
Dissertation zur Erlangung des Doktorgrades  

der Fakultät für Chemie und Pharmazie  

der Ludwig-Maximilians-Universität München 

 

 

 

Designing Semiconductors and Catalysts  

for Photoelectrochemical Hydrogen Production 

 

 

 

von 

Jonathan Kampmann 

 

aus 

 

München, Deutschland 

 

2020 

 

 



 

 

  



Erklärung 

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November 2011 von 

Herrn Prof. Dr. Thomas Bein betreut. 

 

 

Eidesstattliche Versicherung 

Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe bearbeitet. 

 

München, den 3. März 2020                   _______________________________________________ 

                                          Jonathan Kampmann 

 

 

 

 

 

 

 

 

 

Dissertation eingereicht am:  4. Dezember 2019 

1. Gutachter:     Prof. Dr. Thomas Bein 

2. Gutachterin:    Prof. Dr. Dina Fattakhova-Rohlfing 

Mündliche Prüfung am:  17. Februar 2020 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
i 

 

Abstract 

This thesis presents the results of a number of projects dealing with the challenge of hydrogen 

production from sunlight, promoting a medium to store and transport renewable energy. Different 

nanostructured organic and inorganic semiconductors as well as metallic co-catalysts were 

synthesized and combined to thin film devices, which can be envisioned to work like artificial leaves. 

These devices were extensively studied by various physical methods like X-ray diffraction, electron 

microscopy, X-ray photoelectron spectroscopy, spectrophotometry, nuclear magnetic resonance 

spectroscopy and density functional theory calculations. Finally, their abilities regarding the 

harvesting of sunlight and their catalytic properties for hydrogen evolution were investigated by 

photoelectrochemical methods. 

The first chapter describes the influence of tin doping on the performance of hematite photoanodes 

using model photoabsorber layers with different tin doping concentrations and concentration 

gradients prepared via atomic layer deposition. This study aims for the basic understanding of effects 

of dopants on fundamental rate-determining kinetic and recombination steps of metal oxide 

photoelectrodes.  

The second chapter elucidates the phenomenon of photocorrosion with the example of lithium doped 

copper oxide photocathodes. While this material appears to be an efficient material at first glance, it 

corrodes by copper reduction from its own photogenerated electrons in contact with water. This 

observation was studied in depth to reveal the underlying mechanism of photocorrosion. 

Additionally, a suitable protection approach for this material is discussed and the hydrogen evolution 

of those final devices is quantified. 

The third chapter presents the first study of covalent organic frameworks serving as photoelectrodes. 

By self-organization, this organic material grows conjugated two-dimensional sheets that stack in the 

third dimension, forming crystalline and porous polymers. The synthesized material called BDT-ETTA 

was grown as flat films with its one-dimensional pores oriented perpendicular to the surface of the 

underlying conductive substrate. Those devices were shown to exhibit a suitable band gap alignment 
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for hydrogen evolution and were applied to reduce water by the use of sunlight. Finally, the 

combination with a platinum cocatalyst revealed the catalytic activity of the photoactive material 

itself as bottleneck for the targeted application, whereas the diversity of possible optical and 

electronic properties can be tuned by the selection of appropriate building blocks, offering an 

auspicious material system for the evolution of hydrogen from sunlight.  

The fourth chapter explores electrophoretic deposition as a well-working technique for the film 

deposition of covalent organic frameworks, also in combination with metallic platinum nanoparticles. 

With the example of the previously introduced BDT-ETTA, the influence of morphology and added 

cocatalyst on the photoelectrochemical performance is discussed. Devices exhibiting textural 

porosity, in addition to the intrinsic porosity of the covalent organic framework itself, showed an 

increased photoactivity compared to flat electrodes. Their combination with a nanosized platinum 

cocatalyst leads to strongly enhanced photocurrents, alleviating the catalytic bottleneck of the 

discussed material. 

Finally, the perspectives for the continuation of the above projects are discussed in the last chapter.  
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1 Introduction 

1.1 The role of hydrogen in a sustainable society 

Our modern society is based on industrial investment and economic growth. As the needed energy is 

mainly covered by burning fossil sources like oil, coal or natural gas, mankind has released both heat 

and greenhouse gases like carbon dioxide and nitrogen oxides into our atmosphere which were 

stored in the earth during the course of several hundred million years. Consequently, it is easy to 

imagine that this fact can cause significant changes of the earth’s climate such as more frequently 

occurring extreme weather conditions and a warming of the earth’s surface. Additionally, the search 

for new deposits of fossil fuels gets more and more expensive and our reserves are getting lean. 

For these reasons, we need to change our energy supply towards the use of sustainable sources. 

Germany, one of the forerunner countries regarding the integration of renewable energies, generated 

84% of its electricity from fossil fuels in 2014, even though Germany had, at that time, an installed 

wind power capacity of 35.92 GW as well as an installed solar power capacity of 37.34 GW, which 

would be more than enough to cover the average aggregate gross power consumption of 57.55 GW.1 

The key to remove this discrepancy is an efficient way of storage, distribution and supply of this 

energy. 

Even better than numerous pumped-storage power plants or giant battery stacks, energy storage in 

the form of chemical bonds is able to cover these demands. Among different chemical components, 

hydrogen can provide a comparably high theoretical energy density per mol due to its low molecular 

weight. If hydrogen is used in a fuel cell to generate electricity, the single emission product from its 

reaction with oxygen is water (Eq. 1.1). Therefore, hydrogen can be used as climate-neutral fuel to 

power mobility, as it is currently demonstrated in trains, cars, ships and even airplanes.  
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2 𝐻2 + 𝑂2 ⇌ 2 𝐻2𝑂 Eq. 1.1 

Furthermore, hydrogen is also needed to synthesize ammonia via the Haber-Bosch process (Eq. 1.2) 

in a quantity of over 140 million tons per year. While ammonia can also be used as energy carrier, 

most of those large quantities are used to provide fertilizers like ammonium nitrate or urea for 

agriculture.2-3 Therefore, the Haber-Bosch process was awarded with the Nobel prize in chemistry in 

1918. 

 
3 𝐻2 + 𝑁2 ⇌ 2 𝑁𝐻3 Eq. 1.2 

Unfortunately, nearly all of the used hydrogen is currently produced from steam reforming of natural 

gas (Eq. 1.3).4 This source needs to be changed to a sustainable alternative in the near future to 

become independent from fossil resources. 

 
𝐶𝐻4 + 2 𝐻2𝑂 ⇌ 4 𝐻2 + 𝐶𝑂2 Eq. 1.3 

All in all, our modern world and its economic growth is based on non-ending energy supply. With the 

prospect of dwindling resources, increasing emissions and climate change, one must urgently look for 

alternatives to oil, gas and coal. Hydrogen, or its derivatives, are well-suited chemical energy carriers 

to supersede the established energy economy based on fossil fuels.  
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1.2 Synthesis approaches for hydrogen gas from renewable energy 

Hydrogen gas can be produced in various ways from renewable energy. A versatile technology is 

electrolysis using a so-called proton exchange membrane (PEM), which enables generation of 

hydrogen with high pressure at room temperature. It is powered with electricity that can be produced 

by any technique, preferably a renewable one like solar cells or wind power. A hydrogen evolution 

reaction (HER) catalyst like platinum is applied on one side of the polymer membrane, while an 

oxygen evolution reaction (OER) catalyst such as iridium dioxide covers the other side. With the 

addition of an electrical potential, both gases are evolved from an aqueous electrolyte and can be 

collected separately.  

 

Figure 1.1. Possible approaches for sustainable hydrogen production: a) dark electrolysis, b) photocatalysis or c) 

photoelectrochemistry. 

Beside this, other technologies explore the direct conversion of sunlight to hydrogen with the goal of 

minimizing electric losses and therefore maximizing the so called solar-to-hydrogen efficiency. To 

this end, suitable semiconductors are directly immersed into an aqueous electrolyte and evolve both 

oxygen and hydrogen gas under illumination. In photocatalysis, semiconductor particles are 

dispersed in the electrolyte. These particles need to have a suitable band alignment and band gap to 

cover the redox potential of both half reactions as well as catalytic surfaces or cocatalysts for both 

oxygen and hydrogen evolution. While this process could be easily scalable to industrial dimensions, 

the product is an explosive oxyhydrogen gas mixture, which would require great efforts to be 

separated afterwards. To prevent this complication, research in this field is mostly performed using 
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sacrificial agents. These additives in the electrolyte are used to scavenge electron holes, therefore 

facilitating the redox reaction and suppressing the oxygen evolution reaction. This approach would 

be viable for large scale industrial application if the hydrogen production could be combined with a 

product-oriented oxidation, e.g., the production of chlorine gas. Otherwise, the large required 

quantities of those additives that get oxidized and continually consumed during the reaction would 

likely exceed the value of the produced hydrogen. 

The photoelectrochemical approach combines the principles of electrolysis and photocatalysis. The 

HER and OER processes take place on different electrodes as in electrolysis, but using sunlight as the 

source of energy as in photocatalysis. Under incident sunlight, hydrogen and oxygen are produced on 

the semiconductor surfaces in both half cells and the products are directly separated for further 

storage. This system is expected to reduce product cross-contamination and minimize energy losses 

and fabrication cost as compared to the other approaches mentioned above.5-6 Currently rather low 

yields (below 5% solar-to-hydrogen efficiency) hamper commercialization of photoelectrolysis for a 

large scale hydrogen production, therefore further research is needed, both on materials and 

mechanistic understanding, to make this technology economically feasible.  In the end, each 

technology needs to be studied and optimized separately to satisfy the needs of specific applications.  

1.3 Theory of photoelectrochemical water splitting 

1.3.1 The ideal photoelectrode 

In recent years, the research on new materials for artificial photosynthesis has increased 

substantially. These compounds need to exhibit semiconducting properties to be able to convert light 

into electricity or directly into chemical energy. Semiconductors can absorb photons with higher or 

equal energy than their band gap. This results in the excitation of electrons to the conduction band, 

leaving behind so-called ‘electron holes’ in the valence band (Eq. 1.4). Electron holes are no actual 

particles; they are rather described as a positively charged void in the valance band. 

 

 4 ℎ𝜈 
𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
→           4 𝑒𝑐𝑏

− + 4 ℎ𝑣𝑏
+  Eq. 1.4 

ℎ𝜈: Energy of one photon   𝑒𝑐𝑏
− : Electron in the conduction band   ℎ𝑣𝑏

+ : Electron hole in the valence band 
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The ideal semiconductor for this application is able to absorb as much of the incident light as possible, 

as, in the ideal case, two absorbed photons correlate directly to one evolved hydrogen molecule. A 

high absorption coefficient is often the result of a direct optical band gap. In this case, only a thin layer 

of semiconducting material is needed to absorb a sufficient amount of light. Nevertheless, many of the 

investigated semiconductors have indirect band gaps. But this is only one important property, as the 

electron-hole pairs created by absorption of photons need also to be separated efficiently. Materials 

with good charge separation properties are indicated by a low relative permittivity. The lower the 

Coulomb force between the electron and the electron hole, the easier they can be split up and convert 

water to hydrogen and oxygen gas. If the photoabsorber is a p-type semiconductor, the electrons 

move to the solid-electrolyte interface and reduce water to hydrogen (Eq. 1.5). The holes are 

conducted to a counter electrode, where they oxidize water to form oxygen gas (Eq. 1.6). Under 

standard conditions, the required free energy for the water splitting reaction is ΔG = 237 kJ mol-1. A 

minimum bandgap of 1.23 eV is required to provide this energy, corresponding to an absorption 

threshold of around 1000 nm.7  

 4 𝑒− + 4 𝐻2𝑂 → 2 𝐻2 + 4 𝑂𝐻
− 𝐸𝐻2𝑂/𝐻2

0 = 0 𝑉 𝑣𝑠. 𝑅𝐻𝐸 Eq. 1.5 

 4 ℎ+ + 4 𝑂𝐻−  → 𝑂2 + 2 𝐻2𝑂 𝐸𝑂2/𝐻2𝑂
0 = 1.23 𝑉 𝑣𝑠. 𝑅𝐻𝐸 Eq. 1.6 

𝑒−: Electron ℎ+: Electron hole    𝐸0: Standard electrode potential  𝑅𝐻𝐸: Reversible hydrogen electrode 

The efficiency of a photovoltaic device is commonly determined by the open circuit potential, the 

short circuit current, the fill factor and the incident light intensity. In case of a photoelectrochemical 

device, the open circuit voltage corresponds to the chemical potential of the water splitting reaction 

of 1.23V and can therefore be considered constant. Additional, kinetic overpotentials and energy 

losses at the semiconductor-liquid interface require an additional potential to be covered, which 

results in a total required energy of 1.6 – 2.4 eV per generated electron-hole pair.8 In a standardized 

experiment, also the incident light intensity is held constant to the equivalent of one sun (100 mW 

cm-2, AM1.5G, see chapter 2.4). Therefore, the single variable for calculating the photoelectrochemical 

efficiency is the rate of hydrogen (or oxygen) production at the chemical potential of hydrogen 
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evolution of 1.23 V vs. RHE (see Eq. 1.5 and 1.6) without additional overpotentials. The rate of 

hydrogen evolution directly correlates to the photocurrent if all possible side reactions, e.g. corrosion 

of the photoabsorber or reduction of oxygen gas, can be excluded. The efficiency of a 

photoelectrochemical device is therefore directly proportional to the obtained photocurrent and can 

be calculated according to Eq. 1.7.9 

 
𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 × 𝑟𝑎𝑡𝑒

𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
=
1.23 𝑉 × 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴 𝑐𝑚−2)

100 𝑚𝑊𝑐𝑚−2
 Eq. 1.7 

Ideally, the semiconductors’ surfaces should exhibit some specific catalytic activity themselves, which 

otherwise needs to be provided by cocatalysts. If the kinetic overpotentials for electron transfer 

processes at the solid-electrolyte interface are considered, an optimal bandgap of 1.5 – 2.4 eV can be 

postulated. Experimental and theoretical studies showed an expected maximum photocurrent 

density of 12.6 mA cm-2 for a single optimal absorber (with an optical band gap of 2.23 eV and 1.0 V 

of assumed losses per photon), based on Shockley-Queisser limit, and a maximum conversion 

efficiency of incident photons to hydrogen of 15%.6, 10-11 Solar-to-hydrogen efficiencies of tandem cells 

(concept see next chapter) containing a photoanode and a photocathode are calculated to have their 

maximum at 29.7% (for optical band gaps of 1.6 and 0.95 eV for top and bottom cell electrode, 

respectively).12 If such efficiency can be obtained and combined with long-term stability using low-

cost materials, the concept of PEC water splitting would become eligible for an industrial application. 

1.3.2 Different architectures of photoelectrochemical cells 

A photoelectrochemical cell is usually either built with one semiconductor as single photoabsorber 

or with two semiconductors combined to a tandem cell. In a full device, anode and cathode are 

electrically connected and immersed in an aqueous electrolyte. Both electrolyte compartments are 

connected with an ion-selective membrane while the produced hydrogen and oxygen gases are 

collected separately. This prevents the accumulation of an explosive gas mixture and avoids complex 

gas separation procedures. 
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Figure 1.2. Schematic drawing of photoelectrochemical setups using a single absorber on a transparent conductive substrate 

connected to a metal counter electrode. For this approach, either an n-type semiconductor can be used as photoanode (a) or a 

p-type semiconductor as photocathode (b). The ion-selective separator membrane is not shown for clarity. 

To study only one half-reaction of the water splitting reaction, the single absorber approach is the 

most commonly used. To this end, the photoelectrode needs to be connected to a counter electrode 

(Figure 1.2). The counter electrode is usually made of platinum, as it exhibits distinct electrochemical 

stability in a broad potential range and does not polarize during the measurement, while the electrode 

provides fast electron transfer to the electrolyte. A single absorber material should have a bandgap 

of at least 1.7 eV to generate sufficient photovoltage for the water splitting reaction and all additional 

kinetic overpotentials.9 In order to provide the electrochemical driving force, the valence band energy 

EVB of a photoanode needs to be significantly more positive than the oxygen evolution potential. 

Consequently, also the conduction band energy ECB of a photocathode needs to be lower than the 

hydrogen evolution potential. For small bandgap semiconductors, an additional bias can be applied 

to compensate the occurring potential difference.13 Only a small number of metal oxides like TiO2 or 

SrTiO3
14 exhibit EVB and ECB edges suitable for both hydrogen and oxygen evolution, and SrTiO3 was 

used for so-called unassisted water splitting.15 
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Figure 1.3. Schematic drawing of a photoelectrochemical tandem cell composed of a photoanode connected to a photocathode. 

By the use of semiconductors with different suitable bandgaps, their combination allows for the absorption of a significant 

range of the sunlight spectrum. 

Another possible device architecture is the combination of an n-type and a p-type semiconductor to 

a tandem cell (Figure 1.3). The used semiconductors can have more narrow bandgaps compared to a 

single-absorber photoelectrode, which has to provide all the energy of the water splitting reaction by 

itself. The combination of one photoabsorber with a wider band gap, commonly the photoanode, in 

front of another electrode, commonly a photocathode, with a lower band gap, allows for a significantly 

increased absorption of visible light, especially in the red and near IR region. Therefore, tandem cells 

can more easily provide enough energy to drive the water splitting reaction.7, 16 Ideally, both 

semiconductors absorb an equal number of incident photons and provide therefore a comparable 

photocurrent to maximize the device efficiency.  
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1.3.3 The mechanisms of light-driven reactions at semiconductor-liquid interfaces 

The defining characteristic of photoelectrochemical water splitting is the direct interface between the 

photoelectrode and the electrolyte. If a semiconducting electrode, in this example a p-type 

photocathode, and a metal counter electrode are immersed in an aqueous electrolyte, the 

corresponding work function φsc, the electron affinity Ae, the valence band (VB), the conduction band 

(CV) and the Fermi level (EF,SC) of the photocathode as well as the Fermi level of the metal counter 

electrode (EF,M) and its work function φM and the redox potentials of water can be described relative 

to the vacuum level and the standard hydrogen electrode (SHE) potential according to Figure 1.4a.  

 

Figure 1.4: a) A p-type semiconductor photocathode and a metal counter electrode are immersed in an aqueous electrolyte. The 

corresponding work functions φ, the electron affinity Ae, valence band (VB), conduction band (CV) and the Fermi level (EF,SC) of 

the photocathode as well as the Fermi level of the counter electrode (EF,M) and the redox potentials of water are included with 

respect to the vacuum level Evac. b) If both electrodes are connected, the Fermi levels will match. The lift of EF,SC is indicated with 

a yellow arrow in (a). The application of a reductive potential on the cathode leads to the formation of a space charge layer WSC 

and bending of both CB and VB. The electrochemical driving force of the HER is marked with Δφ .c) Illuminating the 

semiconductor leads to the excitation of electrons from the VB to the CB. The Fermi level splits up in the space charge layer 

region, which additionally facilitates charge separation. Electrons move to the SC surface and electron holes to the metal 

counter electrode, leading to the evolution of hydrogen and oxygen gas, respectively. 

The interface between the semiconductor and the aqueous electrolyte, also called semiconductor-

liquid junction, can be described as a Schottky-type contact. If the photocathode is electrically 

connected to the counter electrode, both Fermi levels will match. In this configuration, a high enough 

external potential would already lead to electrolysis of the aqueous electrolyte. For a 
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photoelectrochemical application, the external potential is kept small as the energy needed to drive 

the water splitting reaction is intended to be solely covered by the excitation of the semiconductor 

upon illumination, but this already causes a slight band bending. Ionized donor species are left behind 

and the region is depleted of free charge carriers, creating the space charge layer WSC (Figure 1.4b). 

Illumination of the photocathode results in the splitting of its Fermi level into two quasi-Fermi levels, 

excitation of charge carriers and photoelectrolysis of the electrolyte (Figure 1.4c). For a p-type 

semiconductor, this results in an excess of holes at the semiconductor-liquid junction while for an n-

type semiconductor, electrons are concentrated there. The resulting electric field amplifies the 

bending of the semiconductor’s energy bands in the region of the space charge layer. Minority carriers 

are driven to the surface, which reduces electron – hole recombination in the bulk material.17 This 

band bending can be neglected for nanostructured and mesoporous materials. Their small domain 

sizes allow only for a small band bending, which is lower than the thermal energy at room 

temperature. For this reason, minority carrier movement can solely be described by diffusion. 

Additional bias can be applied to withdraw majority carriers from the semiconductor-electrolyte 

junction to further reduce recombination losses.  

Several experimental techniques were developed to characterize the mechanisms and kinetics of 

reactions at the interface between a semiconductor and an electrolyte upon illumination. Incident 

photon to current conversion efficiency (IPCE) measurements are able to quantify the ratio of the 

obtained photocurrent density jphoto to the incident photon flux I0 multiplied with the electrical charge 

q (Eq. 1.8).17 Furthermore, the IPCE can be described as the product of the light harvesting efficiency 

𝜂𝐿𝐻, the charge transfer efficiency 𝜂𝑡𝑟𝑎𝑛𝑠 and the electron hole separation efficiency 𝜂𝑠𝑒𝑝.18 

 𝐼𝑃𝐶𝐸 =
𝑗𝑝ℎ𝑜𝑡𝑜

𝐼0 ∙ 𝑞
= 𝜂𝐿𝐻 ∙ 𝜂𝑡𝑟𝑎𝑛𝑠 ∙ 𝜂𝑠𝑒𝑝 Eq. 1.8 

As discussed earlier, the electron hole separation efficiency is a very important characteristic of 

suitable semiconductors and can be determined by measuring the IPCE as well as calculating 𝜂𝐿𝐻 and 

𝜂𝑡𝑟𝑎𝑛𝑠. The light harvesting efficiency can be calculated from the wavelength depending absorption 

coefficient α(λ) and the film thickness d (Eq. 1.9). This assumption can only be made if light scattering 

and internal reflection are neglected. 
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𝜂𝐿𝐻 = 1 − 𝑒

−𝛼(𝜆)𝑑 Eq. 1.9 

The charge transfer efficiency can be experimentally determined by transient current measurements. 

Most nanostructured photoelectrodes show a characteristic current response to chopped light 

(Figure 1.5). The ratio of steady state current density jss and instantaneous current density j0 results 

in the charge transfer efficiency of minority carriers moving to the electrolyte (Eq. 1.10).18 

 𝜂𝑡𝑟𝑎𝑛𝑠 =
𝑗𝑠𝑠
𝑗0

 Eq. 1.10 

The electronic potential of PEC measurements is conventionally described in Volts versus the 

reference hydrogen electrode (RHE). The space charge layer and consequently also the charge 

transfer efficiency strongly depend on the potential at the semiconductor-liquid junction. Therefore, 

the electrochemical potential needs to be monitored with care. At pH 0, electrons with potential of 

0.0 V vs. RHE exhibit an energy of -4.5 eV relative to the vacuum level.19 

 

Figure 1.5: Calculated transient current response for an n-type semiconductor with 50 % transfer efficiency.18 
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1.3.4 Common challenges of photoelectrolysis 

Beside the conversion of sunlight energy into hydrogen and oxygen gas, several other undesired 

processes can occur in the course of the photoelectrochemical reaction, minimizing its total efficiency. 

