;  kox[OH™1(p — po) dS Equation 2-21

gb;  (kox[OH™1(p — po) + Rs)dS

Necat,wo; =

While for RuO; decorated WOs, the same definition leads to

4 X Topr RUO2 T gﬁﬁssol k,,[OH 1(p — po) dS Equation 2-22

#Ssol(kox[OH_](p — Do) + R)dS + R'car + 4 X Topgr ru02

Ncat,wos+Ruo, =
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The effect of cocatalyst addition is evident in improving the 7. (OER) of semiconductors
with poor electrocatalytic activity for water oxidation, like WOs. Given the evidence from
the electrochemistry and photoelectrochemistry literature, it is expected that the
photocatalytic differences in OER rates after RuO, decoration on WO3 come from the fact
that 7catwos+ruoz > nearwo3.383%44 The performance of different OER cocatalysts decorated
on the same WO:s light harvester can also be understood from these equations, considering
the cocatalyst differences in electrical and catalytic properties, and geometry. Withal, we
can also reassure based on the concepts presented in this section the holistic approach
highlighted in the literature, that while good electrocatalytic activity of cocatalysts is a
requirement, it does not ensure good photocatalytic performance.*104> Besides
electrocatalytic activity, cocatalyst performance is bound to the right interfacial electrical
properties that favor overall charge separation and prevent charge recombination.410:45

To date, no numerical simulation has been performed on the photocatalytic system like
the one presented above without the input of a fixed overpotential to model interface
reaction. Regardless of such lack of quantitative results, our model can be described semi-
quantitatively by the introduction of quasi-Fermi levels (£ and Erp for electrons and
holes, respectively).#1%23 If the solution to transport equations and boundary conditions
above gives a full description of electron and hole densities (n and p) along the

photocatalyst geometry, the solution can be expressed as

Epn—Ecp Equation 2-23
n= NC exp kB—T
—Ep, + Ecg—E, ion 2-
p =N, exp( Fp kBTCB g) Equation 2-24

The semi-quantitative description of quasi-Fermi levels following the principles in the set
of equations above and numerical results from the literature, can be found in Figure 2-2
for bare and decorated WOs in the region close to the semiconductor-cocatalyst and

semiconductor-solution contact.#19:23
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Figure 2-2. Depiction of quasi-Fermi levels of a WO; in photocatalysis in the absence of and presence of cocatalyst
decorated on the WO; surface, and at dark and illuminated conditions. Dashed lines represent Fermilevels (black,
under dark condition) and quasi-Fermi levels (under illumination, red for electrons, blue for holes). Acronyms: Evs
and Ecs, valence and conduction band levels; Esn and Ep n, semiconductor quasi-Fermi levels of electron and holes;
Eios/- and Eonyh20, redox shuttle and OER reaction energy levels, respectively; nox, nred, oxidation and reduction

overpotential at bare WOj; surface; nox,cat, oxidation overpotential at bare RuO., ®s,sol, P5,m, emission barrier height
of WOs5 contact with solution and RuO., respectively.
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In addition to such local 1D predictions in Figure 2-2 based on £rn and £rp (dashed lines
represent arbitrary pathways with arbitrary units for energy levels, describing the distance
to the photocatalyst surface with arbitrary units also), a qualitative carrier potential
distribution along a photocatalyst geometry (cross-section) is presented in Figure 2-3
(roughly approximated to similar numerical simulations in the literature).!* As previously
mentioned in this section, electron transfer events on bare WOs are more likely to occur
via surface traps. Surface traps of WOs acting as active sites lead to similar equations
compared to the cocatalyst phase, including active site spatial separation, but with far

lower electrocatalytic activity compared to RuOa.

% 0, Uoz

—— Ei03-/1- = Mred

— Eioz -

o EOH-;’HZO

— Eon-/H20 + Haxcat

Eon-/H20 + Nox

E vs NHE
I 105 (a.u.)

Figure 2-3. Qualitative description of charge carrier distributions under illumination along a WOs/cocatalyst
junction geometry (cross-section). Colour bar on the right indicates in arbitrary units the relevant energy levels in
Figure 2-2. Colormap of cross section of WO; phase indicates the charge carrier densities expressed in electrical
potential. Model considers spatial separation of WO5 reduction and oxidation active sites. Dashed arrows depict
qualitatively the arbitrary pathways used to graph Efn and Efp in Figure 2-2, assuming that the RuO. phase is
arbitrarily far enough to not interfere with the charge distribution obtained along the dashed arrow lines on bare
WOs, compared to the undecorated WOs case.
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The representation in Figure 2-3 considers active site separation via traps for WOs and an
arbitrary RuO; cocatalyst junction shape (dashed arrows depict qualitatively the arbitrary
pathways used to graph £z» and £%p in Figure 2-2). It can be inferred from Figure 2-3, that
the color areas representing charge build-up (dark blue close to the bare WO3 oxidation
site, and dark red close to the bare WO3) are high recombination rates zones. Whereas
the areas close to the RuO, cocatalyst are expected to build less potential due to the
smaller electrocatalytic overpotential requirement for water oxidation and upward band
bending that facilitates hole migration to the RuO; sites.

The effect of different levels of cocatalyst loadings (i.e., cocatalyst/semiconductor %wt)
in photocatalysis can also be derived from the principles exposed in this section, since it is
expected that at a high loading, recombination rates due to oxidative potential build up
will increase more than accessible cocatalyst active sites for water oxidation, which
predicts an optimum of 7t versus cocatalyst loading. Excessively high cocatalyst loading
eventually turns out detrimental even if the additional cocatalyst material maintains its
size, just increasing the coverage of well dispersed water oxidation sites on the light-
harvester support, due to less distant active sites, and hindering of 103" reduction sites.*
In cases where the local band bending around the cocatalyst does not favor proper
migration of free charge carriers to their respective surface active-site, like the Pt/SrTiO3
HER junction in POWS, the pinch-off effect still mitigates increased band bending, if the
cocatalyst patches remain small enough (< Wa of the light-harvester).222* The latter case
is also unfavored at high cocatalyst loadings when the additional decorated material
increases its patch size, diminishing the pinch-off effect and thus separation efficiency. At
high loading also, the decorated cocatalyst affects light absorption phenomena on the
light-harvester support and thus 7as. The detrimental optical effect resulting from
cocatalyst decoration, previously described as parasitic light absorption, can be found in
the literature, and is described in detail in Chapter 6.7-11

The role of anhydrous RuO; (rutile) is primarily a water oxidation catalyst, which is held
along this and the previous section, but it also presents mild electrocatalytic activity for
105" reduction.3839:30.51 The role of anhydrous RuO: (rutile) as a bifunctional catalyst also
for I03™ reduction is not represented simultaneously in this section but is discussed in

Chapter 6 as another beneficial effect in efficiency of OEP systems using KIO3 as the
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electron acceptor. Electrocatalysts that only enhance IOs  reduction like PtOx and
RuO2'nH20 are also employed as OEC on WO3 and TaON photocatalytic systems.38:39,50,51
PtOx and RuO2'nH;0 reduction catalyst can also be described using the concepts of this
section, modifying the previously described equations accordingly. In such cases the
electron transfer bottleneck results in I03™ reduction instead of water oxidation, and the
overpotential at the catalyst (Zw.:) is defined relative to the fAos1- level, while water
oxidation turns less sluggish compared to recombination events at the bare WO3
semiconductor surface