Stability under operating conditions is one of the key requirements of the investigated materials for 

being integrated in a possible device application. The electrodes should exhibit intrinsic (electro-) 

chemical stability under illumination, in the intended potential range and in the used electrolyte. For 

the latter, the pH value of aqueous electrolytes is often crucial and possible instabilities of well-

studied materials can be initially assessed in Pourbaix diagrams.20 While it is possible to protect a 

photoelectrode against the direct contact with the electrolyte, protection layers often do not show 

sufficient catalytic activity regarding hydrogen or oxygen evolution. As the other key feature of a 

photoelectrode is certainly its performance, cocatalysts are often used to accelerate the kinetics of 

surface charge transfer reactions and therefore boost the efficiency of hydrogen or oxygen evolution. 

Measurement artifacts that can be easily misinterpreted are currents originating from the reduction 

of oxygen dissolved in the electrolyte. This can be excluded by using a special, closed cell that can be 

purged with an inert gas like nitrogen or argon to remove any oxygen. However, the oxygen reduction 

currents are usually in the range of around 10 – 100 µA cm-2 and are therefore more likely relevant 

for low-performing photocathodes. 

1.4  State-of-the-art semiconductors for PEC water splitting 

1.4.1 Metal oxides 

The discovery of photoelectrochemical water splitting started in the late 1970’s with the description 

of oxygen evolution on TiO2 by P. J. Boddy.21 His work was soon followed by A. Fujishima and K. Honda, 

who built a PEC cell by combining the TiO2 photoelectrode with a Pt counter electrode that evolved 

hydrogen and oxygen under UV-light illumination.22 This cell design formed the basis for today’s 

research on photoactive materials. Another prominent example for binary transition metal oxide 

semiconductors is WO3, which was first described in 1976 by Butler et al. to be applicable for the 

photoelectrolysis of water.23 While both materials exhibit good stability under operating conditions, 

their large band gaps of 3.0 – 3.2 eV (TiO2) and  2.7 eV (WO3) only allow the absorption of UV light.24-

25 In order to harvest a larger portion of the visible spectrum, lower band gap materials needed to be 

explored. While the investigation of SnO2 and SrTiO3 did not result in any significant improvement of 

those disadvantages,26 the discovery of α-Fe2O3 (hematite) by K. L. Hardee in 197627 opened a new  
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Figure 1.6: Crystal structures of rutile-TiO228 (a), anatase-TiO229 (b), BiVO430 (c) and α-Fe2O331 (d). Color code: oxygen (red), 

titanium (light grey), bismuth (blue), vanadium (dark green) and iron (khaki-green). 

chapter in the field of artificial photosynthesis. With its comparably low band of 2.0 - 2.2 eV, hematite 

films can absorb a significant fraction of the incident sunlight.32 It can be synthesized from abundant, 

cheap and non-toxic elements and it additionally proved to be extremely stable under operating 

conditions.33 For those reasons, hematite was intensively studied, also within our group. L. Peter 

explored α-Fe2O3 as a model system to study fundamental processes occurring during light-driven 

water splitting, like describing energetics and kinetics under chopped or modulated light intensity. 

The subsequent application of photoelectrochemical impedance spectroscopy, photocurrent 

transient analysis and intensity-modulated photocurrent spectroscopy allowed researchers to study 

the influence of dopants like Sn4+ 18, 34-35, Ti4+ 36-37 or Si4+ 32, 38 on the electrochemical performance. 

Furthermore, I. Kondofersky et al. combined hematite with macroporous host systems made of 
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SnO2:Sb39 or WO339 to increase the light absorption. But even though disadvantages of hematite like 

its short minority carrier diffusion length can be overcome by nanostructuring the material32, its 

surface still exhibits insufficient OER kinetics. Therefore, various cocatalysts based on Co3O4
40-41, the 

cobalt phosphate “Co-Pi”42, Ni(OH)2
43

 or MnOx
44

 were successfully applied to increase the PEC 

performance of hematite-based photoanodes up to 4.32 mA cm-2 at 1.23 V vs. RHE45. Although this 

value is impressive and based on years of intensive research, it is still far away from the theoretical 

maximum of 12 mA cm-2. Therefore, the search for new suitable semiconductors was extended to 

ternary oxides, as it was expected that the positions of valence and conduction bands could be tuned 

by increased hybridization of different s and p orbitals. This led to the development of new materials 

candidates like CuWO4
46

, ZnFe2O4
47 and BiVO4

48. Especially BiVO4, with a suitable, indirect bandgap of 

2.4 – 2.5 eV originating from its high valence band energy maximum composed from O 2p and Bi 6s 

states49, received a lot of interest in the past years. Substituting small amounts of V5+ with Mo6+ or W6+ 

resulted in a significantly increased electrical conductivity50-51 and interfacial SnO2 layers acted as 

‘hole mirrors’, therefore reduced recombination and improved the charge carrier collection 

efficiency51. Also in the case of BiVO4, the combination of the photoabsorber with a suitable cocatalyst 

like Co-Pi50, FeOOH or NiOOH52 resulted in very efficient photoanode systems with low photocurrent 

onset potentials and current densities of up to 6.72 mA cm-2 in a core-shell nanorod structure with 

WO3.53 While this comes close to the maximal theoretical photocurrent of BiVO4 of 7.5 mA cm-2, new 

n-type semiconductors need to be explored to reach the targeted solar-to-hydrogen efficiency of 10% 

needed for the construction of a bigger test device.19 Unfortunately, BiVO4 shows signs of instability 

under PEC conditions, suffering from corrosion and vanadium leaching in aqueous electrolytes, which 

is accelerated under illumination.54-56   

Another possibility to increase the hydrogen production of photoelectrochemical devices is the focus 

on suitable photocathodes with a lower bandgap to combine them to a tandem cell together with a 

photoanode (see chapter 1.3.2). Besides CaFe2O457, which is basically the p-type analogue of ZnFe2O4, 

the majority of known photocathode materials include copper. This originates from a strong 

contribution of Cu-3d states to the bandgap structure (Figure 1.7), which keeps the resulting bandgap 

comparably low. The most intensively studied semiconductors of this class are CuO and Cu2O. They 

exhibit bandgaps of 1.35 eV– 1.7 eV and 2.0 – 2.2 eV for CuO and Cu2O respectively, are non-toxic and 

can be synthesized from widely available copper precursors58-62 The conduction band edges of both  



  Introduction 

21 

 

 

Figure 1.7: a) Bandgap structures of various n-type (black) and p-type (red) metal oxide and oxynitride semiconductors used 

for PEC water splitting. Their valence and conduction band energy levels are given with respect to the reverse hydrogen 

electrode (RHE) potential (left) and the redox potentials of water (right).19 b) Additional band gap positions for Cu2O and CuO 

adapted from Yang et al.63 

intrinsic p-type semiconductors59-60 fit both the reduction potentials of water61, 64 and CO265, which 

qualifies them for photoelectrochemical applications. On the other hand, especially Cu2O is known for 

its instability under operating conditions.66 Protection layers of various metal oxides and the 

combination with suitable cocatalysts allowed for the fabrication of very active devices based on 

Cu2O, with current densities of up to 8 mA cm-2 at 0 V vs. RHE .64, 67-70 Whereas CuO is very interesting 

as tandem cell bottom electrode due to its comparably low bandgap, its intrinsic instability has not 

been viewed as detrimental as in the case of Cu2O. It exhibits p-type conductivity caused by copper 

vacancies71, but the charge carriers are strongly localized. Fortunately, the tenorite crystal structure72 

allows the incorporation of various dopants like Li, Ni, Zn, Co, Mg, Ag, Cr, Fe and Mg, which can 

strongly  influence the electrical conductivity.58, 73-77 The properties of Li-doped CuO, its 

photocorrosion and a suitable protection approach are an essential part of this thesis and discussed 

later on. To overcome these stability issues and optimize the bandgap position, copper-based p-type 

semiconductors were also extended to ternary oxides. The most typical elements mixed with copper 

oxide are bismuth, iron and niobium. For instance, CuBi2O4 was discovered in a combinatorial 

screening78 and aroused interest due to its suitable bandgap of 1.6 – 1.8 eV and a high photocurrent 

onset potential of over 1 V vs. RHE.  
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Figure 1.8: Crystal structures of cuprite/Cu2O79 (a), tenorite/CuO80 (b), CuNbO381 (c) and CuFeO282 (d). Color code: oxygen (red), 

copper (blue), niobium (dark grey) and iron (khaki-green). 

Unfortunately, it shows low conversion efficiencies which results in photocurrents of only 25-35 µA 

cm-2, and even the combination with a Pt cocatalyst resulted in rather small photocurrents of less than 

100 µA cm-2.83-84 Furthermore, it proved to be relatively stable in basic electrolytes but also suffers 

from photocorrosion in neutral pH83, 85, just like CuO and Cu2O. Besides this, the copper niobium 

oxides CuNbO3 and CuNb3O8 were applied as photocathode materials. CuNbO3 was shown to be an 

interesting candidate, with a slightly wider bandgap of 2.0 eV resulting from a Cu 3d10 – Nb 5d2 

transition,86 and good stability against photocorrosion. Photocurrent densities of 0.4 mA cm-2 and 

IPCE values of 5% at 350 nm are a good starting point for further optimization87, but even the 

variation of the copper – niobium ratio to CuNb3O8 brought no significant improvement of PEC 

performance88. Another well-studied ternary metal oxide is CuFeO2, which exhibits p-type 

conductivity like most compounds forming the delafossite crystal structure.89 With an indirect 
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bandgap of 1.5 eV, CuFeO2 would be highly qualified as tandem cell bottom electrode. Unfortunately, 

its surface is rather inactive for the evolution of hydrogen, which leads to charge accumulation at the 

semiconductor – liquid junction. This, and the instability at lower potentials at neutral pH, requires 

the use of protection layers and cocatalysts to reach hydrogen evolution photocurrent densities of 0.4 

mA cm-2.90 On the other hand, CuFeO2 is remarkably stable in basic pH91 and catalytically active for 

CO2 reduction92-93, which makes the material very interesting for further research if the charge 

separation at its surface can be improved. 

1.4.2 Solid-state photovoltaic cells 

In principle, an attractive approach towards assembling a photoelectrochemical cell is the use of a 

well-studied photovoltaic cell as light absorber. Nevertheless, all the relevant materials require 

additional protection layers and cocatalysts to achieve the required efficiency and stability. At an 

early stage, PEC cells based on materials like p-type silicon, functionalized with a platinum cocatalyst 

and embedded in a polymeric protection layer, were reported.94 The effort was soon extended to 

multijunction electrodes of amorphous silicon to provide sufficient photovoltage to drive the water 

splitting reaction while harvesting a larger fraction of the solar spectrum. In combination with 

NiFeyOx or CoxMoVI (1-x)MoVxO3 (“CoMo”) as cocatalysts, those devices reached solar-to-hydrogen (STH) 

efficiencies of 7.8% in outdoor tests for 300 days.95-96 In the meanwhile, other photovoltaic cells were 

also applied to produce hydrogen from water. For example, a tandem n/pn/p GaInP/GaAs junction 

used as photoabsorber, protected by a thin steel layer from the electrolyte and combined with two Pt 

electrodes, reached solar-to-hydrogen efficiencies of over 16%.97 However, the used compounds are 

mostly rare, expensive, toxic and/or intrinsically unstable in water, which hinders their device 

application. This impediment led the focus back to silicon based photoelectrodes, while shifting the 

research towards low-cost, earth abundant catalysts like molybdenum sulfide clusters.98-99 Current 

densities of 12 mA cm-2 at 0.0 V vs. RHE were achieved with a Ti/TiOx protected n+p-Si solar cell in 

combination with a molybdenum sulfide catalyst100, which can compete with Pt-containing devices. 

However, all the above approaches are basically similar to a conventional photovoltaic cell connected 

to an electrolyzer, with the added challenge of long-term stability upon immersing the photoelectrode 

into an aqueous electrolyte. Therefore, researchers focused more and more on metal oxides and 

organic materials. 
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1.4.3 Crystalline organic frameworks 

Stability under operating conditions has emerged as an intrinsic problem of most metal oxides and 

photovoltaic cells. To overcome this drawback, crystalline organic frameworks may be considered to 

be an attractive alternative. In the past few years, they have emerged as a completely new class of 

photocatalytically active materials. They form micro- and/or mesoporous structures, originally 

inspired by intensive research on zeolites, and often offer high surface areas. Therefore, these 

substances can potentially evince rapid charge or mass transport and a high density of active sites 

within the material, making this structural motif highly interesting for catalytic applications.101 In 

terms of hydrogen evolution applications, they have been applied as sensitizers for photocatalytic 

water splitting devices102, while even purely carbon-based materials were already shown to exhibit 

catalytically active surfaces for hydrogen evolution.103 Crystalline organic frameworks can be divided 

in two classes: metal organic frameworks (MOFs) and covalent organic frameworks (COFs), which 

both are discussed in this chapter. 

MOFs are a class of materials made up of coordinating organic ligands that assemble around a metal 

ion or a metal cluster, forming highly crystalline and porous network structures.101 The functionality 

of these coordination polymers originates from the interaction of organic chelate linkers and 

inorganic metal ion or cluster sites. While the metal ion or metal cluster often works as the active 

center, employing tailored organic ligand molecules introduces new functionalities that can enable 

novel catalytic processes like photocatalytic hydrogen evolution.101, 104-105 The organic linker can be 

seen as a functional building block that allows for modification of the structural and chemical 

properties of the network. However, the stability of MOFs strongly depends on the strength of the 

coordination bonds, which in some cases might hinder the application of an interesting system due 

to a lack of thermal and chemical stability.101 

Another emerging class of crystalline organic polymers are covalent organic frameworks 

(COFs). Organic linker molecules form covalent bonds via condensation reactions to give crystalline, 

porous networks.106 Several possible applications in catalysis, gas storage, chemical sensing, 

optoelectronics and drug delivery have been discovered for this new material class.107-109 The 

chemical linkage bonds of COFs are variable and can be adapted according to the properties of the 

type of covalent bond needed for the respective application.  
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Figure 1.9: Illustration of structural diversity for two-dimensional COFs dependent on the choice of 

linker and its inherent symmetry.107 

The most common linkage bonds are boronate esters, imines, hydrazones, azines, β-ketoenamines, 

boroxines and imides, which were recently complemented by sp2 – carbon/carbon bridged COFs110-

111 (Figure 1.10). It is crucial that all these bond formation mechanisms are (slightly) reversible, 

allowing the network structure to anneal and error-correct during the synthesis. The formation of a 

crystalline structure only occurs if the linkers are paired in the correct ratios with respect to each 

other. The pore shapes and sizes of the network can be directly controlled by the choice of the linkers 

(Figure 1.9).107 Most linker condensations so far result in conjugated two dimensional sheets with 

defined lattice symmetry. Stacking of these sheets in the third dimension, most commonly in an AA 

stacking mode, creates the 3D morphology of the network.112 An emerging alternative structure 

motive are 3D-COFs, with covalent bonds directed into all three dimensions directly originating from 

the linker condensation.113 The choice of linkers gives direct control over the symmetry of the 

network, influencing properties like pore shape and size, and allowing for an even more rational 

design of COFs. 



State-of-the-art semiconductors for PEC water splitting 
   

26 

 

 

Figure 1.10: Different linkage motifs of covalent organic frameworks.107, 110-111 
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Besides the ability to control the structure of COFs by the selection of linkers, it is also possible to 

functionalize them. Extended conjugated π-systems form as 2D COF sheets by co-condensation of the 

linker pairs. These large delocalized electronic systems have a significantly different energetic 

structure compared to the individual linker components. This often results in a change of the 

physiochemical properties; the COF becomes catalytically active, possesses novel chemical reactivity 

and is able to absorb more light. Depending on the intended catalytic mechanism, functional groups 

can be pre-synthetically and post-synthetically introduced into the COF if the linker contains eligible 

anchoring groups.114 Choosing linker materials inherently expressing properties that may be 

interesting for a catalytic process, COFs can be designed that combine these functionalities and 

promote their catalytic behavior by implementing them in a crystalline porous network.115  

Using their good (and tunable) absorption of visible light, COFs were investigated as photosensitizers 

for photocatalytic hydrogen evolution. The first studies in this field were based on triazine COFs.116 

Their performance was strongly depending on the nitrogen content, which seemed to be an important 

factor for the hydrogen evolution rate.117 While COFs without nitrogen in the central aryl ring were 

basically inactive, an increase in nitrogen atoms substituting C-H groups resulted in an increased 

average hydrogen production rate of up to 1703 µmol h-1 g-1, which is competitive with most carbon 

nitride photocatalysts.118-119 In addition, the sulfur content of COFs was also reported to have a strong 

impact on the photocatalytic activity.120 Still, all of those systems require cocatalysts like platinum or 

cobaloxim complexes for the hydrogen evolution reaction, as well as special sacrificial electron 

donors like triethanolamine or ascorbic acid to match the semiconductor’s valence band energy 

level.121-122  

As part of this thesis project, COFs were firstly applied as cathodes for photoelectrochemical water 

splitting (see chapter 5). A BDT-ETTA COF was synthesized that was shown to be able to use 

photogenerated electrons driving the hydrogen evolution reaction of the water splitting process 

without the use of additional cocatalysts.123 The high level of possible control over the molecular 

structure allows for a rational design of catalytic sites, which was shown very recently with the 

example of conjugated acetylenic polymers (CAPs) on copper support. A 400 nm thick film of 

poly(2,5diethynylthieno[3,2-b]thiophene) (p-DET) showed a remarkably higher HER activity 

compared to similar structures with lower sulfur content, namely three other CAPs (poly(1,4-

diethynylbenzene) (pDEB), poly(2,6-diethynylnaphthalene) (pDEN) and poly(2,5-

diethynylthiophene) (pDTT)).124 Another important example for tunable catalytic properties of 
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organic materials was presented on three-dimensional carbon fiber cloths (CFCs). While they are 

commonly used as catalyst support, an amide group functionalized CFC (A-CFC) was described to be 

a highly active HER catalyst in both alkaline and acidic media with an extremely small overpotential 

of 71 mV at j10 mA/cm², which is smaller than that of 20 wt% Pt/C (79 mV), combined with long-term 

stability of up to 18000 cycles. This finding was based on extensive density functional theory (DFT) 

calculations, modelling the active sites for hydrogen evolution and transferring this knowledge to the 

actual synthesis of the A-CFC.115 Transferring these concepts to covalent organic frameworks, they 

will most likely represent a new class of photoactive materials, able to directly catalyze the conversion 

from solar energy to chemical energy. With the prospect of obtaining porous, thermally and 

chemically stable, catalytically active photoelectrodes for electrochemical water splitting, COFs seem 

to present a highly interesting class of materials. 

1.5 Synthesis methods 

1.5.1 Sol-gel reactions 

Sol-gel reactions are widely applied for the preparation of metal oxide nanoparticles and thin films. 

The development of this technique dates back to 1846 when SiO2 was synthesized for the first time 

by hydrolysis of tetraethylorthosilicate under acidic conditions.125 In the late 1980s, this procedure 

was developed further to allow its application for the preparation of a wide variety of metal oxides 

such as TiO2, MgO, Al2O3, ZrO2, α-Fe2O3, Fe3O4, SrTiO3, BaTiO3 or CeO2.126 Additionally, successful 

doping of SiO2, TiO2 and ZrO2 was shown to be possible by sol-gel processing.126-127 The sol-gel 

reaction can be divided into several distinct steps and used to create several different morphologies 

(Figure 1.11). Suitable metal oxide precursors are dissolved in water or organic solvents. 

Subsequently, hydrolysis and condensation reactions form a stable solution, the sol. This liquid can 

be further processed in different ways: It can be deposited on a solid substrate by methods including 

spin coating, dip coating or drop casting. Removal of the solvent leads to a xerogel film that can be 

subsequently transformed into a dense thin film by calcination at increased temperatures. Aging of 

the sol leads to an increased viscosity due to ongoing polycondensation reactions until the solvent 

has completely vanished. The resulting xerogel can also be transformed into a dense ceramic or glass 

by heating. Supercritical drying of the wet gel maintains the porosity by forming an aerogel. In 

addition, powders of uniformly sized and shaped particles can be prepared by precipitation from the 

sol. The sol-gel process offers a few advantages compared to conventional solid-state reactions. 
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Besides powders, it offers an efficient technique for the preparation of more complex structures and 

morphologies. Many parameters such as pH value, metal salt concentration, aging time and 

temperature have an influence on the reaction. If so desired, the formation of micelles during the 

preparation of the sol results in particles with a diameter in the nanometer range and allows for a 

homogenous distribution of introduced dopants.18 Furthermore, the calcination temperature needed 

for the formation of highly crystalline metal oxide nanoparticles can be much lower than in solid-state 

reactions.126 

 

 

Figure 1.11: The sol-gel synthesis approach for various morphologies of metal oxides. Graphic reproduced from Niederberger 

and Pinna.128 

1.5.2 Synthesis of covalent organic frameworks 

The successful synthesis of covalent organic frameworks is a challenging task. Generally, the achieved 

degree of crystallinity is a key aspect, which can be influenced by the applied synthetic conditions. 

Highly crystalline samples indicate the formation of a porous network and exhibit the correct 

functionality of a COF. In 2D COFs, it is crucial that linker molecules connect as "pairs", so that 

symmetric two-dimensional polymer sheets can form, which then are able to stack in an orderly 

fashion. To achieve correct linkage between the organic building blocks, reversible bond formation is 
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a key requirement; crystalline samples can only form if the reaction mechanism allows for annealing 

of incorrectly connected linkers. Once a crystalline sample is obtained, it usually exhibits good 

stability upon air exposure and over time. However, postsynthetic modifications or purification can 

compromise crystallinity if the covalent bonds react with the solvent, or the solvent molecules deposit 

between the stacked sheets, destroying the porous structure of the COF. While there is an ever-

increasing amount of possible synthetic approaches for obtaining a COF, each system has its 

individual reaction conditions under which it reaches the best stability and crystallinity. Therefore, 

obtaining crystalline samples represents one of the biggest challenges when it comes to the synthesis 

of covalent organic frameworks.107 

 

 

Figure 1.12: Illustration of the formation of a BDT-ETTA COF during the solvothermal synthesis. Step I: Linkers have been 

deposited into the reaction vial and are not significantly soluble in the solvent mixture. No reaction takes place. Step II: 

Heating of the reaction mixture causes solvation of the linkers and their co-condensation reaction. Reversible bond 

formation allows for annealing. Step III (may occur in parallel to step II): 2D COF sheets are formed and stack onto each 

other to give a 3D COF network. Those COF particles cannot be held in solution and precipitate as bulk powders, which can 

subsequently be removed from the solution. 
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The easiest and most common approach for synthesizing COFs is the solvothermal synthesis. Linkers, 

solvents and, if needed, a catalyst for bond formation are mixed and sealed in a closed system, e.g. a 

PTFE screw cap-sealed autoclave, under inert atmosphere conditions. The reaction mixture is heated 

up to temperatures above the solvents’ boiling points for several days. After sufficient time to 

complete the COF formation has elapsed, the precipitate can be removed from the reaction solution. 

In some cases, washing the COF with anhydrous solvents improves crystallinity by removing solvent 

residues and oligomers from the network’s pores. The solvent mixtures and reaction conditions, such 

as temperature and time of the heating process, need to be optimized for every COF system 

individually.  Ideally, the linkers are partially soluble in the used solvent mixture already at room 

temperature. Once the reaction mixture is heated, their solubility increases and the linkers can react 

in co-condensation reactions, causing the formation of the supramolecular COF structure which then 

precipitates (Figure 1.12). 

 

 

Figure 1.13: Scheme of a solvothermal thin film synthesis. The COF forms oriented crystalline films on the downward facing side 

of the substrate. 
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While solvothermal reactions usually yield good results for various systems, inhomogeneous linker 

concentrations in the solution, the reaction time and the difficulty of potential industrial upscaling 

may pose disadvantages that need to be overcome for large scale application of COF systems in the 

future. A broad range of alternative and promising synthetic approaches keep emerging, like 

microwave reactors for shorter reaction times or continuous flow set ups allowing for more precise 

control of linker concentrations and reaction conditions.129-130 Oriented and crystalline COF thin films 

can be prepared analogously to the solvothermal synthesis of COF bulk samples. The reaction 

procedure takes place as depicted in Figure 1.13, with the difference that a film substrate is 

submerged within the reaction solution. During co-condensation of the linkers, the COF starts to grow 

directly on the substrate. The COF layers will gradually stack upon each other, creating an oriented 

crystalline film on the bottom side of the substrate while non-oriented COF precipitates on its top. 

For this purpose, reaction conditions like solvent volume, amount of catalyst and concentration of 

linkers need to be adapted compared to the corresponding bulk synthesis to result in homogenous, 

oriented COF films of the desired thickness. 

1.6 Scope of this thesis 

This thesis aims for the exploration of semiconducting materials and nanosized catalysts suitable for 

solar hydrogen production. Two examples of the well-established metal oxide materials classes are 

discussed, followed by fundamental work on covalent organic frameworks. The latter are introduced 

as a new class of semiconductors usable for applications in photoelectrochemical cells. 

The activity of metal oxide photoelectrode materials like -Fe2O3 or CuO can be greatly improved by 

the incorporation of suitable dopants, which improves charge carrier transport, increases the optical 

absorption and changes catalytic properties. Additionally, their limitations in photoelectrochemical 

performance and stability are examined. While the ideal tin doping concentration profile of hematite 

photoanodes is discussed, the phenomenon of light triggered corrosion is studied in depth on Li 

doped CuO photocathodes. 

To potentially overcome the intrinsic limitations of metal oxide photoelectrodes, covalent organic 

frameworks are presented as a previously unknown class of materials suitable for 

photoelectrochemical water splitting. While the discussed example BDT-ETTA shows good light 

absorption and suitable bandgap positions, it lacks the sufficient catalytic activity for hydrogen 

evolution. The latter however can be improved by application of a platinum nanoparticle cocatalyst. 
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Furthermore, electrophoretic deposition is shown to result in active electrodes exhibiting high 

structural and textural surface areas and the possibility of a co-deposition with platinum 

nanoparticles. These results serve as basis for the development of new covalent organic frameworks 

specifically designed for their application in photoelectrochemical water splitting devices.  
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2 Characterization techniques 

2.1  X-ray Diffraction 

X-ray diffraction has become the most common analytical technique for structure determination of 

crystalline substances. It can be used to investigate a broad range of materials: starting from classical 

solid inorganic matter like metals, metal oxides and different minerals over organic-inorganic hybrid 

materials like lead-halide perovskites or metal-organic frameworks, or completely organic crystals 

like covalent organic frameworks including their complex nanostructures, up to crystalline biological 

compounds like proteins or DNA. However, this method allows for several variations to tailor it for 

the respective experiment. The theoretical basics and different instrument geometries are discussed 

in the following subchapter. 

2.1.1 Theory 

 

Figure 2.1. Schematic illustration of Bragg’s law. 

The interatomic distances of crystalline materials are of similar dimension as the wavelength of 

typical X-ray radiation, wherefore the radiation should be diffracted by those materials. In 1912, Max 
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v. Laue described this phenomenon and was therefore awarded with the Nobel prize in physics in 

1914.1 Based on his work, W. H. Bragg and W. L. Bragg described the diffraction of X-ray radiation on 

crystalline materials and interpreted the resulting intensity distribution as an interference pattern of 

equally spaced atomic crystal lattice planes (Figure 2.1)2-3, paving the way for structure 

determination of crystalline matter which was also rewarded with the Nobel prize in physics in 1915.1 

The Bragg equation (Eq. 2.1) describes the condition for constructive interference by bringing the 

wavelength of the used X-rays λ in relation to their angle of incidence Θ and the lattice spacing d, while 

n is an integer number (n = 1, 2, 3, …) describing the order of interference.4 

 𝑛 𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃 Eq. 2.1 

This non-destructive method was originally developed to determine the structure of single crystals, 

but it can also be applied to analyze polycrystalline powders or thin film samples. X-rays are typically 

generated by a tubular cathodic filament at high voltages. They emit a continuum of bremsstrahlung 

which is filtered to select a specific wavelength for diffraction experiments. Typically, the Kα 

transitions are selected due to their high intensity. Depending on the investigated material, different 

X-ray wavelengths can be chosen to match the structural questions at hand and to control other 

aspects such as absorption or fluorescence by the material, e.g.                                                                                                

Cu-Kα1 (λ = 1.54433 Å) or Mo-Kα1 (λ = 0.713543 Å).5 The resulting diffraction pattern can contain 

various crystal phases where the comparison with a crystal structure database (e.g. the ICSD by FIZ 

Karlsruhe6) may lead to their identification. Furthermore, the width of the reflexes depends on the 

size of the crystallites/domains. This phenomenon is described by the Scherrer equation (Eq. 2.2), 

where the size of an isotropic crystal p can be determined from the full width at half-maximum 

broadening (FWHM) of a reflection and the Scherrer constant K (0.9 for most cases).7  

 

 𝑑 =
𝐾 𝜆

𝐹𝑊𝐻𝑀 𝑐𝑜𝑠𝜃
 Eq. 2.2 
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2.1.2 Geometries 

An X-ray diffraction (XRD) experiment can be conducted either in transmission (Debye-Scherrer)8 or 

in reflection (Bragg-Brentano)9 geometry (Figure 2.2). In transmission mode, the powder sample is 

placed in an X-ray transparent sample holder (e.g. glass tube or polymer foil) and can be rotated 

during the measurement. The X-ray beam is focused on the sample while the detector moves in a 

circle around the sample position detecting reflections in the 2Θ range. Additionally, the angle of the 

sample holder can be varied to allow scanning 2Θ values above 90°.  

 

 

Figure 2.2. Different geometries for XRD measurements, namely Debye-Scherrer (a), Bragg-Brentano (b) and grazing incidence 

diffraction (c). 

For the characterization of thin films, a measurement in reflection mode can be useful to avoid 

absorption of X-ray intensity or the appearance of additional reflexes by the substrate. Such an 

examination can be conducted in two different ways. In the Θ-Θ mode, both X-ray source and detector 

are moved in similar steps scanning all angles Θ between them and the sample surface. Only reflexes 

caused by crystallographic planes oriented parallel to the substrate will be detected. In the 2Θ mode, 

the position of the X-ray source stays constant while only the detector is moved by 2Θ. In this case, 

highly oriented films fulfill the Bragg condition only for its specific diffraction angle. Especially if a 

very low angle of incidence of the X-rays is chosen (grazing incidence XRD), the radiation interacts 

with a significantly higher volume of film material resulting in a stronger signal.10 Additionally, the 

degree of orientation of crystallites with respect to the surface can be determined using a two-

dimensional detector.11  
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2.2 Electron Microscopy 

In the field of nanoscience, the materials’ structure and morphology soon becomes too small to be 

imaged with conventional light microscopy. According to Abbe’s law, domains need to have a minimal 

size of roughly 150 – 200 nm to be detected in a conventional light microscope. Ruska and Knoll 

constructed the first electron microscope back in 1932.12 The electrons used here have a wavelength 

in the picometer range, which nowadays allows for a spatial resolution of less than 0.5 Å and enables 

imaging of complex nanostructures.13  

2.2.1 Scanning Electron Microscopy 

Scanning electron microscopy is commonly used to image micro- and nanostructured sample 

topographies. An electron beam with an energy of about 1 to 40 keV is focused by an arrangement of 

condenser lenses and apertures and used to scan over the sample’s surface (Figure 2.3a). The incident 

electron beam can interact with the sample in various ways, which is illustrated in Figure 2.3b. The 

different kinds of interactions of the incident electron beam with the sample can be used for further 

investigation of the material.14 

 

Figure 2.3. a) Schematic illustration of a scanning electron microscope and the image generation of a structured sample 

topography. b) Possible ways of electron – matter interaction and the emitted radiation with corresponding interaction volume. 
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The electrons interact either quasi-elastically or inelastically with the sample, which results in the 

emission of Auger electrons from the upper 2 nm of the surface, secondary electrons (E < 50 eV) from 

down to 5 nm and backscattered electrons (E > 50 eV)) from down to 100 nm escape depth. Their 

escape depth is limited by their comparable low energy. Additionally, characteristic X-rays, 

originating from electron beam interaction with the upper 500 nm of the sample surface, can be 

collected by a special detector and used to analyze the sample composition (see section 2.2.4.1). Also, 

the contrast is dominated on steep surfaces and sharp edges of the material (edge effect). For these 

reasons, secondary electrons detection creates edge and shadowing effects and is commonly used to 

image the sample’s topography with a high signal-to-noise ratio. Backscattered electrons are released 

from deeper sample levels in a quasi-elastic scattering process. For this reason, their yield depends 

on the scattering power of the investigated material (Z-contrast) and can be used to create an image 

possessing material contrast. In this case, heavier elements appear brighter in the obtained image 

than lighter elements.15-16 Furthermore, electron beam interaction with deep regions of the sample 

matter releases background radiation as well as Bremsstahlung and fluorescent X-rays. 

2.2.2 Focused Ion Beam Technology 

The focused ion beam (FIB) technology is closely related to SEM, and both are nowadays often 

combined in the same workstation. In contrast to the electron beam of an SEM, the FIB uses a beam 

of ions like Ga+ at a comparably low current. While the ion beam can also be used for imaging, FIB is 

mostly used to either deposit material locally on the sample surface or to mill down parts of the 

sample. This is possible due to the significantly higher kinetic energy of accelerated ions compared to 

electrons and can be used to prepare very thin lamellae for the investigation with a transmission 

electron microscope (TEM) (Figure 2.4). Such a TEM cross section is commonly prepared according 

to the following procedure: After the deposition of a platinum protection layer on the to be 

investigated sample area (step 1), the surrounding area is milled down little by little to create a nearly 

freestanding part of the sample (step 2). This part is then attached to a conventional TEM grid (step 

3) and further thinned until it reaches a thickness of around 100 nm, which makes it transparent for 

electrons in  the TEM (step 4).4 
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Figure 2.4. SEM images during the preparation of a thin lamella from a nanostructured LixCuO film in consecutive order (images 

by Dr. Tristan Harzer).  



  Characterization techniques 

49 

 

2.2.3 Transmission Electron Microscopy 

2.2.3.1 Diffraction, Bright and Dark Field imaging  

In a transmission electron microscope (TEM), an electron beam is focused on the sample in a high 

vacuum system and the transmitted electrons are used for imaging. Therefore, the specimen needs to 

be thinner than about 100 nm to be transparent enough for penetration by the beam. The electrons 

are either generated by thermal emission from a cathodic filament like tungsten or lanthanum 

hexaboride at a temperature of up to 1800 °C or by a field emission gun using a very strong electric 

field (109 Vm-1). Afterwards, the electrons are accelerated towards the anode with a selectable voltage 

between 60 and 300 kV. The electron beam is then focused on the specimen by a complex system of 

condenser lenses. The transmitted electrons are again focused with another system of objective, 

intermediate and projector lenses on a fluorescent screen or a charge-coupled device camera (Figure 

2.5). Different operation modes can be selected to image the back focal plane (diffraction mode) or 

the image plane (imaging mode). While the latter is commonly used to take a picture of the 

investigated area, a diffraction pattern can be obtained by projecting the back focal plane on the 

screen. In bright field (BF) mode, an aperture is placed in the back focal plane. Therefore, the 

diffracted beams are blocked selectively which results in an increased contrast in the obtained image. 

If the aperture is placed around distinct diffraction spots, only the phases of the specimen causing the 

spots appear bright in the resulting, so called dark field (DF), image.4 
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Figure 2.5. Schematic setup of a transmission electron microscope. The inset illustrates the use of different apertures for the 

focus on image or back focal plane. 
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2.2.3.2 Scanning Transmission Electron Microscopy 

The electron beam in a TEM can be used to scan over the specimen in a manner comparable to SEM, 

whereas still transmitted electrons are used for imaging. Various scanning transmission electron 

microscopy (STEM) detectors are placed below the sample, which are assembled as multiple ring 

detectors to distinguish between signals of different scattering angles (Figure 2.6). While the BF 

detector is in the middle, the first ring is an annular dark field (ADF) detector followed by a high angle 

annular dark field (HAADF) detector. This arrangement counts the intensity of electrons having a 

different scattering angle. Due to the dependence of the scattering angle on the atomic number Z 

(Rutherford scattering probability), an HAADF-STEM image contains a certain material contrast 

depending on the atomic weight of the sample materials. The detector geometry makes STEM 

particularly suitable for analytical techniques such as energy dispersive X-ray (EDX) and electron 

energy loss spectroscopy (EELS).4 

 

 

Figure 2.6.: Schematic illustration of a STEM detector setup to distinguish between electrons with different scattering angles. 
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2.2.4 Spectroscopic methods 

The various possible interactions of the electron beam with the sample can be used for a detailed 

analysis of its composition. In combination with STEM, both the elemental composition and the atoms’ 

oxidation state can be probed spatially-resolved and used to create a map of a defined sample area. 

2.2.4.1 Energy Dispersive X-ray Spectroscopy 

Energy dispersive X-ray (EDX) spectroscopy is a widely used technique to analyze the sample’s 

composition in an electron microscope. Under the incident electron beam, inner shell electrons of the 

investigated matter are ejected from the atoms. The remaining hole is filled by an electron from an 

outer shell and consequently, the corresponding energy is released as X-rays and Bremsstrahlung 

(Figure 2.7). The possible electron transfers are described by distinct labels (e.g. K1, K2, L1) and their 

energy differences are specific for each atom.17 Therefore, the elemental composition of a spot or an 

area can be determined from the obtained X-ray spectrum. The yield of emitted X-rays depends on 

the atomic number of each atom (being more efficient for heavier elements), which limits the 

detection of lighter elements like hydrogen, helium or lithium.  

 

 

Figure 2.7. Schematic formation of element-characteristic X-rays and Bremsstrahlung from the interaction of the electron beam 

with the sample. 
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2.2.4.2 Electron Energy Loss Spectroscopy 

In contrast to EDX, electron energy loss spectroscopy (EELS) uses electrons that were inelastically 

scattered by the sample. The occurring energy loss ΔE with respect to the incident electron beam 

energy E0 is detected by a special EELS spectrometer, where the electrons are separated according to 

their energy by a magnetic prism (Figure 2.8a). While the resulting EELS spectrum can be used to 

distinguish between different elemental compositions, its resolution strongly depends on the 

monochromaticity of the incident electrons. Therefore, a monochromator is typically needed to 

investigate the near edge fine structure in the core loss region of the EELS spectrum, which is 

characteristic for the ionization state of the single atomic species. This information can even be used 

to distinguish between different oxidation states of the same element (Figure 2.8b).4 

 

 

Figure 2.8. Schematic illustration of the separation of electrons with different energy losses by a magnetic prism (a) and an 

exemplary EELS core-loss spectrum of two copper oxides. The shift of the L2 and the L3 edge can be used to distinguish between 

Cu1+ and Cu2+. 
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2.3  X-ray Photoelectron Spectroscopy 

Detailed information about a sample’s surface composition can be obtained from X-ray photoelectron 

spectroscopy (XPS). Here, the sample is placed in an ultrahigh vacuum (UHV) chamber and irradiated 

with X-rays. If a sample atom absorbs an X-ray photon, an inner shell electron can be removed from 

the atom. Subsequently, its energy is determined by a hemisphere-shaped electron analyzer and a 

detector (Figure 2.9).4 

 

Figure 2.9. Schematic illustration of an XPS spectroscopy setup. 

The electron binding energy Eb is specific for each element and can be calculated from the X-ray 

photon energy hν, the detected kinetic electron energy Ekin and the detector work function φ (Eq. 2.4). 

 𝐸𝑏  = ℎ𝜈 −  𝐸𝑘𝑖𝑛 − ϕ Eq. 2.3 

The detected electron energy is usually in the range of a few hundred eV. Therefore, their mean free 

path in solid matter is quite short. This limits the probing depth to around 1.5 nm, which makes XPS 

a highly surface sensitive technique.17-18 Additional to the elemental composition, XPS can also probe 

the oxidation state of the respective elements as the binding energy of inner shell electrons is stronger 

for more highly oxidized atoms. This slight increase can only be detected with an XPS spectrometer 
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with sufficiently high resolution, which also allows for the detection of Auger electrons. Auger 

electron spectroscopy is only sensitive to the upper few atomic layers of the sample and can be used 

to gain even more surface sensitive information. Auger electron spectroscopy is especially used in 

case of lighter elements.19 

 

2.4  Spectrophotometry  

Spectrophotometry is a widely applied technique to quantify the absorption properties of photoactive 

materials. As the ideal band bap of semiconductors used in photoelectrochemical devices is around 

1.5 – 3.0 eV, they absorb light in the ultra violet, the visible and the near infrared range of the visible 

spectrum (Figure 2.10).20  

 

 

Figure 2.10. Standard ASTM G173-03 air mass 1.5 global (AM1.5G) solar spectrum21 with illustrated visible part. 
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A commonly used UV-Vis spectrometer contains a deuterium lamp as UV light source and a tungsten 

lamp for light in the visible range. The wavelength of the incident photons with intensity I0 is selected 

in variable step size by a monochromator while the spot size can be adjusted and focused with an iris 

system. An integrating sphere (used to also measure reflection/scattering from the sample) and a 

photomultiplier tube (PMT) and InGaAs detectors quantify the fraction of transmitted light intensity 

IT. The Lambert-Beer law can be used to calculate the wavelength-depending absorbance A(λ) of the 

sample (Eq. 2.4).  

 𝐴(𝜆) = −𝑙𝑜𝑔10
𝐼𝑇(𝜆)

𝐼0(𝜆)
 Eq. 2.4 

For the characterization of thin films on (transparent conductive oxide coated) glass substrates, 

intensity losses by reflection and scattering as well as the absorption of the substrate itself need to be 

considered. At first glance it may appear that these contributions could simply be subtracted from the 

absorption of the whole device. But as these effects do not only occur at the first surface hit by the 

incident photons, Klahr et al. described a convenient procedure to quantify the corrected absorbance 

of a thin film material Acorr(λ) which takes account of these phenomena (Eq. 2.5).22 

 

 𝐴𝑐𝑜𝑟𝑟(𝜆) = −𝑙𝑜𝑔10(

𝑇𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)
𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

1 −
𝑅𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) − 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

) Eq. 2.5 

Transmission data of the sample Tsample(λ), the substrate Tsubstrate(λ) as well as the respective 

reflectance data of the sample Rsample(λ) and the substrate Rsubstrate(λ) are determined in separate 

measurements and afterwards used to calculate Acorr(λ). The spectral data can further be used to 

calculate the optical band gap of the investigated material by the Tauc plot method.23 If (αhν)x is 

plotted vs. hν (with ν as photon frequency) the optical absorption appears as linear increase, which 

can be calculated for different transitions (x = 2 for direct and x = 0.5 for indirect transitions). The 

band gap energy Eg can be obtained from a linear extrapolation to (αhν)x = 0. 
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2.5 Nuclear magnetic resonance spectroscopy 

Identification and characterization of COF linker molecules and intermediates can be performed via 

nuclear magnetic resonance spectroscopy. The method is based on the excitation of nuclear magnetic 

spin momenta. NMR active nuclei possess an uneven number of protons or neutrons causing an 

overall nuclear spin unequal to zero. A simplified explanation of a particle’s spin is the rotation around 

its own axis. According to the Maxwell equations, this implies the formation of a magnetic field by 

rotating the permanent charge of its proton building blocks for a nucleus with a spin other than zero. 

This field is characteristic for each nucleus depending on its proton/ neutron composition. If nuclei 

with a permanent spin momentum are exposed to an external, homogeneous magnetic field, the 

previously degenerated energy levels for the different possible spin states of the nucleus split up into 

different energy levels (Figure 2.11).24-25 

Based on the excitation of spin states between these different energy levels, an NMR spectrum can be 

recorded. This can be described by the following equation: 

 ∆𝐸 = 𝛾ℏ𝐵0 Eq. 2.6 

∆E stands for the needed excitation energy, γ for the gyromagnetic constant which is specific for every 

NMR active nucleus and needs to be determined experimentally, ℏ is the reduced Planck constant and 

B0 the value of the applied magnetic field in [T]. During an NMR experiment, the sample is put into a 

permanent, homogeneous magnetic field and exposed to short pulses of electromagnetic radiation. 

These pulses possess a broad spectrum of frequencies which interact all at once with the nucleus. 

Once excited, the nucleus releases the absorbed energy in the form of spin-lattice and spin-spin 

relaxation, creating a time dependent energy signal. This signal can be transformed to an energy 

dependent intensity spectrum by Fourier transformation, which is often depicted as the intensity 

plotted against ∆δ [ppm] scale. The ppm scale normalizes the energy dependence towards a known 

standard, allowing for the comparison of spectra recorded with different magnetic fields (Eq. 2.7). 

The scale is usually normalized on the signal of tetramethylsilane, which is set to 0 ppm.24 
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Figure 2.11: Energy level distribution of nuclear spin states in a homogeneous magnetic field with the nuclear spin (I) and the 

externally applied magnetic field (B0). 

 ∆𝛿[𝑝𝑝𝑚] =
𝜈𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 Eq. 2.7 

The position of the excitation signal depends on the chemical environment of the nucleus. The 

electron shell of each atom creates an individual magnetic field due to movement of electrons in the 

applied homogeneous magnetic field. This induced magnetic field is inversely oriented to the applied 

external magnetic field, shielding the nucleus from excitation. If this nucleus is surrounded by atoms 

with high electronegativity, a strong pull on the shielding electrons is exerted. This exposes the 

nucleus to the magnetic field, decreasing the needed energy for excitation and moving the signal to  
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Figure 2.12: Generalized chemical shifts for 1H and 13C nuclei depending on their chemical environment25-26 
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higher ppm values. Analogously, for nuclei surrounded by an electron donating chemical 

environment the shielding effect causes the need for higher resonance frequencies, moving the signal 

to lower ppm values. Signals for 1H nuclei usually appear in a range from 0 ppm to 14 ppm and signals 

of 13C nuclei from 0 ppm to 200 ppm (Figure 2.12).26 Additionally, adjacent nuclei can couple with the 

nucleus’ chemical environment. This causes further splitting of the energy levels, leading to the 

formation of multiplet signals (Figure 2.13). 

 

Figure 2.13: Schematic J-coupling between adjacent CH2 and CH3 group protons. Each proton possesses its own spin 

configuration with 𝐼 = ±1 2⁄ . As indicated by arrows, the protons of each chemical group form different spin state 

combinations. Depending on the number of protons, and other atoms bound to the same carbon atom, characteristic magnetic 

fields result. These magnetic fields are being communicated through the binding electrons between the respective chemical 

groups (e.g. CH2 and CH3), further splitting up the energy levels of the adjacent proton nuclei, which causes the formation of 

multiplets. JA represents the coupling constant, which is the energy difference ∆ν [Hz] of the resulting energy levels for the 

possible spin state combinations caused by the interaction with the coupling partner. 
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NMR spectra were recorded on a Bruker Avance III HD 400 MHz and 800 MHz spectrometer equipped 

with a CryoProbeT M, Bruker AXR300, Varian VXR400 S and Bruker AMX600 spectrometers 

operating at 400 MHz, 800 MHz, 300 MHz, 400 MHz and 600 MHz for proton nuclei and 100 MHz, 75 

MHz, 100 MHz, 150 MHz for carbon nuclei, respectively. Proton chemical shifts are expressed in parts 

per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent (CDCl3: 7.26, 

methanol-d3: 4.78, acetone-d5: 2.05, CDHCl2: 5.32). Carbon chemical shifts are expressed in parts per 

million (δ scale, assigned carbon atom) and are referenced to the carbon resonance of the NMR 

solvent (CDCl3: 77.16, CD3OD: 49.00, acetone-d6: 29.84, CD2Cl2: 54.00). 1H NMR spectroscopic data 

are reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz), integration 

intensity, assigned proton). The multiplicities are abbreviated with s (singlet), br s (broad singlet), d 

(doublet), t (triplet), q (quartet) and m (multiplet). In case of combined multiplicities, the multiplicity 

with the larger coupling constant is stated first. Except for multiplets, the chemical shift of all signals, 

as well as for centrosymmetric multiplets, is reported as the center of the resonance range. Coupling 

constants J are reported in Hz. All raw fid files were processed and the spectra analyzed using the 

program MestReNOVA 12.0 from Mestrelab Research S. L.  
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2.6 Photoelectrochemical Analysis 

The efficiency of new materials to evolve hydrogen and oxygen from water under illumination can be 

quantified in a photoelectrochemical measurement. In the ideal case, the current under illumination 

is directly proportional to the photoelectrolysis reaction. However, additional signals can occur from 

competing reactions like the corrosion of the electrode material or the reduction of oxygen dissolved 

in the electrolyte.  

 

Figure 2.14. Experimental setup used for cyclovoltammetry and chronoamperometry measurements of photocathodes. To 

exclude additional signals resulting from the reduction of dissolved oxygen in the aqueous electrolyte, the electrochemical 

chamber is closed and constantly purged with nitrogen or argon. 

To avoid any additional current signals resulting from the reduction of dissolved oxygen, a custom 

built photoelectrochemical cell (Figure 2.14) was used for the characterization of photocathode 

materials. This cell is closed and purged with nitrogen or argon 30 minutes prior to each 

measurement. During measurements, the purging is continued at a moderate rate. The sample inside 
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the PEC cell can be illuminated through an inset quartz glass window (Präzisions Glas & Optik GmbH, 

UV-quality, thickness 2 mm) with an incident photon flux equivalent to the intensity of sunlight (1017 

cm-2 s-1 for a 455 nm LED (Thorlabs) or 100 mW cm-2 in case of an ASTM G173-03 air mass 1.5 global 

(AM1.5G, see Figure 2.10) solar simulator (Solar Light Model 16S) based on a 300 W Xe arc lamp and 

a suitable set of optical filters), which is calibrated at the sample’s position using a certified 

Fraunhofer ISE silicon reference cell with a KG5 IR-cutoff filter prior to each measurement. If all 

undesirable side reactions are excluded, the sample can be investigated with a wide range of 

experimental procedures that are described in the following. 

2.6.1 Cyclovoltammetry and Chronoamperometry 

Cyclovoltammetry is a widely applied technique to investigate electrochemical reactions. The to-be-

investigated material, which is used as working electrode, is connected to a potentiostat/galvanostat 

(Metrohm µAutolab III or PGStat302N) in a three-electrode setup, together with a reference electrode 

and a counter electrode (Figure 2.14). This way, a changing potential within a defined range versus 

the reference electrode can be applied. While the potential is varied with a set scan speed, the 

resulting current is recorded and evaluated with a PC running the corresponding software program 

Nova 1.11. From the resulting I-V curve, the electrochemical potential of a reduction or oxidation 

reaction and its specific activity can be determined. In order to characterize the activity of 

photoelectrodes, a sufficient potential range around the theoretical potential of the expected reaction 

is chosen (Eq. 2.8). 

 
2𝐻+ + 2𝑒− ⇌ 𝐻2   ,   𝐸 = 0.0 𝑉 𝑣𝑠. 𝑆𝐻𝐸 

4𝑂𝐻− + 4ℎ+ ⇌ 𝑂2 + 2 𝐻2𝑂   ,   𝐸 = 1.23 𝑉 𝑣𝑠. 𝑆𝐻𝐸 
Eq. 2.8 

The cyclovoltammetry measurement is then performed in the dark and under illumination. The 

resulting photocurrent can be calculated by subtracting the dark current from the current under 

illumination at the same potential. The photocurrent is a benchmark for the activity of a sample under 

incident light as it is directly proportional to the amount of evolved product. In a chronoamperometry 

measurement, a constant potential is applied on the working electrode and the current is recorded 

for a certain timescale with defined increment. This type of measurement is typically used to 

investigate the stability of photoelectrodes, but it is as well used to drive the to-be-investigated 

reaction in case of incident-photon-to-current efficiency (IPCE) or hydrogen evolution 

measurements. 
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2.6.2 Incident Photon to Current Efficiency 

The incident-photon-to-current efficiency (IPCE), the ratio of generated photocurrent density 𝐽𝑊𝐸 

and the incident photon flux Φ (Eq. 2.9), is an important parameter for the characterization of 

photoelectrodes.  

 𝐼𝑃𝐶𝐸(𝜆) =
𝐽𝑊𝐸(𝜆)

𝑞𝜙(𝜆)
 Eq. 2.9 

During an IPCE measurement, a chronoamperometric measurement is performed at a static potential 

in the previously described three-electrode setup. For the determination of realistic IPCE values, two 

distinct light sources are needed. The photoelectrode is constantly illuminated by a white light source 

(AM1.5G solar simulator) combined with an OD 3.0 filter to reduce the intensity to 0.1 mW cm-2 at the 

photoelectrode’s surface.  

 

Figure 2.15. Experimental setup for an incident-photon-to-current efficiency measurement, which allows a wavelength-

dependent quantification of photocurrent with respect to the incident photon flux. 

The sample is simultaneously illuminated by monochromatic light, which is obtained from a 150 W 

Xe short arc lamp (LOT Oriel) combined with a monochromator (Horiba microHR). Its wavelength can 

be varied in a defined step size to determine the IPCE over the whole visible spectrum. If no additional 
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white light is used, the recoded IPCE values might be lower than they actually are, as semiconductors 

behave very differently in the dark and under illumination. The monochromatic light is chopped at a 

certain frequency (typically 1 Hz for PEC applications) and induces an additional current response 

𝐽𝑊𝐸 in the chronoamperometric measurement, which can be very little compared to the absolute 

photocurrent. The setup used for all IPCE measurements of this work was built up by Florian Auras 

as part of his PhD thesis.27 A schematic illustration of this setup is shown in Figure 2.15, where a 

combination of two lock-in amplifiers is used. One half of the monochromatic light intensity is selected 

by a beam splitter, detected by a reference diode analyzed by the first lock-in amplifier by taking the 

frequency input from the optical chopper into account. A second lock-in amplifier uses this signal to 

extract the time-depending current signal from the potentiostat. The resulting signal is then evaluated 

by a LabView program running on a connected PC. This program calculates the 𝐼𝑃𝐶𝐸 from the 

photocurrent 𝐽𝑟𝑒𝑓 , which is produced by a photodiode with known 𝐼𝑃𝐶𝐸𝑟𝑒𝑓 (Eq. 2.10). 

 𝐼𝑃𝐶𝐸(𝜆) =
𝐽𝑊𝐸(𝜆)

𝐽𝑟𝑒𝑓(𝜆)
𝐼𝑃𝐶𝐸𝑟𝑒𝑓(𝜆) Eq. 2.10 

2.6.3 Hydrogen detection 

The hydrogen produced by photocathode materials can be detected with the described setup (Figure 

2.16) to verify that the observed photocurrent results from the reduction of water. Here, a micro 

sensor (Unisense A/S H2-NPLR) with a hydrogen-selective silicone membrane was combined with a 

three-electrode setup. The micro sensor was calibrated in a two-point measurement using the 

corresponding program (Unisense A/S SensorTrace 1.4). The data point for c(H2) = 0 mM was acquired 

in nitrogen-purged electrolyte (typically aqueous 0.1 M Na2SO4 solution at pH 7), while the second 

measuring point of c(H2) = 40.7 mM was recorded in the same electrolyte purged with forming gas 

(5 vol% H2 in Ar, AirLiquide ARCAL15) for 20 minutes, taking in account the saturation concentration 

of pure H2 gas in water of 813 µM atm-1 28 and the partial pressure of hydrogen in the forming gas. To 

minimize the electrolyte volume and therefore maximize the detectable hydrogen concentration, a 

2 mL polymethylmethacrylate (PMMA) cuvette was used as PEC cell. The working electrode was 

glued on a drilled-in hole (∅ 7 mm) and connected to the potentiostat together with a platinum wire 

counter electrode and a Hg/Hg2SO4/K2SO4 (sat.) reference electrode. The hydrogen micro sensor was 

placed in the cuvette, which was subsequently sealed using modelling clay. As the polarization of the 



References    

66 

 

micro sensor is very sensitive and critical for a correct measurement, no magnetic stirring is possible 

in order to avoid any interfering signals.  

 

Figure 2.16. The concentration of hydrogen dissolved in the electrolyte, which is produced under illumination during a 

chronoamperometry measurement, can be quantified with a needle sensor equipped with a hydrogen selective silicon 

membrane. 
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Abstract 

Hematite-based photoanodes have been intensively studied for photoelectrochemical water 

oxidation. The n-type dopant Sn has been shown to benefit the activity of hematite anodes. We 

demonstrate in this study that Sn-doped hematite thin films grown by atomic layer deposition can 

achieve uniform doping across the film thickness up to at least 32 mol%, far exceeding the equilibrium 

solubility limit of less than 1 mol%. On the other hand, with the introduction of Sn doping, the 

hematite crystallite size decreases and many twin boundaries form in the film, which may contribute 

to the low photocurrent observed in these films. Density functional theory calculations with a 

Hubbard U term show that Sn doping has multiple effects on the hematite properties. With increasing 

Sn4+ content, the Fe2+ concentration increases, leading to a reduction of the band gap and finally to a 

metallic state. This goes hand in hand with an increase of the lattice constant. 

3.1 Introduction 

Hematite (α-Fe2O3) has long been studied for photoelectrochemical (PEC) water oxidation 1-16. It has 

a suitable band gap of ~2.1 eV for solar light absorption, a high absorption coefficient and an adequate 

band alignment to drive the demanding water oxidation reaction 2. The fundamental limit of hematite, 

like many other transition metal oxides, is its poor conductivity. Both types of charge carriers, 

electrons and holes, are highly localized in space, and transport occurs by a phonon-assisted polaron 

mechanism. For n-type hematite photoanodes, the minority carrier hole has a diffusion length of only 

2-4 nm 3 and is hence very prone to recombination. Therefore, only the photogenerated holes 

originating in the top few nanometers of a hematite layer can reach the interface for the water 

oxidation reaction. 

Nanostructuring hematite photoanodes 2, 4-7 is a common strategy to remedy the limited hole diffusion 

length by providing a shorter transport path for the photogenerated holes to reach the interface. 

Nevertheless, it is difficult to design nanostructures with a critical dimension matching the hole 

diffusion length. In addition, the conductivity may be further compromised by the surface and by 

crystallographic defects in the bulk 6, and quantum confinement may alter the band structure and 

alignment 7. 

Another possibility is to improve the transport properties of hematite by substituting other elements 

8, such as Al, Si, Ti, Cr, Ni, Cu, Zn, Zr, Nb, Mo, Sn, Pt, as has been summarized in a previous report 9. In 

a recent study, Sn doping was demonstrated to have the highest photocurrent and the lowest 
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photovoltage onset among other commonly studied n-type dopants 10. Improving the n-type 

conductivity in a photoanode not only improves the current collection through the FTO substrate, but 

also reduces the probability of recombination with holes. It is noteworthy that Sn has either been 

doped into hematite by the addition of a chemical precursor 9-12, or through diffusion from the fluorine 

doped tin oxide (FTO) substrate via annealing at high annealing temperatures 13-15. In our recent study 

16, we have identified two beneficial effects of Sn in the hematite lattice. Sn-doped hematite with < 20 

nm thickness has been fabricated by atomic layer deposition (ALD), which is ultrathin and yet capable 

of absorbing 44% of the incident solar photons with an energy above the band gap. By introducing Sn 

doping at different locations of the films, it has been established that Sn doping on the surface and in 

the ~5 nm subsurface volume has a beneficial effect on the transport properties. In combination with 

first principles electronic structure calculations, Sn doping on the surface was shown to improve the 

interface activity by passivating surface trap states, while the subsurface doping was responsible for 

an improved charge separation by inducing a band edge gradient. In contrast, doping Sn throughout 

the thickness of the film does not translate to improved efficiency.  

For screening the effect of doping elements, the doping concentration rarely exceeds 1 – 5 mol%. One 

practical constraint is the solubility of foreign atoms in the hematite structure 8. For example, SnO2 

has a very limited solubility in hematite, less than 1 mol% below 800 ºC 17. A higher solubility of 6 

mol% 18 and 20 mol% 17 of SnO2 has been demonstrated in hematite nanoparticles, which found 

applications in the gas sensor industry 17. ALD is a powerful technique to deposit films that are far 

from their thermal equilibrium. In this study, we demonstrate that Sn can be incorporated into the 

hematite crystal structure at a concentration as high as 32 mol%. Hematite thin films with 6, 14, and 

32 mol% Sn concentrations were studied by X-ray diffraction (XRD), scanning transmission electron 

microscopy (STEM) and spectroscopy, and their structural and electronic characteristics were 

correlated to density functional theory (DFT) calculations. The photocurrents derived from hematite 

photoanodes peak at low Sn concentration, and vanish as the Sn concentration exceeds 32 mol%. 

3.2 Experimental 

3.2.1 Preparation of photoanodes 

The oxide films were deposited on FTO-coated glass substrates (Pilkington, 7 Ω per square), prepared 

by successive sonication in Extran (Merck) solution, ultrapure water (MilliQ, 18.2 MΩ cm), and 2-

propanol for 15 min and drying in a stream of nitrogen. Single side polished Si(100) wafers (Siltronic 
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AG) were used as substrates for microstructural characterization (section 3.2.2). Ferrocene (Aldrich, 

98%) was purified by sublimation prior to use.  

A Picosun R-200 Advanced ALD system was used for all depositions. The chamber temperature was 

250 °C at a pressure of approximately 10 hPa. Nitrogen (Air Liquide, 99.999 %) was used at a constant 

flow rate of 100 sccm per precursor feed line and 150 sccm for the reactor chamber as a carrier and 

purge gas. Hematite was deposited by alternating between exposures to ferrocene, kept in a stainless 

steel cylinder at 90 °C, and ozone, produced by an INUSA AC2025 ozone generator fed with 1 vol% N2 

in O2 (Air Liquide, 99.9995%). One full cycle consisted of a 1 s ferrocene pulse, 6 s purge, 6 s ozone 

pulse and a final 8 s purge. Tin oxide was deposited from SnCl4 (SAFC electronic grade) and MilliQ 

water, both kept in stainless steel cylinders at 18 °C. One deposition cycle consisted of a 0.1 s SnCl4 

pulse, 6 s purge, 15 s water pulse and final 8 s purge. Mixed oxide films were prepared interspersing 

one cycle of tin oxide after every N cycles of hematite, resulting in films with an ALD cycle ratio of the 

two oxides of 1 : N, which is used to identify samples throughout this study. This was done by 

alternating between N hematite deposition cycles and one tin oxide cycle until 1000 hematite cycles 

were reached, then capping with another N hematite cycles. A thicker pure hematite film was grown 

for structural characterization using 1600 cycles, consisting of a 1.5 s ferrocene pulse, 7 s static 

exposure and 8 s purge, followed by a 6 s ozone pulse, 7 s static exposure and 8 s purge. After 

deposition, the films were annealed in air at 600 °C for 30 min with a heating rate of 3.2 °C/min, and 

then cooled naturally to room temperature. 

Higher Sn concentration is achieved by higher ALD cycle ratios 1 : N, i.e., lower number of hematite 

cycles, N, in between the tin oxide cycles. The ALD growth rate of hematite using the chemistry above 

are approximately 0.025 nm/cycle. However, the growth rate of doped films can deviate significantly, 

as hematite and tin oxide undergo heterogeneous nucleation on each other, which may be subject to 

delaying or promoting effects of the substrate.  

3.2.2 Microstructural Characterization 

XRD was performed using a Rigaku SmartLab 9 kW X-ray diffractometer with a Cu-Kα (1.54056 Å) 

radiation source produced at 45 kV and 200 mA, a parallel beam optic and an energy-dispersive line 

detector. The in-plane 2θ scan was configured using the 5-circle goniometer with a scan speed of 2° 

/min and 0.12° per 2θ step. For the in-plane diffraction, both the incident and diffracted beams are 

nearly parallel to the sample surface, so that the penetration depth of the beam is within 100 nm of 
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the surface. The technique measures lattice planes that are nearly perpendicular to the sample 

surface. Simulation of the X-ray pattern was performed using the Bruker TOPAS software for the 

fundamental parameter fit (Pawley method). Pole figures of hematite thin films were recorded on a 

Seifert Theta/Theta diffractometer with a Co-Kα (1.78897 Å) radiation source produced at 40 kV and 

30 mA, a parallel beam optic and an energy-dispersive point detector. 

Further microstructure characterization was conducted in a Titan Themis microscope operated at 

300 kV. Aberration correction of the probe-forming lenses enables a probe size of < 1 Å and a 

convergence semi-angle of 23.8 mrad. High angle annular dark field (HAADF) and annular bright field 

(ABF) micrographs were collected using annular detectors with collection semi-angles in the range 

of 73-200 mrad and 8-16 mrad, respectively. Energy dispersive spectroscopy (EDS) was done using 

a SuperX Si drift detector. Elemental quantification was performed using the Bruker Espirit software 

by the standardless Cliff-Lorimer method. Electron energy loss spectroscopy (EELS) was conducted 

using a Gatan Quantum ERS spectrometer operated in the image-coupled mode with a collection semi-

angle up to 35 mrad. 

3.2.3 Optical Characterization  

UV-Vis absorption data of hematite film electrodes were obtained on a Perkin Elmer Lambda 1050 

UV/Visible/NIR spectrophotometer combined with an integrating sphere. The intrinsic absorbance 

of the films was calculated by applying an expression derived by Klahr et al. 19, which corrects for 

substrate absorption as well as substrate and film reflectance.  

3.2.4 Photoelectrochemistry 

PEC measurements were performed in a 20 cm3 optical glass three-electrode cell with 0.1 M NaOH as 

the electrolyte. The oxide film was masked with poly-tetrafluoroethene adhesive tape to limit the 

exposed area to 0.159 cm2, contacted with silver paste and used as the working electrode. For 

cyclovoltammetry (CV) measurements, the film was connected as working electrode to a Metrohm 

PGStat302N potentiostat. Additionally, a Pt wire counter electrode and a saturated Ag/AgCl reference 

electrode (Sigma Aldrich, 0.197 V vs. standard hydrogen electrode) were used to apply defined 

potential sweeps and to record the resulting current in a three electrode setup. CV measurements 

were performed at a scan rate of 20 mV s−1. The potential vs. reversible hydrogen electrode (RHE) in 

V was calculated from the measured potential vs. Ag/AgCl at pH = 13 according to the equation: 
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(
𝑉𝑅𝐻𝐸 − 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙

𝑉
) = 0.197 + 0.059 𝑝𝐻 

The film was illuminated from the front side by a blue light emitting diode (Thorlabs, 455 nm). The 

flux incident on the electrode was set to be 1017 cm-2 s-1 at the sample position prior to each 

measurement using a certified Fraunhofer ISE silicon reference cell with a KG5 IR-cutoff filter.  

3.2.5  Computational details 

DFT calculations were carried out with the VASP code, which uses the projected augmented wave 

(PAW) method, and pseudopotentials 20-23.  We also adopted the generalized-gradient approximation 

(GGA-PBE96) 24 for the exchange correlation functional and an effective Hubbard value U - J = 4.3 eV 

to describe static electronic correlations of the 3d states of Fe using Dudarev’s approach 25.  For 

converged results, we used a plane-wave cut-off of 500 eV and a Monkhorst–Pack k-point mesh of 7 

× 7 × 4 26. A full relaxation of the unit cell and the ionic positions was performed until the residual 

forces were less than 0.01 eV Å−1. 

3.3 Results and Discussion 

3.3.1 Atomic Layer Deposition of Sn-doped Hematite 

3.3.1.1 Phase 

Hematite has a trigonal structure (space group R-3c, number 167), an isostructure to corundum (α-

Al2O3). The hexagonal unit cell is conventionally used, so are the hexagonal Miller-Bravais indices (h, 

k, i, l) to label the diffraction. We use the full 4 indices in this manuscript, whereas most studies omit 

the dummy index i = - h - k. Note however, the rhombohedral index also uses 3 indices, but they are 

defined using the rhombohedral unit cell. The conversion between the 2 systems of the low-index 

lattice planes is listed in Table 3.1. 

XRD characterization was conducted on the ultrathin hematite films grown on flat Si(100) substrates. 

A fiber texture has been demonstrated for undoped hematite 16 with the plane normal of Fe2O3 

(0,0,0,6) (c-plane) parallel to the growth direction. In order to maximize the signal from the ultrathin 

films, we applied the in-plane diffraction geometry with grazing incidence, while collecting 

diffractions only from planes 90° to the growth direction due to the fiber texture. As shown in Table 

3.1 and Figure 3.1a, the peaks observed in this geometry are all in-plane reflections, including (1,1,-

2,0), (3,0,-3,0), and (2,2,-4,0). 
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Table 3.1: Conversion between the hexagonal Miller-Bravais index and the rhombohedral index of the low-index hematite 

planes, and their inclination angles to the c-plane normal (growth direction of the fiber textured film). The in-plane reflections 

are highlighted in bold. 

2θ (°) 
Plane spacing 

(Å) 
Hexagonal 

index 
Rhombohedral 

index 

Inclination to 
the growth 

direction (°) 

24.0 3.70 (0,1,‐1,2) (1,1,0) 58 

33.0 2.71 (1,0,‐1,4) (2,1,1) 38 

35.4 2.53 (1,1,‐2,0) (1,0,‐1) 90 

39.0 2.30 (0,0,0,6) (2,2,2) 0 

40.6 2.22 (1,1,‐2,3) (2,1,0) 61 

43.3 2.09 (2,0,‐2,2) (2,0,0) 72 

49.2 1.85 (0,2,‐2,4) (2,2,0) 58 

53.7 1.70 (1,1,‐2,6) (3,2,1) 42 

57.1 1.61 (1,2,‐3,2) (2,1,‐1) 77 

57.2 1.61 (0,1,‐1,8) (3,3,2) 22 

62.1 1.49 (2,1,‐3,4) (3,1,0) 64 

63.6 1.46 (3,0,‐3,0) (2,‐1,‐1) 90 

69.1 1.36 (2,0,‐2,8) (4,2,2) 38 

71.5 1.32 (1,0,‐1,10) (4,3,3) 18 

71.8 1.31 (1,1,‐2,9) (4,3,2) 31 

75.0 1.27 (2,2,‐4,0) (2,0,‐2) 90 

 

 

Figure 3.1:(a) In-plane XRD of Sn-doped hematite with various ALD cycle ratios and (b) the enlarged view on the (1,1,-2,0) 

reflection. 
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As the concentration of Sn increases, no new reflections have been identified. This may suggest the 

absence of crystalline phases other than hematite, but cannot exclude the formation of crystalline 

phases with a different texture and hence not contributing to in-plane diffraction. The (1,1,-2,0) 

reflection shifts monotonically to the left as the Sn concentration increases, indicating an expansion 

of the lattice parameter a, which is summarized in Table 3.2. 

3.3.1.2 Chemical composition 

The chemical composition of the thin films and their homogeneity were studied by EDS and EELS in 

STEM. It has been noted in our earlier study 28 that due to the fluorescence artefact of Sn from the 

FTO substrate, EDS is inappropriate to quantify small amounts of Sn in the hematite thin film. In this 

study, we quantify Sn in the hematite films grown on the Si(100) substrate so that the fluorescence 

artefact is no longer a concern. As shown in Table 3.2, the Sn concentration increases as the ALD cycle 

ratio of 1 cycle of SnO2 per N cycles of Fe2O3 (abbreviated 1: N) increases, i.e., tin oxide layers are 

separated by fewer layers of iron oxide. A high Sn concentration of 32 mol% is reached at the ratio of 

1:5, approximating to the chemical formula SnFe2Ox. Even at this composition, a homogeneous 

distribution of Fe and Sn throughout the film thickness is evidenced in Figure 2.2b, and there is no 

indication of a second phase. Homogeneous doping of Sn is further evidenced by the monotonous 

expansion of the in-plane lattice parameter a. With the Sn concentrations evaluated by EDS, a linear 

expansion of a is evaluated as 0.03% per mol% of Sn. This is comparable to the evaluation from Sn-

doped hematite nanoparticles 17 where both lattice parameters a and c expand by 0.02% per mol% of 

Sn. 

Table 3.2: Summary of Sn-doped hematite thin films with various ALD cycle ratios: Chemical composition (EDS), lattice 

parameters (XRD), chemical shift of Fe-L3 edge (EELS) and the deduced Fe2+ concentration. 

ALD cycle ratio 
Sn (mol%) 

** 
a (Å) 

Fe-L3 edge 
(eV) * 

Fe2+ (mol%) ** 

0 0 5.0629 ± 0.0006 710.22 ± 1.37 0 

1:20 6 5.0766 ± 0.0007 710.12 ± 1.47 6 

1:10 14 5.0893 ± 0.0013 710.08 ± 1.74 8 

1:5 32 5.1129 ± 0.0010 710.02 ± 1.57 12 

* The notation ± in this column does not refer to uncertainty, rather the width (1 standard deviation) of the peak from a Gaussian profile 
fitting. ** A relative error of ±5% can be considered as a systematic error from Cliff-Lorimer quantification of Sn. An absolute error of ±1 
mol% can be taken for the quantification of Fe2+, considering a pixel-precision, 0.05 eV, of the Fe-L3 edge. 
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The incorporation of Sn is further evidenced by the EELS Sn-M4,5 edge (Figure 3.2c) and the effect of 

Sn on the oxidation state of Fe. As discussed in a previous work, a shift of the EELS Fe-L3 edge (Figure 

3.2d) towards lower energy loss corresponds to the reduction of Fe3+ 28. Integrating the EELS spectra 

from within Sn-doped hematite, a monotonic shift of the Fe-L3 position is observed towards lower 

energy loss. This is in agreement with theoretical studies 9, 16 that suggest that Fe atoms adjacent to 

substitutional Sn4+ atoms can be reduced to a Fe2+ state. In Sn-doped hematite, the Fe L3 edge is a 

superposition of the Fe3+ and Fe2+ spectra. Hence, a shift of the peak centroid towards lower energy 

loss is expected together with a broadening of the profile, as shown in Figure 3.2c and Table 3.2. Fe3+ 

and Fe2+ minerals were characterized to have a 1.7 eV difference in the Fe-L3 position 29. The fraction 

of Fe2+ ions was then obtained by linearly interpolating their peak chemical shift. As shown in Table 

3.2, the Fe2+ concentration increases more moderately as the Sn concentration in hematite increases. 

 

Figure 3.2: (a) EDS spectra of Sn-doped hematite thin films with various ALD cycle ratios and (b) EDS elemental maps of the 

film with an ALD cycle ratio 1:5. (c) EELS spectrum of the film with an ALD cycle ratio 1:20 after background subtraction and 

(d) the chemical shift of the Fe-L3 edge between undoped hematite and Sn-doped hematite with an ALD cycle ratio 1:5. 
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3.3.1.3 Theoretical understanding from DFT+U calculations 

To gain insight into the effect of higher Sn concentrations on the properties of hematite we have 

performed density functional theory calculations with a Hubbard U parameter. Three different Sn 

concentrations were selected: 8.33, 16.67 and 33.33 mol%. Different distributions were studied in 

the 30-atom unit cell for 16.67 and 33.33 mol%. Their respective lowest energy configurations are 

displayed in Figure 3.3, with their corresponding electronic properties including oxidation states of 

iron and the evolution of lattice parameters with Sn-concentration. In our previous work 16, we have 

shown that doping with a single Sn4+ ion in the 30-atom -Fe2O3 unit cell (8 mol% doping, which is 

close to the experimental value of 6 mol% in Table 3.2) turns Fe3+ in the neighbouring cation layer to 

Fe2+. A similar effect was also previously observed for Ti-doped hematite 27. The additional 3d-

electron forms a localized band just below the Fermi-level (cf. density of states in Figure 3.3a). 

Analysis of oxidation states and electronic properties in Figure 3.3b-c shows that further increase of 

the Sn amount leads to a corresponding enhancement of  the Fe2+ concentration (in line with the 

experimental measurement in Table 3.2) and reduction of the band gap. At 17 mol% Sn in Figure 3.3b, 

the localized band of one of the Fe2+ ions is close to the conduction band minimum. At 33 mol%, the 

Fermi level crosses the conduction band minimum and leads to n-type conductivity. The DFT+U 

calculations render a monotonic increase of the lattice parameters and the volume (cf. Figure 3.3d). 

Overall the DFT+U values are higher than in the experiments, likely due to the overestimation of 

lattice parameters typical for the GGA-PBE96 exchange correlation functional together with a 

Hubbard U correction. Moreover, while we have considered here substitutional doping of Sn, cation 

vacancies may also form to compensate the charge mismatch between Fe3+ and Sn4+ as an alternative 

to Fe3+ reduction.  
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Figure 3.3: Side view and spin density of Sn-doped hematite with Sn concentration of a) 8.33, b) 16.67, and c) 33.33 mol%. Fe3+ 

(d5) and Fe2+ (d6) sites possess nearly spherical and flattened spin density, respectively. Fe, Sn, and O atoms are respectively 

marked by orange, grey, and red spheres. Majority and minority spin density is marked in yellow and cyan, respectively. The 

corresponding density of states shows a reduction of the band gap due to localized states in the gap related to the sixth electron 

at Fe2+. The partial density of states of Fe2+ is highlighted in yellow and cyan depending on the sign of the magnetic moment. 

d) Volume and lattice parameters of hematite as a function of Sn concentration. 
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3.3.2 Crystallinity of ALD Sn-doped hematite 

In addition to the phase determination, we have applied XRD to study the crystallinity of the hematite 

thin films. It is noteworthy that in-plane diffraction is not suitable to quantify crystallinity as the 

grazing incidence geometry makes the measurement very sensitive to the surface alignment and its 

area. In our previous study 16, we have relied on the Bragg-Brentano geometry (θ-2θ scans) as well as 

out-of-plane pole figure measurements to evaluate the crystallinity. As shown in the (1,0,-1,4) pole 

figures (Figure 3.4), an apparent fiber texture is only observed in the hematite films without and with 

6 mol% Sn. For the higher Sn concentrations, the pole figures become noisier, suggesting a decrease 

in the crystallinity. 

 

Figure 3.4: XRD (1,0,-1,4) pole figures of Sn-doped hematite thin films with various ALD cycle ratios. 

In real space, the decrease in crystallinity is manifested by the decrease in grain sizes. As shown in 

the STEM micrograph (Figure 3.5a), the hematite thin films have columnar grains, and each grain has 

a vertical size equal to the film thickness. The surface termination is a (0,0,0,6) plane as evident in 

Figure 3.5b,c, which is in agreement with the XRD texture measurement. For the Sn-doped sample, 

however, many grains no longer span from the substrate to the surface, as shown by the highlighted 

grains in Figure 3.5d,g. Moreover, it is observed that many hematite grains have a twin relationship. 

As an example, Figure 3.5e shows the left and right grains in a twin relationship, whereas the middle 

part of the micrograph captures an overlapped area with both orientations. It is clear from the fast 

Fourier transform (FFT) pattern in Figure 3.5f that the twins have the mirror symmetry on the 

(0,0,0,6) as well as the (3,0,-3,0) planes. Finally, for the high Sn concentration at 32 mol%, even 

smaller hematite grains are observed. As the grain size is much below the thickness of the specimen, 

it is difficult to observe these grains in atomic resolution. Nevertheless, twins are evidenced by the  
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Figure 3.5: STEM images of hematite films (a,b,c) without Sn doping, (d,e,f) with 6 mol% Sn (ALD cycle ratio 1:20), and (g,h,i) 

with 32 mol% Sn (ALD cycle ratio 1:5). The first row shows ABF-STEM images to identify some individual grains as 

highlighted by the red circles. The second row shows atomic resolution HAADF-STEM images along the 1,-2,1,0 zone axis of 

hematite grains and twin boundaries. The atomic structure of hematite (Fe atoms in orange, O in red) and an overlaid twin 

are superimposed. The third row shows the FFT of their corresponding HAADF-STEM images with (1,0,-1,4) and (1,0,-1,-2) 

reflections marked by circles in red and yellow, and their twin variants marked by broken circles in their respective colors. The 

broken lines in (e,f,i) highlight the mirror symmetry of the twin. 

FFT pattern in Figure 3.5i. As a common defect in hematite, twins are formed by dehydration of α-

FeOOH 30, having a coherent boundary and a common oxygen sublattice. 

Despite their chemical homogeneity, it is clear that the grains are smaller in the hematite films with 

higher Sn concentrations. This may be understood by the ALD process where the hematite layer 

deposition is more frequently interrupted by the SnO2 deposition to realize higher Sn concentration. 

Nevertheless, the observed grain size is much bigger than the thickness of hematite deposition 
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between the SnO2 deposition (< 1 nm). The calcination procedure is a determining factor to the 

crystallinity. A mild calcination temperature of 600 °C for 30 min was chosen for this set of samples, 

which has been demonstrated to promote short-range (~1 nm) diffusion to homogenize the Sn 

doping as well as to inhibit longer range diffusion 16. While suitable for designing localized Sn doping 

profiles, such calcination does not result in highly crystallized films at higher Sn concentrations. 

Hematite has a melting point of 1565 °C. The temperatures during the ALD and the calcination 

processes do not exceed a homologous temperature of 0.5, which kinetically hinders the phase 

separation of oversaturated Sn. 

Higher calcination temperatures of up to 800 °C 13-15 have been reported to produce hematite thin 

film photoanodes on FTO substrates. Under these circumstances, however, Sn was found to diffuse 

into the hematite even from the FTO substrate 13, 15. Long range diffusion may also cause unwanted 

Sn segregation as Sn has a low solubility in Fe2O3 17. In a recent study on hematite sintered at 1300 °C 

31, Sn was demonstrated to segregate at the grain boundaries between the sintered particles. We have 

previously demonstrated that a pure hematite underlayer can promote the crystalline growth of Sn-

doped hematite on top 16. Overall, we have observed that the crystallinity of the hematite phase 

decreases as the Sn concentration increases. This compares well with the behaviour of ultrathin 

hematite films grown on FTO substrates 16. 

3.3.3 Photoelectrochemical Water Splitting 

Cyclovoltammetry (CV) measurements were carried out on hematite thin film electrodes with various 

Sn concentrations in the dark and under illumination (Figure 3.6a, see Sec. 3.2.4 for further 

information). The photocurrent density at 1.23 V vs. RHE, calculated as the difference between the 

current density under illumination and the corresponding dark current density, peaks at ~0.4 mA cm-

2 for the film with an ALD cycle ratio of 1:100 (Figure 3.6b). Films with low ALD cycle ratios (1:40, 

1:80, 1:100, 1:120, 1:150) overperform undoped hematite, which can be attributed to improved 

electrical conductivity and charge separation properties. 9, 12, 16 On the other hand, films with higher 

Sn concentrations (ALD cycle ratios of 1:20, 1:10, 1:5) yield lower photocurrent density than undoped 

hematite.  

As discussed in Sec. 3.3.2, the grain size of hematite decreases as the Sn concentration increases from 

6 to 32 mol%. Crystallographic defects, including grain boundaries, are known to form trap states for 

charge carriers. Especially for hematite, a material known for slow hole transport, grain boundaries 
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have been demonstrated to cause carrier recombination 6. Additionally, films with high ALD cycle 

ratios of 1:10 and 1:5 show a significantly decreased optical absorbance in the visible range (Figure 

3.6c). Therefore, we attribute the diminished PEC performance to both inferior crystallinity and a 

reduced absorbance with rising Sn concentration. As an outlook, it is also of interest to study the effect 

of dopants on the stability of hematite photoelectrodes by means of dissolution measurements 32, 33. 

 

Figure 3.6: (a) CV curves of Sn-doped hematite (colored) and undoped hematite (black) photoanodes measured under 

illumination (solid lines) and in the dark (respective dashed lines). (b) The calculated photocurrent density at 1.23 V vs. RHE. 

(c) Optical absorbance of hematite films on FTO with different Sn concentrations used in PEC experiments. 

3.4 Conclusions 

We present a study on the effect of Sn concentration on the microstructure and PEC water oxidation 

activity of hematite photoanodes. It is demonstrated that by ALD, up to 32 mol% Sn can be 

homogeneously incorporated into the hematite phase, which also leads to reduction of a fraction of 

Fe3+ to Fe2+. The photocurrent peaks at an ALD cycle ratio of 1:100, whereas the photocurrent 

vanishes for a ratio of 1:5, which corresponds to 32 mol% Sn in hematite. The DFT+U results show 

that an increase of Sn content leads to an increase of Fe2+ concentration, which reduces the bandgap 

down to an n-type metallic state at 33 mol%. The theoretical results also confirm the increase of the 

lattice constants with Sn concentration found by in-plane XRD measurements. In addition, with the 

help of XRD pole figures, we found that the crystallinity of the hematite thin film decreases with 

increasing Sn concentration, which is correlated to the observation of twin boundaries from STEM 

micrographs. The increase of grain boundary density and decrease in optical absorption may explain 

the reduction in PEC activity at Sn concentrations above 6 mol%. Nevertheless, these metastable films 

with high and homogeneous Sn incorporation may find applications making use of the lattice 

expansion and other solid solution effects. ALD is a promising way to synthesize similar oversaturated 
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solid solution oxides, which can be explored as potential electrodes for photoelectrochemical water 

splitting. 
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Abstract 

The efficiency of photoelectrochemical tandem cells is still limited by the availability of stable low 

band gap electrodes. In this work, we report a photocathode based on lithium doped copper (II) oxide, 

a black p-type semiconductor. Density functional theory calculations with a Hubbard U term show 

that low concentrations of Li (Li0.03Cu0.97O) lead to an upward shift of the valence band maximum that 

crosses the Fermi level and results in a p-type semiconductor. Therefore, Li doping emerged as a 

suitable approach to manipulate the electronic structure of copper oxide based photocathodes. As 

this material class suffers from instability in water under operating conditions, the recorded 

photocurrents are repeatedly misinterpreted as hydrogen evolution evidence. We investigated the 

photocorrosion behavior of LixCu1-xO cathodes in detail and give the first mechanistic study of the 

fundamental physical process. The reduced copper oxide species were localized by electron energy 

loss spectroscopy mapping. Cu2O grows as distinct crystallites on the surface of LixCu1-xO instead of 

forming a dense layer. Additionally, there is no obvious Cu2O gradient inside the films, as Cu2O seems 

to form on all LixCu1-xO nanocrystals exposed to water. The application of a thin Ti0.8Nb0.2Ox coating 

by atomic layer deposition and the deposition of a platinum co-catalyst increased the stability of 

LixCu1-xO against decomposition. These devices showed a stable hydrogen evolution for 15 minutes. 

4.1 Introduction 

Events like the Paris agreement in the year 2015 again demonstrate the desire of our modern society 

to reduce emissions caused by fossil fuels. Consequently, the focus on research for sustainable energy 

sources has been increasing in recent years. Compared to wind power, hydroelectric power and tidal 

power plants, sunlight is by far the most prominent energy source we can exploit to meet mankind’s 

rising demands.1 An additional challenge beside harvesting sunlight and converting it into electricity 

is large scale energy storage, which is essential for the replacement of fossil fuels. One approach to 

address this demanding task is the use of hydrogen gas for powering both fuel cells and fertilizer 

production, envisioning the establishment of a so called ‘hydrogen society’. Inspired by 

photosynthesis, photoelectrochemical (PEC) water splitting is a promising process to generate 

hydrogen and oxygen gas.2-5 While there is lively discussion on the subject, potential advantages of a 

photoelectrochemical cell compared to the combination of an electrolyzer with a conventional solar 

cell can be the reduction of overpotentials as well as reduced fabrication cost and complexity of the 

final devices.5-6 In contrast to photocatalysis, oxygen and hydrogen are produced in spatially 
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separated compartments, hence avoiding subsequent separation, facilitating their storage and 

preventing the accumulation of an explosive gas mixture. Suitable semiconducting materials for PEC 

cathodes are based on silicon6-9, metal oxides3, 5 or organic semiconductors.10-12 Many earth abundant 

metal oxides are known to exhibit reasonable stability as well as photoactivity in water splitting 

applications.13-15 This led to the development of synthesis methods for novel binary16-19 and ternary20-

21 metal oxides as well as doping of well-known metal oxides.22-24 Besides the extensive work on 

materials with optical bandgaps in the range of 2.0 – 3.0 eV,14-15, 24-26 there is also need for low band 

gap photoabsorbers in order to build efficient PEC tandem cells. Such devices consist of an n-type 

photoanode connected to a p-type photocathode to harvest a substantial portion of the solar 

spectrum, reaching theoretical solar-to-hydrogen conversion efficiencies up to 21.6%.5, 25, 27 Copper 

oxide based photocathodes have aroused broad interest due to their low toxicity and the good 

availability of copper based compounds.22, 28-34 The reported band gaps of 1.35 eV– 1.7 eV and 2.0 – 

2.2 eV for CuO and Cu2O respectively, allow for significant light absorption in the visible range and 

provide enough energy for photoelectrochemical reactions.35-39 The conduction band edges of the 

intrinsic p-type semiconductors CuO and Cu2O36-37 fit both the reduction potentials of water14, 38 and 

CO240, which enables the reduction of these reagents by photo-generated electrons. Additionally, 

doping CuO with Li has already been proven to be a suitable way to lower the optical band gap and 

increase the electrical conductivity,22-23, 35, 41 which is key to enhance its performance for 

photoelectrochemical water splitting applications. Therefore, the photoelectrochemical study solely 

covers results on Li doped CuO and does not compare it with undoped CuO. Several groups have 

reported the discovery of highly efficient photocathodes based on CuO.22, 33, 42-45 However, it has been 

observed that photocurrents may be easily misinterpreted as evidence for hydrogen evolution which 

should be critically scrutinized.42-44 On the other hand, also justified doubts exist already about the 

stability of this metal oxide under reductive potentials.46-47 High cathodic dark currents and a 

significant decay in performance within the first minutes under operating conditions could point 

towards cathodic corrosion of this photoabsorber.35, 48-49 The reduction potential of CuO in aqueous 

electrolyte lies above the reduction potential of water.29 This implies the possibility of a competitive 

reduction of water and the photoabsorber itself, leading to the formation of reduced copper species 

such as Cu2O and metallic copper under operating conditions, and consequently to a significant 

change of the photocathode morphology due to photocorrosion.47, 50-51 Other copper containing 

photocathode materials like Cu2O,14, 52 CuFeO2
17 and CuBi2O4

19 are also affected by photocorrosion, 

which further motivated us to investigate this phenomenon in detail. Recently, more detailed 



Results and Discussion    

90 

 

corrosion studies on CuO53 and BiVO454-56 concentrated on the mechanisms behind the loss in activity 

and addressed this by the use of protective layers and suitable cocatalysts. Here, we report on the 

first extensive photocorrosion study revealing detailed insights into the transformations taking place 

in copper (II) oxide thin film electrodes under operating conditions with special attention to the role 

of photo-induced electrons, which we propose to be applicable to various copper containing cathode 

materials used in photoelectrochemical measurements. We further describe a suitable approach to 

increase the stability of this p-type low bandgap semiconductor against decomposition and to 

decorate it with a Pt cocatalyst. With these results, we wish to contribute to the ongoing discussion 

about the stability of metal oxide photocathodes and point to ways towards the development of stable 

photoabsorbers for the generation of environmentally friendly hydrogen gas. Furthermore, we want 

to present a convenient method to manipulate the electronic structure of copper oxide which can be 

used to improve CO2 reduction efficiencies. 

4.2 Results and Discussion 

LixCu1-xO photocathode layers were prepared by spin coating an ethanolic solution of Cu(NO3)2 • 3 

H2O and LiNO3 onto an FTO substrate. Calcination of these coatings at 400°C resulted in homogeneous 

black films with a thickness of about 1 µm. The calcined films obtained from the precursor solution 

contain large amounts of non-reacted LiNO3 and Li2CO3 (ESI Figure 4.1), which can be removed by 

rinsing with water. X-ray diffraction (XRD) analysis (Figure 4.1a) reveals that the films are 

structurally closely related to the CuO tenorite phase (space group: C2/c, a = 4.6803(8) Å; b = 

3.4176(2) Å; c = 5.1278(8) Å; β = 99.442 (1)° (ESI Figure 4.2))57-58 but exhibit slightly larger unit cell 

parameters (a = 4.6975(8) Å, b = 3.4346(6) Å, c = 5.1400(3) Å and β = 99.499(6)°). The small increase 

of the unit cell volume from 82.02(1) Å3 for the pure CuO to 82.93(1) Å3 for the CuO synthesized in 

the presence of Li salts indicates the incorporation of a small amount of Li+ ions, with a somewhat 

bigger ionic radius of 0.90 Å (in CN = 6) compared to the ionic radius of Cu2+ ions of 0.87 Å (in CN = 

6), into the crystal lattice.23 Inductively coupled plasma atomic absorption spectroscopy (ICP-AAS) 

analysis confirms the presence of 4 at% Lithium in the sample, which is the maximum amount that 

can be incorporated in the tenorite crystal structure.59  
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Figure 4.1. a) Rietveld refinement of LixCu1-xO with observed data (∙) and calculated pattern (red line), blue vertical bars mark 

the positions of the diffraction lines of CuO (tenorite). b) 7Li-NMR spectra of LixCu1-xO showing a multiplet centered at 1.3 ppm. 

c) UV-Vis absorption spectrum of undoped CuO (green), LixCu1-xO (red) and protected LixCu1-xO/NTO/Pt films on FTO. d) Tauc 

plot of a LixCu1-xO film on FTO showing an indirect bandgap of 1.39 eV. e) SEM cross section image of LixCu1-xO. f) TEM image of 

LixCu1-xO particles. g, h) High-resolution TEM image of a highly crystalline LixCu1-xO nanoparticle and its corresponding electron 

diffraction pattern.  

Another evidence for the incorporation of Li in the structure is provided by solid state 7Li nuclear 

magnetic resonance (NMR) analysis, which shows a multiplet (from spinning sidebands) centered at 

1.3 ppm in the spectrum of a carefully washed LixCu1-xO powder (Figure 4.1b). This signal is indicative 

for a non-metallic single phase, free of contaminations with diamagnetic compounds (i.e. Li2O, LiCO3, 

LiNO3). The electrical conductivity of Li-doped CuO was determined by Hall measurements (van der 

Pauw method) to be 6.0 • 10-3 S cm-1, which is an increase by a factor of 2.5 compared to undoped CuO 

(2.4 • 10-3 S cm-1). While films of undoped CuO are of dark brown color, films of LixCu1-xO are black. 

We attribute this observation to the formation of in-gap states, which can be caused by the 

introduction of point defects like cation doping or oxygen vacancies.60 These optical properties were 

investigated by UV-Vis spectroscopy. LixCu1-xO films demonstrate favorable light harvesting 

efficiencies across a broad wavelength range between 350 - 800 nm, covering part of the near infra-

red (IR) range, which exceeds that of our undoped CuO films (Figure 4.1c). Absorbance data of LixCu1-

xO films were used to calculate an indirect optical bandgap of 1.39 eV via Tauc plot analysis61 (Figure 
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4.1d), which is nearly the theoretical optimum for bottom materials used for high-efficiency PEC 

tandem cells.27 The morphology of our LixCu1-xO films was investigated by scanning electron 

microscopy (SEM, Figure 4.1e). The films are nanostructured and composed of interconnected 

nanoparticles forming disordered porous layers covering the whole FTO substrate. Transmission 

electron microscopy (TEM) images of LixCu1-xO films reveal that they are composed of intergrown 

particles with a size of around 150 - 300 nm (Figure 4.1f). High-resolution TEM (HR-TEM) images 

(Figure 4.1h) and electron diffraction analysis (Figure 4.1g) reveal that these particles are single 

crystalline. The d(110)-spacing of monoclinic LixCu1-xO was determined to be 2.76 Å, being in good 

agreement with the XRD patterns.  

 

Figure 4.2. Electronic band structure of lithium doped CuO for two different Li concentrations of (a) Li0.25Cu0.75O and (b) 

Li0.032Cu0.968O. The different numbers of bands are related to different cell sizes. The yellow line marks the Fermi level. In contrast 

to the insulating behaviour for xLi=25% (note the reduced band gap w.r.t. to bulk CuO), the valence bands crossing the Fermi 

level for xLi=3.2% indicate p-type conductivity. Spin density of lithium doped CuO in two different Li concentrations of (c) 

Li0.25Cu0.75O and (d) Li0.032Cu0.968O (Isosurface of 0.01 e/Å3). Majority and minority spin densities are shown by blue and red, 

respectively.  Note the significant contribution of oxygen for the low Li doping concentration of 3.2%. 

To understand how the introduction of Li influences the electronic properties of CuO, we have 

performed density functional theory (DFT) calculations for Li-containing CuO including static 

electronic correlations within the GGA+U approach where the rotationally invariant formulation of 

Dudarev et al.62 was employed (see supporting information for further details). We have investigated 

the band gap as a function of the Hubbard U parameter and find that up to U = 8 eV the indirect band 

gap of CuO increases monotonically with the band gap reaching 1.46 eV. Beyond U of 8 eV it changes 

to a direct band gap of 2.1 eV (ESI Figure 4.3a). The band gap of 1.46 eV obtained for U = 8 eV is in 

good agreement with the band gap of 1.39 eV determined from the Tauc plot above and consistent 

with previous LDA+U studies with a somewhat lower value of  U = 6.5 eV by Heinemann et al.37 The 
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variation of lattice constants as a function of U is presented in ESI Figure 4.3b. The DFT predictions 

are in overall agreement with experimental lattice constants. The jump occurring between U = 8 eV 

and U = 8.5 eV is associated with the above mentioned transition from indirect to direct band gap. To 

determine the preferential position of Li atoms in the CuO structure we have calculated the solution 

energy of Li at different lattice positions. For substitutional doping of Cu and O sites the calculated 

values are -4.20 eV and 1.04 eV, respectively, while for the interstitial doping the solution energy was 

determined to be -0.025 eV. Therefore, we can conclude that thermodynamically the preferred 

configuration corresponds to the substitutional doping of Cu sites with Li atoms. Consequently, we 

postulate the delocalization of holes throughout the structure and a partial change of the copper 

oxidation state from Cu2+ to Cu3+ to maintain charge neutrality. The band structure of bulk LixCu1-xO 

was calculated for a high lithium content of xLi = 25 at% and a low content of xLi = 3.2 at%, which is 

close to the experimentally determined Li level of ca. 4 at%. The band structure of LixCu1-xO (Figure 

4.2a and b) shows a very strong dependence of the amount of introduced Li. While for high 

concentration the band gap is strongly decreased to 0.64 eV, for low concentration the main effect is 

an upward shift of the valence band maximum that gets closer to the Fermi level and makes the 

system a p-type semiconductor. As shown in the spin density plots in Figure 4.2c and d, the underlying 

mechanisms are distinct: for xLi = 25 at% substitution of Li+ leads to a change in charge state of one 

copper to Cu1+, while for xLi = 3.2 at% the holes are delocalized at the oxygen sites leading to a p-type 

semiconductor. The solution energies of Li0.032Cu0.968O and Li0.25Cu0.75O are -4.2 eV and -3.1 eV 

respectively, indicating a reduction with increasing Li concentration due to Li-Li repulsion.  

To sum up, Lithium doping causes an increased optical absorption of CuO in the infrared range and 

significantly increases the p-type conductivity, therefore we expect facilitated charge separation. As 

our morphology is beneficial for the strongly surface-depending water splitting reaction5, we 

determined the photoelectrochemical performance of LixCu1-xO photocathodes by linear sweep 

voltammetry (LSV) in 0.1 M Na2SO4 aqueous solution (pH 7) starting at 0.7 V vs. RHE and scanning 

down towards -0.1 V vs. RHE under chopped AM 1.5 illumination. In the present case, the result of 

this procedure (Figure 4.3a) is very misleading, as the LixCu1-xO film shows the typical behavior of a 

photocathode with instant photocurrent response upon illumination. This observation can easily be 

misinterpreted as a measure of hydrogen evolution efficiency, but indeed originates from both the 

reduction of water and the reduction of the transition metal oxide itself, which we elucidate in the 

present work. In addition, we performed cyclic voltammetry (CV) measurements in a potential range 

between 0.0 and 0.9 V vs. RHE (Figure 4.3b). The material shows a negligible dark current, indicating  
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Figure 4.3. a) Linear sweep voltammogram of a bare LixCu1-xO film under chopped AM 1.5 illumination, showing no signs of 

photocorrosion. The assumption of a working photocathode based on this experiment is very misleading, as the reductive 

currents originate from both water reduction and photocorrosion. b) Cyclic voltammetry characterization of an unprotected 
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LixCu1-xO photocathode in 0.1 M Na2SO4 at pH 7 in the dark (dashed line) and under AM 1.5 illumination through the substrate 

(solid line). c, d) Cu 2p XPS spectra measured of bare LixCu1-xO films held at the respective potentials vs. RHE for 15 minutes 

each in the dark (c) and under AM1.5G illumination (d) (bars: black: Cu2+, red: Cu0 and Cu1+). At a potential of 0.2 V vs. RHE, 

LixCu1-xO is stable in the dark but corrodes to Cu2O under illumination. e) Cu-L2,3 edges of CuO and Cu2O distinguish between 

both copper oxidation states. The photocorrosion could be localized in a TEM cross section image (f, g) with corresponding 

EELS map (h), showing cubic Cu2O crystals on the LixCu1-xO surface. i) Overview image of one crystal scratched from a LixCu1-xO 

film after an electrochemistry experiment performed for 15 min at 0.2 V under illumination, showing a roundish crystal 

overgrown by square crystals. (j) Average Background Subtraction Filtered (ABSF) high resolution TEM image showing one 

square crystal at the surface of a spherical one. The FFTs of the marked regions were indexed for Cu2O (k) and CuO (l), 

respectively.  

electrochemical stability in the scanned potential range. Under AM1.5G illumination (100 mW cm-2), 

a reductive current density can be observed below 0.5 V vs. RHE. However, significant oxidizing 

currents appear above 0.4 V vs. RHE in the back scan. To examine the electrochemical stability of our 

LixCu1-xO photocathodes, we applied different constant potentials from 0.0 to 0.6 V vs. RHE for 15 

minutes each, in the dark as well as under illumination (ESI Figure 4.7). X-ray photoelectron 

spectroscopy (XPS) measurements of these films after electrochemical reaction were used to get 

further insights into the stability of the electrode material. From the binding energy of the Cu 2p3/2-

peak (Figure 4.3c, d), the oxidation state of the copper at the electrode surface could be assigned to 

Cu(II) (933.6 eV) or Cu(I) (932.4 eV).63 As can be seen in Figure 4.3c, copper (II) oxide remains stable 

without illumination down to 0.2 V vs. RHE. Below this potential a shift of the Cu 2p3/2-peak to lower 

binding energies is observed, indicative for the reduction of copper (II) oxide to copper (I) oxide. 

Under AM1.5G illumination, we observed copper (I) oxide formation already at 0.2 V vs. RHE, 

indicating photocorrosion by light induced electrons at this potential. Deconvolution of the Cu 2p3/2-

peak as well as the corresponding Cu L3VV Auger signals support this conclusion (ESI Figure 4.13).  

In agreement with the XPS data63-64, we attribute the reductive currents to a competitive reduction of 

both 2 H+ to H2 and Cu2+ to Cu1+, while the oxidizing currents occur from the oxidation of Cu1+ to Cu2+.35 

Furthermore, we extended the potential range of several CV measurements stepwise on a new sample 

(ESI Figure 4.5). With scanning to lower potentials, more Cu2+ is photoreduced to Cu1+, which gets 

reoxidized to Cu2+ at 0.75 V vs. RHE. This extremely sensitive method indicates a photocorrosion 

onset at approximately 0.45 V vs. RHE. Electron energy loss spectroscopy (EELS) allows one to 

directly monitor the oxidation states of elements on the nanometer scale using the near edge fine 

structure. The Cu-L2,3 edges of CuO and Cu2O are characterized by a pair of white lines which result 

from the excitation of 2p3/2 (L3) and 2p1/2 (L2) electrons to unoccupied 3d states (Figure 4.3e). The 
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white lines of CuO are shifted to lower energy losses compared to Cu2O.65-66 Thus, the energetic 

position of the two white lines was used in this study to identify the local distribution of the oxidation 

states in the thin films (ESI Figure 4.6). EELS requires electron transparent samples (thickness below 

100 nm),66 which in this study was achieved by preparing thin lamellae with a focused ion beam 

microscope. The resulting lamella represents a cross-section through the thin film (Figure 4.3f, g). A 

platinum protection layer was used to protect the sample from the gallium ions used for sample 

cutting and thinning. Oxidation state maps illustrate the local distribution of Cu2O and CuO inside the 

thin film with the spatial resolution given by the pixel size of the map, which was commonly chosen 

between 2.5 and 5 nm using subpixel scanning to reduce beam damage. Both oxidation states are 

detected in the interfacial regions between the two phases. In the TEM images two different crystal 

morphologies are visible, large round crystals and smaller square crystals. The latter form preferably 

at the surface of the large crystals. EELS maps demonstrate that the two crystal morphologies 

correspond to the two oxidation states: the large crystals are pure CuO, while the smaller ones are 

Cu2O (Figure 4.3h). This is confirmed by high resolution TEM imaging of the two crystal morphologies 

(Figure 4.3i, j) with their corresponding fast Fourier transforms (FFTs) indexed for CuO and Cu2O 

(Figure 4.3k, l). Interestingly, Cu2O grows as distinct crystallites on the surface of CuO instead of 

forming a dense layer on its surface. Additionally, there is no obvious Cu2O gradient inside the films, 

as Cu2O seems to form on all CuO nanocrystals exposed to water. We see a similar photocorrosion 

behavior on undoped CuO. After a potentiostatic measurement for 15 minutes at 0.2 V vs. RHE, also 

the surface of CuO is covered with cubic crystallites. Both the post-photoelectrochemical XRD pattern 

of CuO as well as FFTs and electron diffraction pattern of the regions covered with cubic crystals 

indicate the formation of the cuprite phase (Cu2O) (ESI Figure 4.11). Therefore, we expect the same 

corrosion mechanism like on LixCu1-xO photocathodes. To rule out artefacts introduced by the FIB 

sample preparation, FIB lamellae of reference samples that had not been used in 

photoelectrochemical experiments were investigated. The maps show a thin layer of reduced copper 

oxide at the surface of the CuO crystals (see ESI Figure 4.8), but no Cu2O crystals. The reduction of the 

surface layer of CuO is most likely caused by a reaction of CuO with the Ga-ions used for the sample 

preparation.  
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Figure 4.4. a) Cyclic voltammetry measurements of LixCu1-xO films protected with 2.5 nm thin Ti0.8Nb0.2Ox (NTO) layer (blue) 

and additionally functionalized with Pt nanoparticles (black) compared to a bare LixCu1-xO photocathode (red) in the dark 

(dashed) and under AM1.5 illumination (solid). b) Magnification of (a) in the lower potential range. c) Linear sweep 

voltammogram of a LixCu1-xO/NTO/Pt film under chopped AM 1.5 illumination. d) Incident-photon-to-current-efficiency (IPCE) 

measurements at different potentials. e) SEM image of a LixCu1-xO/NTO photocathode decorated with 20 nm sized Pt particles. 

f) STEM image of a cross section of a LixCu1-xO/NTO/Pt device held for 15 min at 0.2 V vs. RHE under AM1.5 illumination. The 

marked area (red, g) was used for EDX mapping of Cu (h), O (i) and Ti (j). The corresponding EELS map (k) shows no sign of 

photocorrosion. 
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To stabilize our photoabsorber material, we coated our LixCu1-xO films with a protective layer by 

atomic layer deposition (ALD), as this is a proven approach to protect copper oxides against 

photocorrosion.14, 32, 67 Among several tested coatings like TiO2, Ti0.8Nb0.2Ox (NTO), SnOx, Al:ZnO and 

Al2O3, NTO exhibited the best results on our LixCu1-xO morphology. After deposition, the applied 

Ti0.8Nb0.2Ox layers are amorphous (ESI Figure 4.12),68-69 covering the complete surface of the 

nanostructured morphology of the LixCu1-xO films without the formation of pinholes (ESI Figure 4.15), 

which has already been demonstrated to successfully protect Cu2O.52 CV measurements of LixCu1-

xO/NTO films in aqueous 0.1 M Na2SO4 are free of oxidative current signals, indicating that the 

photoabsorber remains stable under illumination. In contrast to bare LixCu1-xO, NTO covered films 

showed no activity in terms of water reduction (Figure 4.4a and b, blue) due to the lack of a suitable 

cocatalyst.3 For this reason, we electrodeposited Pt nanoparticles on our LixCu1-xO/NTO from a 1 mM 

methanolic H2PtCl6 solution (see experimental details for further information), as this is a proven way 

to improve HER kinetics on ALD protected copper oxide based photocathodes.14 20 nm sized Pt 

particles are formed on the surface of the nanostructured  LixCu1-xO/NTO films (Figure 4.4e). A 

protection layer of 2.5 nm NTO showed the highest activity compared slightly thinner or thicker NTO 

layers, still allowing sufficient charge transport to the Pt cocatalyst (ESI Figure 4.14). We assume 

electron transport by tunneling through the protective layer due to its extremely small layer 

thickness. The described protection strategy causes no significant change in the light absorption 

properties of those devices compared to the pristine LixCu1-xO films (Figure 4.1c).  We see no signs of 

photocorrosion of LixCu1-xO/NTO/Pt devices held for 15 min at 0.2 V vs. RHE under AM1.5G 

illumination. This is verified by EELS oxidation state mapping (Figure 4.4f, k and ESI Figure 4.16). 

Based on LSV measurements under chopped illumination, these devices show a distinct activity 

towards hydrogen evolution reaching up to 350 µA cm-2 at 0.0 V vs. RHE with a photocurrent onset at 

around 0.50 V vs. RHE (Figure 4.4c). Furthermore, we quantified the incident-photon-to-current-

efficiency (IPCE) at different potentials from 0.6 to 0.0 V vs. RHE (Figure 4.4d). The photocathode is 

active over the whole visible spectrum, reaching parts of the IR range, with an IPCE maximum at an 

excitation wavelength of 380 nm. The IPCE increases with lower potentials, reaching up to 6.25% at 

0.0 V vs. RHE. 
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Figure 4.5. a, b) Chronoamperometric data (black) at 0.3 V vs. RHE with corresponding H2 evolution (red), which is directly 

correlated to illumination starting after 5 minutes. While unprotected LixCu1-xO films (a) start to degrade right after 

illumination, LixCu1-xO/NTO/Pt photocathodes (b) show stable hydrogen evolution during the first 30 minutes. c, d) To probe 

the role of the water during the electrochemical reaction, a propylene carbonate electrolyte with an iodide triiodide redox 

couple was used as replacement. The CV measurement (c) as well as the TEM cross section with corresponding EELS map (d) of 

the film after a 15 minutes’ stability test at 0.1 V vs. RHE show no sign of photocorrosion. 

In addition, we performed stability tests of bare LixCu1-xO and LixCu1-xO/NTO/Pt films under 

illumination and quantified the evolved hydrogen. At a constant potential of 0.3 V vs. RHE, both 

photoelectrodes show a current response under illumination which is directly correlated to hydrogen 

evolution. The photocurrent of bare LixCu1-xO decreases constantly and the hydrogen evolution stops 

after around 10 min of illumination due to photocorrosion of the material (ESI Figure 4.18), which 

results in a Faradaic efficiency of 61% after 10 minutes (Figure 4.5a). In contrast, the LixCu1-

xO/NTO/Pt device produces a stable photocurrent and evolves hydrogen with a Faradaic efficiency of 

96% during the first 15 minutes after illumination (Figure 4.5b). Afterwards, both the hydrogen 

evolution and the current drop. We attribute the activity loss to the detachment of the Pt 

nanoparticles due to hydrogen bubble formation (see ESI Figure 4.17), whereas the decrease of 
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hydrogen concentration can be attributed to leakage from the photoelectrochemical cuvette-type cell 

used for hydrogen evolution experiments. We are currently working on the optimization of the 

cocatalyst deposition to increase both stability and activity of Li doped CuO photocathodes. Without 

direct contact to water, bare LixCu1-xO is stable in a comparable potential range, as shown in a 

photoelectrochemical measurement in  1 mM iodide/triioide (I- / I3
-) propylene carbonate electrolyte 

(Figure 4.5c) . No oxidative currents are detectable, which would indicate a Cu1+ / Cu2+ reaction 

similar to the one shown in Figure 4.3b. Moreover, the LixCu1-xO film was held under illumination at 

0.1 V vs. RHE for 15 minutes. The corresponding EELS map of this sample shows no sign of 

photocorrosion. From this observation, we conclude that LixCu1-xO could be used as stable 

photoabsorber as well as catalyst in a water-free electrolyte. 

4.3 Conclusions 

In this study, we have presented black Li-doped CuO thin films as cathodic light absorber for 

photoelectrochemical hydrogen evolution. The substitution of 4 at-% of Cu2+ with Li+ ions has a 

substantial influence on the optical and electronic properties. The optical bandgap is reduced while 

both electrical conductivity and p-type character increase upon Li doping, which is beneficial for the 

application as photocathode material in a PEC tandem cell. DFT+U calculations confirm that the 

system becomes a p-type semiconductor for low Li concentrations due to the pronounced 

delocalization of holes. While LixCu1-xO is stable in a non-aqueous electrolyte, it suffers from 

photocorrosion in contact with water. For the first time, the corrosion was studied in detail by cyclic 

voltammetry, X-ray photoelectron and electron energy loss spectroscopy. Therefore, we presented a 

detailed study on photocorrosion to provide a profound understanding of the underlying physical 

process which will be applicable to any copper based photocatalyst. Indeed, the performance of other 

reported photoelectrode systems should be critically revised. Under illumination and in direct contact 

with water, the reduced Cu2O forms as distinct cubic crystals on the LixCu1-xO surface. We 

demonstrate that LixCu1-xO films can be stabilized to some degree against photocorrosion by using 

approaches common in photoelectrochemical research namely the application of a thin Nb:TiO2 

protection layer in combination with a Pt cocatalyst. Still, our described approach cannot solve the 

fundamental problem of intrinsic instability of metal oxide-based photocathodes in aqueous electrolytes. 

We suggest that similar fundamental problems of photocorrosion stability will be witnessed also in other 

copper containing photoabsorbers, therefore the photoelectrochemical performance and possible light-

triggered material transformation should be revisited with special care. We doubt that the intrinsic 



  How photocorrosion can trick you: A detailed 
study on low-bandgap Li doped CuO photocathodes for solar hydrogen production 

101 

 

photocorrosion of copper oxide based photoelectrodes can be solved in any feasible way in aqueous 

electrolytes. However, the in-situ growth of Cu2O due to photoreduction could be used for other types of 

electrochemical processes. As an example, the use as specific catalyst for CO2 reduction in a water-free, 

methanolic electrolyte can be envisioned as both copper oxides were already described to be very active for 

this application.70 By manipulating their electronic structure using various dopants like Li+, we expect 

to enhance both the efficiency of copper oxides and also fine tune the formation efficiencies for 

hydrocarbons like methane and ethylene. 
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4.4 Supporting Information 

4.4.1 Experimental details 

4.4.1.1 Preparation of LixCu1-xO films   

LixCu1-xO thin film photocathodes were prepared by spin coating (1000 rpm, 30 s, 100 μL) a precursor 

solution containing 1 M Cu(NO3)2 ∙ 3 H2O and 1 M LiNO3 in ethanol. Undoped CuO films were prepared 

with the same method, but in absence of LiNO3. Fluorine-doped tin oxide (FTO) coated glass (TEC 15 

Glass, Dyesol) with a size of 1.5 cm x 2.0 cm was used as a substrate. The samples were subsequently 

calcined in air at 400 °C for 2 h (1.3 °C/min) and slowly cooled down to room temperature.  
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4.4.1.2 Atomic Layer Deposition of Niobium doped Titanium oxide films 

Atomic layer deposition of niobium doped titanium oxide thin films was carried out in a Picosun R-

200 reactor at a temperature of 200 °C and a base pressure of 2 hPa. Nitrogen (Air Liquide, 99.999 %) 

was used as the purge and carrier gas. The carrier gas line flow during pulses was 40 sccm. Titanium 

isopropoxide (TIPO, Aldrich, 99.999 %) was supplied from a stainless steel vessel at 85 °C, niobium 

ethoxide (NEO, Strem, 99.9+ %) was evaporated from a glass vessel at 160 °C. Ultrapure water (MilliQ, 

18.2 MΩ cm) was used as oxygen source and held in a stainless steel cylinder at room temperature. 

Each ALD cycle for TiO2 includes two TIPO pulses (1.6 s pulse, 4.5 s static exposure, 6 s purge) and 

one water pulse (2 s pulse, 4.5 s static exposure, 7.5 s purge). The resulting growth rate was 0.038 nm 

cycle-1 with a non-uniformity of 4 % across a 20 cm wafer. The ALD cycle for niobium oxide consisted 

of four NEO pulses (1.6 s pulse, 6.5 s static exposure, 6 s purge) and one water pulse as in the TiO2 

process. The resulting growth rate was 0.068 nm cycle-1 with a non-uniformity of 4 % across a 20 cm 

wafer. Mixed oxide layers were grown by alternating 6 TiO2 cycles with 1 NbOx cycle resulting in an 

amorphous Ti0.80Nb0.20Ox dense film. 

4.4.1.3 Pt deposition 

For the deposition of Pt co-catalyst nanoparticles, an NTO-protected LixCu1-xO film, a platinum mesh 

counter electrode and a Hg/Hg2SO4/K2SO4 (sat.) reference electrode were connected to a μ-

Autolab III potentiostat and immersed in a methanolic 1 mM H2PtCl6 solution.  Afterwards, a static 

potential of -0.557 V vs. Hg/Hg2SO4 was applied for 10 minutes without illumination. 

4.4.1.4 Crystallographic Characterization  

Powder X-ray diffraction (XRD) patterns were acquired on a STOE powder diffractometer (Cu-Kα,  = 

1.5406 Å) equipped with a position-sensitive Mythen-1K detector in transmission 

geometry. Lanthanum hexaboride (NIST LaB6 SRM 660b; space group: Pm3̅m; a = 4.15689(8) Å) was 

used as an internal standard for calibration of diffraction line positions. The XRD pattern of the sample 

and ~5% of lanthanum hexaboride were collected over a 2θ range of 10 to 81° with a step size of 

0.015°. LixCu1-xO unit cell parameters were obtained using the results from the Rietveld refinements71 

of a powder diffraction pattern. The observed parameters are structurally closely related to those of 

tenorite (CuO, space group: C2/c; a = 4.6853(3) Å; b = 3.4257(1) Å; c = 5.1303(3) Å; β = 99.549(4)°; 

JCPDS-ICDD PDF card No. 45-937). XRD patterns of the thin film electrodes were acquired on a Bruker 

D8 Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector. 
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4.4.1.5 Electron microscopy  

Scanning electron microscopy (SEM) measurements were performed on an FEI Helios NanoLab G3 

UC scanning electron microscope using a 1 - 30 kV field emission gun and an Oxford instruments 

energy dispersive X-ray (EDX) spectroscopy detector.  

A probe-corrected FEI Titan Themis transmission electron microscope (TEM) with a field emission 

gun (X-FEG) operated at 300 kV was applied to determine morphology, crystallography and 

elemental distribution. High-resolution TEM (HRTEM) and bright field (BF) images were received 

with a Ceta 16M camera while scanning TEM (STEM) measurements were performed with an annular 

dark field (ADF) detector. The thin film material was carefully scraped from the substrate with a razor 

blade and the powder was dispersed in ethanol. This liquid was deposited dropwise on a holey carbon 

grid to prepare the sample. 

In addition, focused ion beam (FIB)-machined lamellae of film cross-sections were prepared in a FEI 

Helios 600i Dual Beam workstation. To locally probe the oxidation state of Cu, electron energy loss 

spectroscopy (EELS) in a transmission electron microscope (TEM) was used. Ion beam assisted Pt 

deposition with dimensions of 10 × 2 × 2 µm3 (length × width × height) was applied for sample 

surface protection during Ga+ ion milling. 2 µm thick TEM lamellae were cut out of the films, 

transferred to a Mo TEM grid and initially thinned down to a thickness of around 0.7 µm using an 

acceleration voltage of 30 kV and beam currents of 430 pA and 230 pA. Final lamellae thinning was 

performed at 5 kV and 120 pA and subsequent polishing to minimize beam damage was carried out 

at 2 kV and 72 pA until a thickness of below 100 nm was reached. 

Electron energy loss spectroscopy (EELS) data were acquired in scanning transmission mode at 300 

kV using a probe-corrected FEI Titan Themis equipped with a monochromator and an Gatan Enfinium 

ER spectrometer. An energy resolution of 0.2 eV was realized during the experiment, using a 

dispersion of 0.1 channels/pixel and a spectrometer entrance aperature of 5 mm. Subpixel scanning 

was used to reduce the electron beam damage during the spectrum acquisition on the sample yielding 

pixel sizes between 2 and 5 nm. 

4.4.1.6 7Li NMR 

Solid-State MAS NMR: Experiments were performed at 11.74 T on a Bruker DSX 500 spectrometer 

equipped with a commercial 4 mm triple-resonance MAS probe at 7Li frequencies of 194.399 MHz. All 

experiments were performed in ZrO2 rotors at room temperature. The one-dimensional 7Li NMR 
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spectrum was acquired with a 90° pulse length of 2.0 µs, a recycle delay of 64 s and at a sample 

spinning frequency of 8 kHz. 

4.4.1.7 Hall measurements 

Hall measurements were performed using the van der Pauw technique in a four-point setup. For the 

characterization, pellets were pressed (80 kg/cm2) from powders (thickness 0.31 mm) and sintered 

at 400 °C for 24 h (2 °C/min) prior to the measurement. 

4.4.1.8 Optical Characterization  

UV-Vis spectra were obtained on a Perkin Elmer Lambda 1050 UV/Visible/NIR spectrophotometer 

with an integrating sphere. The absorbance of the films was calculated from both the transmittance 

and reflectance of the films correcting for the absorbance of the FTO substrate by applying an 

expression derived by Klahr et al.72 to the UV-Vis data.  

4.4.1.9 Photoelectrochemical Characterization  

Current-voltage (CV) and chrono-amperometry (CA) measurements were performed in a three 

electrode setup. A custom built closed one-compartment cell allowed a photoelectrochemical 

characterization in the absence of air. Therefore, argon or nitrogen purging of the aqueous 

0.1 M Na2SO4 or 1mM iodide/triioide (I-/I3
-) propylene carbonate electrolyte was started 30 minutes 

before the experiment and was continued during the measurement. The thin film photocathodes were 

masked with Teflon adhesive tape leaving free an area of 0.196 cm² for illumination. Argent 

conductive varnish was used to improve the electrical contact to the potentiostat. The photoelectrode, 

a Hg/Hg2SO4/K2SO4 (sat.) or RHE reference electrode and a platinum mesh counter electrode were 

connected to a μ-Autolab III potentiostat. Measurements were either performed in the dark or under 

simulated sunlight illumination. For the latter, the thin film electrodes were illuminated through the 

substrate side by an AM1.5G solar simulator (Solar Light Model 16S) at 100 mW cm-².  CV 

measurements were performed either in the dark or under illumination by starting at 0.85 V vs. RHE, 

scanning at a sweep rate of 20 mV/s from positive to negative potentials down to 0.0 V vs. RHE and 

back to 0.9 V vs. RHE. In total, two cycles were performed for each measurement. Linear sweep 

voltammograms were performed at a scan rate of 2 mV/s, starting at 0.7 V vs. RHE and scanning down 

to -0.1 V vs. RHE. The light source was chopped manually. In the case of CA measurements, a steady 

potential was applied for a defined time and the resulting current was recorded in a time interval of 

1 s. 
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4.4.1.10 Hydrogen detection 

In order to verify that the observed photocurrent results from the reduction of water, a micro sensor 

(Unisense A/S H2-NPLR) with a hydrogen selective silicone membrane was combined with a three 

electrode PEC setup. The micro sensor was calibrated in a two-point measurement using the 

corresponding program (Unisense A/S SensorTrace 1.4). The data point for c = 0 mM was acquired in 

Nitrogen-purged electrolyte (aqueous 0.1 M Na2SO4 solution at pH 7), while the second measuring 

point of c = 40.7 mM was recorded in the same electrolyte purged with forming gas (5 vol% H2 in Ar, 

AirLiquide ARCAL15) for 20 minutes, taking in account the saturation concentration of pure H2 gas in 

water of 813 µM atm-1.73 To minimize the electrolyte volume and therefore maximize the detectable 

hydrogen concentration, a 2 mL poly(methyl methacrylate) (PMMA) cuvette was used as PEC cell. The 

working electrode was glued on a drilled-in hole (∅ 7 mm) and connected to the potentiostat together 

with a Platinum wire counter electrode and a Hg/Hg2SO4/K2SO4 (sat.) reference electrode and filled 

with 1.7 mL electrolyte. The hydrogen micro sensor was placed in the cuvette, which was 

subsequently sealed using modelling clay. The hydrogen concentration was recorded with an interval 

time of 10 seconds. As the polarization of the micro sensor is very sensitive and critical for a correct 

measurement, magnetic stirring was not possible in order to avoid any interfering signals. 

4.4.1.11 Computational details 

Density-functional theory (DFT) calculations were performed using the VASP74-75 code with 

projector-augmented wave (PAW) pseudopotentials76. The generalized-gradient approximation 

(GGA)77 was used for the exchange-correlation functional,  including an on-site Hubbard U term. The 

rotationally invariant approach of Dudarev et al.62 was adopted for the GGA+U calculations. A 

Hubbard-U value for Cu of 8.0 eV gives an indirect gap of 1.46 eV for CuO, in close agreement with the 

1.39 eV determined from the Tauc plot. This is consistent wih previous LDA+U results.78 We note that 

previous experimental values range between 1.35-1.7eV.8-11 To model different doping 

concentrations two different cell sizes with 8 and 64 atoms were adopted, corresponding to the bulk 

CuO and a 2x2x2 supercell, respectively. A plane-wave cut-off of 500 eV and a Monkhorst-Pack k-

point mesh of 8×8×8 and 4×4×4 were used for the two unit cells, respectively.  The Li solution energy 

(SE) indicates the preferred lattice positions of Li incorporation in the CuO structure and is defined 

as follows: 

𝑆𝐸𝐿𝑖
 = 𝐸𝐿𝑖𝑥𝐶𝑢1−𝑥𝑂

 − 𝐸𝐶𝑢𝑂
 − 𝑁𝐸𝐿𝑖 +𝑀𝐸𝑂/𝐶𝑢  Eq. 1 
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𝐸𝐿𝑖𝑥𝐶𝑢𝑂
  and 𝐸𝐶𝑢𝑂

  represent the total energy of the doped and undoped structure, respectively.  𝐸𝐿𝑖 

and 𝐸𝑂/𝐶𝑢  is the energy of the elemental ground state of lithium, oxygen and copper. N is the number 

of lithium atoms substituted by M oxygen or copper.  To calculate the solution energy a Cu or O was 

substituted by a Li atom and the structure fully relaxed.  
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4.4.2 Additional figures 

 

 

ESI Figure 4.1. XRD pattern of the film obtained directly after calcination. The film is a mixture of Li doped CuO, Li2CO3 and 

LiNO3. To obtain the single Li doped CuO phase the film is immersed in water for 2 hours to remove Li2CO3 and LiNO3. 

 

ESI Figure 4.2. Rietveld refinement of undoped CuO with observed data (∙) and calculated pattern (red line), blue vertical bars 

mark the positions of the diffraction lines of CuO (tenorite). 
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ESI Figure 4.3. a) Band gap and b) lattice constants of CuO as a function of Hubbard U. Experimental band gaps range between 

1.35-1.7 eV, highlighted in green.36, 79-81 The band gap of 1.39 eV determined from the Tauc plot in this work is marked by a 

dashed line in a). The experimental lattice parameters denoted by dashed lines in b) are from Åsbrink et al..82  

 

ESI Figure 4.4. Linear sweep voltammetry measurements of bare copper oxide photocathodes in the dark (dashed lines) and 

under AM1.5 illumination (solid lines). LixCu1-xO films (red) exhibit significantly higher photocurrents compared to undoped 

CuO films. 
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ESI Figure 4.5. Cyclic voltammetry measurements of a bare LixCu1-xO electrode in successive order from a – f. The potential range 

was extended stepwise to lower potentials, and consequently the photocorrosion gets more and more pronounced. 
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ESI Figure 4.6. To generate the EELS map tracking the oxidation state of Copper, the spectra were first aligned. After subtraction 

of the background via a power-law fit the intensity ratio of the Cu-L3 edge of CuO (red) and Cu2O (blue) were integrated in 

defined energy windows. The distribution of the two oxidation states is estimated by this intensity ratio. 
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ESI Figure 4.7. Chronoamperometric data of unprotected LixCu1-xO photocathodes at various potentials from 0.0 to 0.6 V vs. 

RHE in the dark (black) and under AM1.5 illumination (red). Afterwards, the respective samples were characterized by XPS (see 

Figure 3c,d). The spikes in (c) were caused by an increased flow of nitrogen purging. 
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ESI Figure 4.8. An as-synthesized sample, which was never used in an electrochemical measurement, was used to investigate 

the effect of the FIB sample preparation. While the sample preparation causes a slight reduction of some regions of the LixCu1-

xO surface, no cubic Cu2O crystals are formed by this procedure. Therefore, the FIB preparation method is supposed to have no 

effect on the photocorrosion study of LixCu1-xO photocathodes.  

 

ESI Figure 4.9. CuO/Cu2O ratio maps based on EELS data of samples used for PEC water splitting at different potentials. (a) 0.1 

V for 15 min, (b) 0.2 V for 15 min and (c) 0.3 V for 15 min. *Artifact of the spectrum alignment, should be Cu2O.  
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ESI Figure 4.10. TEM cross section images of LixCu1-xO films after an electrochemistry experiment performed for 15 min at 0.3 

V vs. RHE under illumination (a, c) with corresponding EELS maps (b, d, pixel size 4 nm²). 
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ESI Figure 4.11. a) Potentiostatic measurement of a bare, undoped CuO electrode at 0.2 V vs. RHE under AM 1.5 illumination. b) 

XRD pattern of the CuO film after the 15-minute stability test shown in (a), indicating the formation of Cu2O (blue). c) High 

resolution TEM image showing one square crystal grown on the surface of the CuO structure. The FFTs of the marked regions 

were indexed for CuO (d) and Cu2O (e). f, g) Further TEM images of Cu2O grown on different spots of the CuO surface. h) Electron 

diffraction pattern of the cubic crystal depicted in (g) with the reflections indexed for Cu2O. 
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ESI Figure 4.12. XRD pattern of Ti0.8Nb0.2Ox ALD films as deposited (black). These layers are amorphous, in contrast to pure TiO2 

layers (black). After calcination in 5%H2/N2 atmosphere at 600°C (blue), crystalline Ti0.8Nb0.2Ox ALD layers are obtained. 
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ESI Figure 4.13. XPS characterization of LixCu1-xO photocathodes after electrochemical stability tests at the respective potentials 

vs. RHE for 15 minutes each in the dark (left side, a and c) and under AM1.5G illumination (right side, b and d). The upper two 

diagrams show the deconvolution of the Cu 2p3/2 peaks into a Cu(I)-component at 932.4 eV and a Cu(II)-component at ca. 

933.6 eV. At the lowest potential (0.0 V vs. RHE) a third feature appears at higher binding energies, which might be caused by 

differential charging of the samples as a result of proceeding corrosion. The corresponding Cu L3VV Auger signals are displayed 

in the graphs (c) and (d) below with the positions of the Cu(I) and Cu(II) peaks indicated by the dashed lines. 
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ESI Figure 4.14. Cyclic voltammograms of LixCu1-xO photocathodes covered with Nb:TiO2 (NTO) or TiO2 (TO). A protection layer 

of 2.5 nm NTO showed the highest activity of all tested NTO layer thicknesses (a) and also an improvement compared to undoped 

TiO2 (b).  

 

 

ESI Figure 4.15. Energy dispersive X-ray (EDX) mappings of a LixCu1-xO/NTO/Pt TEM cross section. The LixCu1-xO structure (a, 

b) is homogenously covered with Nb:TiO2 (NTO, c, d) and Pt (e). 
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ESI Figure 4.16. a) TEM cross section of a LixCu1-xO/NTO/Pt device held for 15 min at 0.2 V vs. RHE under AM1.5 illumination. 

The marked area (white, b) was used for EDX mapping of Cu (c), O (d) and Ti (e). The corresponding EELS map (f) shows no 

sign of photocorrosion. 

 

 

ESI Figure 4.17. SEM top view images of a LixCu1-xO/NTO/Pt photocathode after 90 minutes at 0.3 V vs. RHE and AM1.5G 

substrate illumination. The 20 nm sized Pt particles are not adhering on the surface anymore, which is believed to cause the 

observed loss in activity.  
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ESI Figure 4.18. XRD patterns of unprotected LixCu1-xO films before (black) and after (red) the hydrogen evolution test at 0.3 V 

vs. RHE (Figure 4.5a). After 30 minutes of illumination and progressing photocorrosion, the cuprite phase of Cu2O emerges 

(blue). Reflections of the FTO substrate are marked with (*). 
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Abstract 

Light-driven water electrolysis at a semiconductor surface is a promising way to generate hydrogen 

from sustainable energy sources, but its efficiency is limited by the performance of available 

photoabsorbers. Here we report the first time investigation of covalent organic frameworks (COFs) 

as a new class of photoelectrodes. The presented 2D-COF structure is assembled from aromatic 

amine-functionalized tetraphenylethylene and thiophene dialdehyde building blocks to form 

conjugated polyimine sheets, which π-stack in the third dimension to create photoactive porous 

frameworks. Highly oriented COF films absorb light in the visible range to generate photo-excited 

electrons that diffuse to the surface and are transferred to the electrolyte resulting in proton 

reduction and hydrogen evolution. The observed photoelectrochemical activity of the 2D-COF films 

and their photocorrosion stability in water pave the way for a novel class of photoabsorber materials 

with versatile optical and electronic properties that are tunable through the selection of appropriate 

building blocks and their three-dimensional stacking. 

5.1 Introduction 

Photoelectrochemical (PEC) water splitting is an attractive way to generate hydrogen using 

renewable energy. Due to the potential of directly converting solar power into a chemical fuel or 

process feedstock, this process has attracted broad research interest. An ideal photoabsorber will 

combine efficient light harvesting with suitable band energies for water oxidation and reduction, fast 

interfacial charge transfer kinetics to the electrolyte, and corrosion stability under operating 

conditions.1 However, the performance of known systems is modest, being primarily limited by 

photoabsorber material properties. On the one hand, metal oxides tend to be stable under operation 

(i.e. resistant against photocorrosion) but exhibit poor semiconductor properties such as short charge 

carrier diffusion lengths and fast recombination, which can be partially compensated by 

nanostructuring.2-4 On the other hand, Si and III-V semiconductors offer favorable charge transport 

properties and high photocurrents but are prone to photocorrosion unless protected by overlayers.5-

6 For this reason, the discovery of new photoabsorber materials is urgent and currently the focus of 

combinatorial synthetic and computational research.7-10 
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In this work we explore covalent organic frameworks (COFs) as photoelectrodes for light-driven 

water splitting. COFs are an emerging class of crystalline polymers composed of organic units linked 

via covalent bonds to form porous networks. By using multidentate building blocks, two- or three-

dimensional frameworks with a defined pore size and high specific surface area in conjunction with 

appreciable thermal and chemical stability can be obtained. In 2D-COFs, covalently bonded units form 

two- dimensional (2D) sheets, which stack due to dispersive forces (π-stacking) in the third 

dimension to construct extended open porous frameworks. The π-stacking mediates electronic 

interactions between the functional units, thereby providing another possible path for charge carrier 

transport in addition to transfer within the covalent sheets. The selection of appropriate building 

blocks, linkage motifs (from unconjugated boroxines, boronate esters and borosilicates11-14 to 

conjugated imines15-19, imides20-21 and others22-24), as well as their stacking mode all provide ways to 

tailor the optical and electronic properties of COF structures, thereby clearing the way for novel 

materials for optoelectronic systems. COFs have found applications in gas storage25-26, catalysis27-28, 

separation29-31, energy storage32 and proton conduction33. Zeolitic imidazolate frameworks (ZIFs)34, 

carbon nitrides (CNs)35-40, phenyl triazine oligomers (PTOs)41, poly-(azomethine) networks 

(ANWs)42, triazine containing organic frameworks and even covalent organic frameworks (CTFs and 

COFs)43-50 were found to be active in photocatalysis and photocatalytic hydrogen evolution reactions, 

where photogenerated charge separation was achieved by adding noble metal co-catalysts and/or 

sacrificial electron donors. Fabricated as oriented COF thin films, COFs have already found use as 

active materials in optoelectronic devices51-54. However, COF films being utilized as photoelectrodes 

for direct water splitting has yet to be reported. Herein, we demonstrate the first use of an imine-

based COF, grown as oriented films on transparent, conducting substrates serving as a light-

absorbing material. This is the first report of a COF acting as a photoelectrode to enable 

photoelectrochemical water splitting in aqueous electrolytes without the use of a co-catalyst or 

sacrificial agent. In addition, we demonstrate a four-fold increase in the obtained photocurrent by the 

application of a Pt nanoparticle hydrogen evolution catalyst. 

5.2 Results and discussion  

5.2.1 Synthesis of COF systems 

For the possible use as photocathodes in photoelectrochemical water-splitting devices, we 

investigated a 2D-COF built from aromatic amino- and thiophene-based units. The use of nearly  
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Figure 5.1. a) Synthetic approach for the formation of BDT-ETTA COF with a structural overview of the resulting 2D layers. Due 

to π-interactions the sheets stack in the third dimension to form the final hexagonal AA eclipsed framework b) TEM image of 

the resulting powder. c) PXRD of BDT-ETTA (red), comparison to a Pawley-refined pattern (blue) and difference (black line). d) 

Nitrogen physisorption isotherm of BDT-ETTA with a pore size distribution revealing two distinct pore sizes. 

planar p-type functional building units linked via polarizable imine bonds is expected to result in 

conjugated p-type semiconductors, whose optoelectronic properties can be varied via the structure 

of the building units and the nature of their stacking in the third dimension. One building unit is a 

conjugated aromatic and four-fold amine-functionalized tetraphenylethylene (1,1’,2,2’-tetra-p-

aminophenylethylene, ETTA). The ETTA monomer has been investigated in 2D-imine COF powders55, 

where it was shown to have a strong impact on geometry, shape, crystallinity and on the stacking 

distance of adjacent layers. The other component is the linear dialdehyde 

benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde (BDT), which is a donor-type dithiophene 

(Figure 5.1).  
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Figure 5.2. Thin (ca. 100 nm) (a, c) and thick (ca. 500 nm) (b, d) BDT-ETTA films grown on ITO substrates: SEM images (cross-

section) (a, b) and grazing incidence diffraction (GID) patterns (c, d) revealing a high degree of film orientation.  

For use as electrodes in photoelectrochemical cells, the COFs were grown as films on transparent 

conducting FTO or ITO substrates. We found that high concentrations of reactants resulted in 

homogeneous nucleation and growth of bulk COF powders, whereas dilute solutions promote the 

heterogeneous film growth on a substrate. To avoid precipitation/sedimentation of COF powders on 

the substrate, the substrates were placed with the ITO side downwards in a PTFE film holder in a 

mesitylene-dioxane (V:V = 1:1) solution in an autoclave. After adding a catalytic amount 6M acetic 

acid, the films were grown for 72 h at 120 °C. Intensely orange-colored BDT-ETTA COF films were 

obtained on FTO or ITO substrates. Cross-sectional SEM images of BDT-ETTA films (Figure 5.2) with  
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Figure 5.3. a) Absorbance spectrum of a BDT-ETTA thin film on ITO with a photograph of a representative sample masked with 

a PFTE adhesive tape (inset). b) Tauc plot analysis of a BDT-ETTA film on ITO showing a direct optical band gap of 2.47 eV. c) 

Cyclic voltammogram of a BDT-ETTA electrode in non-aqueous electrolyte. d) Calculated alignment between the HOMO and 

LUMO of BDT-ETTA and the water-splitting redox couples. 

different thicknesses demonstrate that COF films can be grown in the thickness range between 100 

to 500 nm and are well adhered to the substrate. The surface exhibits some roughness, which is 

notably less pronounced in the case of thinner films (compare Figure 5.2a). BDT-ETTA COF is well 

ordered and crystalline, as established by an intense and sharp 100 reflection and the presence of 

well-defined higher-order reflections in the PXRD pattern (Figure 5.1c). The reflection at around 

20° 2θ represents the π-stacking distance, which corresponds to 0.44 nm. The experimentally 

obtained XRD pattern agrees well with the simulated pattern calculated for an AA eclipsed layer 

stacking for a hexagonal structure in P6 symmetry (see Figure 5.1c and SI Figure 5.13). The π-stacking 

distance is high in comparison to other COF systems, which can be explained by the strong 

contribution of the propeller-shaped (i.e. non-planar) ETTA motif to the final geometry compared to 

the planar thiophene linker.19 Notably, both the XRD measurements in reflection mode (SI Figure 

5.11) as well as grazing incidence diffraction (GID) patterns (Figure 5.2c,d) provide strong evidence 
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for  oriented growth of the COF films on the substrates. The orientation in c-direction is evident from 

the intense reflections at q(y)=0 originating from COF layers oriented parallel to the substrate and 

correspond to the reflections of the BDT-ETTA COF (compare PXRD in Figure 5.1c). A weak diffuse 

arc originates from randomly distributed COF particles present on top of the highly-oriented film (see 

SI Figure 5.9 and SI Figure 5.11). For the electrochemical investigations we used the thinner films as 

they constitute a well-defined system with less contributions from unordered COF material.  

The nitrogen physisorption isotherms of the COF powder demonstrate that the BDT-ETTA COF forms 

a porous structure with clearly distinguishable micro- and mesopores (Figure 5.1d). The BET surface 

areas and total pore volumes for COF bulk material was calculated to be 1360 m2g-1 and 1.0 cm3g-1, 

respectively. The bimodal pore size distribution shows pores of 1.67 nm and 3.68 nm in diameter. 

The pore sizes match the predicted values for the geometry of an AA eclipsed framework.  

The TEM image of BDT-ETTA (Figure 5.1b) reveals a high degree of crystallinity and order, 

recognizable by the large domain sizes. 2D honeycomb-type facets are visible, where the ab plane is 

oriented perpendicular to the viewing direction. In other viewing directions, channels indicate the 

growth orientation, highlighting the crystallinity of the COF material with domain sizes of 50-100 nm.  

5.2.2 Photoelectrochemical properties of COF films 

The remarkable stability of the obtained BDT-ETTA in different solvents, including water in a pH 

range from 3 to 14 (see SI Figure 5.12 for further details), and strong absorption of visible light led us 

to believe the novel BDT-ETTA COF structure would be an interesting example of photoabsorber 

materials for water-splitting applications. Therefore we measured the photochemical activity at pH 7.  

The absorption spectrum is shown in Figure 5.3. BDT-ETTA films absorb light strongly in the visible 

range with an absorption threshold of around 550 nm and two absorbance maxima at 360 and 

430 nm (Figure 5.3a). The Tauc plot analysis of BDT-ETTA thin films (Figure 5.3b) reveals a direct 

optical band gap of 2.47 eV, which is favorable for photoelectrochemical water splitting.2 

To determine the absolute positions of the conduction and valence band edges of BDT-ETTA films 

(corresponding to their LUMO and HOMO energies, respectively), electrochemical measurements in 

a non-aqueous electrolyte (0.1 M NBu4PF6 in anhydrous acetonitrile) were performed. The cyclic 

voltammogram of a BDT-ETTA film electrode (Figure 5.3c) shows an anodic peak with an onset at 

0.37 V vs. ferrocene/ferrocenium (FOC), which we attribute to the expected oxidation of thiophene 
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moieties. From this, the approximate position of the HOMO can be calculated to be -5.51 eV (see SI for 

further details). Using the optical bandgap of 2.47 eV determined above, the LUMO position is 

approximately -3.34 eV. The absolute energy of the HOMO and LUMO of BDT-ETTA as well as the 

H2O/H2 (hydrogen evolution reaction, HER) and O2/H2O (oxygen evolution reaction, OER) redox 

couples is plotted in Figure 5.3d. If we assume that the HOMO and LUMO positions do not change 

significantly due to protonation or deprotonation of the COF structure, the LUMO is higher in energy 

than the H2O/H2 redox pair in solution over the entire pH range, which means that photoexcited 

electrons at the COF surface should be able to spontaneously transfer to the electrolyte, resulting in 

proton reduction and hydrogen evolution. The driving force, i.e. the potential difference between the 

LUMO of the COF and the HER is significant, particularly in acidic solutions. In alkaline solutions, the 

HOMO energy lies below that of the OER redox couple, which would also render photoelectrochemical 

water oxidation and thus bias-free one-photon water-splitting thermodynamically possible. 

However, the potential difference is limited to approximately 0.5 V, which approaches the minimum 

overpotential needed to drive the OER. Therefore, in the absence of an efficient OER catalyst, this 

reaction is not expected to yield significant currents. The photoelectrochemical performance of 

100 nm BDT-ETTA films was characterized by linear sweep voltammetry in nitrogen-purged 0.1 M 

Na2SO4 aqueous electrolyte under AM 1.5 illumination through the substrate in the potential range 

between 1.1 and 0.2 V vs. RHE (Figure 5.4a). The photoelectrode shows an early HER onset potential 

of 1.0 V vs. RHE reaching currents of up to 1.5 μA cm-2 at 0.2 V vs. RHE. We note that thicker (500 nm) 

films with a less homogeneous orientation (cf. Figure 5.2b) show a higher current density of 4.3 μA 

cm-2 at 0.3 V vs. RHE, demonstrating that the PEC performance of the COF films can be improved (SI 

Figure 5.2). We investigated the cause of the photoactivity using electrodes made by dropcasting the 

COF components BDT and ETTA individually on ITO substrates. Cyclic voltammograms of these are 

shown inSI Figure 5.3. ETTA shows no difference between dark and light currents below 0.4 V vs. RHE 

indicating that it is not photoactive by itself. The BDT electrode shows similar but lower photoactivity 

compared to the COF. We assume, therefore, that the photoactivity of the COF arises from the BDT 

component and that the formation of an oriented film in which the BDT is covalently bound amplifies 

its photoresponse and also improves stability. We also investigated whether the oriented porous 

structure of the BDT-ETTA films is required for successful water reduction. To this end, we prepared 

reference films using different solvents (mesitylene or anisole) for the COF growth solution, which do  
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Figure 5.4. a) Linear sweep voltammograms of BDT-ETTA films on ITO performed in the dark (black) and under AM 1.5 

illumination through the substrate (red). b) The corresponding IPCE spectrum quantifies the photoresponse of the COF 

electrodes in the visible spectral range. c) Chronoamperometric data of a BDT-ETTA film collected under chopped illumination 

(8.3 mHz, 455 nm, 1017 s-1 cm-2) demonstrating the photocurrent response at different potentials. d) Cyclic voltammograms of 

BDT-ETTA films grown from different solvents. e) Chronoamperometric data recorded on a BDT-ETTA film at 0.4 V vs. RHE 

(black) under chopped AM 1.5 illumination. Oxidation current recorded simultaneously on a platinum mesh indicator electrode 

(red) indicating the formation of hydrogen under illumination (see SI for experimental details). 

not result in oriented growth. Figure 5.4d shows cyclic voltammograms of these films under dark and 

illuminated conditions. In the case of films grown from mesitylene, no significant currents are 

observed in either case. Films grown from anisole exhibit very high dark reduction currents above 

the HER onset potential, indicating a reaction of the film material. The subsequent CV scans under 

illumination yield a photocurrent lower than the original dark current over a wide potential range. 

This indicates that the film is neither photoactive nor stable under operating conditions. From these 

findings we conclude that oriented BDT-ETTA films, grown using suitable procedures such as those 

described in this study, are required for stable water photoreduction. Therefore, due to the well-

defined geometry of the highly oriented thin (100 nm) films, we have chosen these as a system for 
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further photoelectrochemical study. The incident-photon-to-current-efficiency (IPCE) of these thin 

films was determined to examine the photoelectrochemical performance of the COF electrode at 

different wavelengths (Figure 5.4b). The BDT-ETTA COF showed light-to-current conversion activity 

over a broad spectral range below 530 nm, reaching a maximum IPCE of 0.38 % at 355 nm. Stability 

of the photoabsorber is a main requirement for achieving energy payback via photoelectrochemical 

hydrogen generation.56 To investigate this, we performed chronoamperometric measurements under 

chopped illumination (8.3 mHz, 455 nm, 1017 s-1 cm-2) at different potentials between 0.9 and 0.3 V 

vs. RHE for 10 min each (Figure 5.4c). BDT-ETTA films showed a stable photocurrent response over 

the entire potential range while the absolute values of current density followed the trend of the linear 

sweep voltammograms.  

Further, we investigated the stability of the COF photoelectrode for an extended period of time at 0.4 

V vs. RHE. At this potential, the BDT-ETTA films showed stable behavior with a negligible dark current 

density and good photoactivity. Chronoamperometric data was recorded at this potential for 5 hours 

(Figure 5.4e, black). The sample was alternatingly kept in the dark and illuminated by AM 1.5 

simulated sunlight for 15 minutes at a time. After the initial switch-on transient a steady-state 

photocurrent density of 0.9 µA cm-2 was reached in each illumination step. To ensure that the 

resulting photocurrent arises from the water reduction, we have designed a four-electrode setup 

enabling to monitor continuously the hydrogen evolution during this stability test (see experimental 

details and SI Figure 5.4 for further information). A platinum indicator electrode was placed next to 

the photocathode and polarized at 1.1 V vs. RHE to oxidize dissolved hydrogen in the electrolyte. An 

oxidation current recorded at this electrode indicates hydrogen evolution in the system although 

quantification of the hydrogen amount via this method is challenging due to a low collection efficiency 

of the indicator electrode (SI Figure 5.6). Prior to measurements the indicator electrode was polarized 

without illumination until a stable background current of 0.06 µA was reached (SI Figure 5.5). 

Illumination of the COF film resulted in a photocurrent detected on the photoelectrode (Figure 5.4e, 

black) and a simultaneous rise in the hydrogen oxidation current at the indicator electrode (Figure 

5.4e, red). Switching off the light results in a decay of photocurrent as well as the oxidation current. 

This behavior is stable and repeatable over the course of the measurement, indicating stability of the 

material under photoelectrochemical operating conditions. In order to rule out that the oxidative 

current observed in Figure 5.4e results from any other species than photoelectrochemically evolved 

hydrogen, we quantified the product with a hydrogen microsensor (Unisense A/S H2-NPLR) with a  
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Figure 5.5. Linear sweep voltammograms of BDT-ETTA films on ITO performed in the dark (black) and under AM 1.5 

illumination through the substrate (red). The combination of BDT-ETTA with platinum nanoparticles (solid lines) leads to an 

increased photocurrent over the whole potential range compared to bare BDT-ETTA films (dashed lines). 

hydrogen-selective silicone membrane. At a static potential of the COF film of 0.4 V vs. RHE, a direct 

correlation between the hydrogen evolution and the illumination of the sample with AM1.5 simulated 

sunlight is evident (SI Figure 5.8). The long-term stability demonstrated by the COF photoelectrode 

shows that no components of the COF material are dissolved by photocorrosion. This demonstrates 

that a BDT-ETTA covalent organic framework can be used as a stable photocathode for PEC water 

reduction. The conversion efficiency of photoelectrodes can be enhanced by a number of methods, 

including the application of a co-catalyst which facilitates the charge transfer to the electrolyte. We 

demonstrate that this is viable for COF photocathodes by decorating the COF film with platinum 

nanoparticles. As shown in Figure 5.5, the BDT-ETTA/Pt films show a four-fold increase in 

photocurrent compared to bare BDT-ETTA photocathodes. Therefore, we see the potential to 

improve the efficiency of COF photoelectrodes by combining them with suitable co-catalysts. 

5.3 Conclusion 

Our results show that BDT-ETTA COF films are viable photocathodes for light-driven water reduction. 

The material meets the requirements for this application, which are efficient light harvesting, suitable 

band positions, and stability. The polyimine framework BDT-ETTA is the first to be investigated in 

this context, representing an unexplored field of applications for COFs. Given the enormous diversity 
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of molecular building units that can be employed in the construction of COFs, both the development 

of new framework structures and fine-tuning the properties of existing ones is possible. We envision 

that future research on combinations of building blocks and stacking modes and the combination of 

the photoabsorber with suitable co-catalysts will allow for further optimizing charge carrier lifetimes, 

long term stability, and charge transfer kinetics in order to improve the conversion efficiency 

obtainable from COF-based photoelectrodes.  

5.4 Experimental Section 

All reagents and solvents were obtained from commercial suppliers and used as received. Benzo(1,2-

b:4,5-b’)dithiophene (BDT, >98%, TCI), benzyl alcohol (BnOH, anhydrous, Sigma-Aldrich), mesitylene 

(Mes, anhydrous, Sigma-Aldrich), tetrahydrofuran (THF, extra dry, stabilized, Acros Organics), 

acetonitrile (Sigma-Aldrich), ITO glass substrates (Visiontek, 12 Ω/sq). FTO- coated glass substrates 

(Pilkington, 7 Ω/sq). 

5.4.1 General procedure for BDT-ETTA COF films: 

Under argon, BDT (7.88 mg, 0.032 mmol) and ETTA (76.28 mg, 0.016 mmol) were finely ground, 

added to a PTFE autoclave, and suspended in a mixture of benzyl alcohol and mesitylene (V/V 1:1, 

2000 µL). A glass slide holder, containing ITO or FTO slides, was introduced to the liner. Acetic acid 

(6 M, 200 µL) was added, the autoclave was sealed and the mixture was kept at 120 °C for 3 days. The 

resulting orange film was rinsed with anhydrous THF and dried under reduced pressure. COF bulk 

material that precipitated beneath the film substrate holder was filtered and purified in a Soxhlet 

extractor for 24 h with anhydrous THF. 

5.4.2 Structural characterization.  

1H NMR spectra were recorded on Bruker AV 400 and AV 400 TR spectrometers. Proton chemical 

shifts are expressed in parts per million (δ scale) and are calibrated using residual non deuterated 

solvent peaks as an internal reference (e.g. DMSO-d6: 2.50 ppm). Ultraviolet–vis–infrared diffuse 

reflectance spectra (Kubelka–Munk spectrum) of the films were recorded on a Perkin-Elmer Lambda 

1050 spectrometer equipped with a 150 mm integrating sphere. Thin film absorbance spectra were 

measured by illuminating the sample though the substrate side and correcting it with the relating 

reflection.57 Scanning electron microscopy (SEM) images were recorded with a JEOL 6500F and a FEI 

Helios NanoLab G3 UC scanning electron microscope equipped with a field emission gun operated at 
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3-5 kV. Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped 

with a field emission gun operated at 300 kV. X-ray diffraction (XRD) measurements were performed 

using a Bruker D8 Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive 

detector. Experimental XRD data were used for Pawley refinement to optimize the hypothetical 

structure. The initial structure models of the COFs were built using the Forcite module of the Accelrys 

Materials Studio software package. We applied the space group with the highest possible symmetry, 

i.e. P6, taking into account the propeller-like conformation of the central building blocks. Using this 

coarse model we determined the unit cell parameters via Pawley refinement of the PXRD data. 

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a pressure 

range from p/p0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherms the samples 

were heated for 24 h at 120°C under turbo-pumped vacuum. For the evaluation of the surface area 

the BET model was applied between 0.05 and 0.2 p/p0. Pore size distributions were calculated using 

the QSDFT equilibrium model with a carbon kernel for cylindrical pores.  

5.5 Associated Content  

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

10.1021/jacs.7b06081. Detailed information about synthetic procedures, structural and 

electrochemical characterization of BDT-ETTA photoelectrodes. 
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5.9 Supporting Information 

5.9.1 Materials and Methods  

All reagents and solvents were obtained from commercial suppliers and used as received. Benzo(1,2-

b:4,5-b’)dithiophene (BDT, >98%, TCI), benzyl alcohol (BnOH, anhydrous, Sigma-Aldrich), mesitylene 

(Mes, anhydrous, Sigma-Aldrich), tetrahydrofuran (THF, extra dry, stabilized, Acros Organics), ITO 

glass substrates (Visiontek, 12 Ω/sq). FTO-coated glass substrates (Pilkington, 7 Ω/sq). 

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

spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are calibrated 

using residual non-deuterated solvent peaks as internal reference (e.g. DMSO-d6: 2.50 ppm).  

Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum BX II FT-IR system and a Thermo 

Scientific Nicolet™ 6700 FT-IR spectrometer in transmission mode. IR data are reported in 

wavenumbers (cm–1).  

UV-Vis spectra were recorded using a Perkin-Elmer Lambda 1050 spectrometer equipped with a 

150 mm integrating sphere. The reflectance-corrected absorbance Acorr was calculated according to 

Eq. 5.1, where Tsample, Tsubstrate, Rsample and Rsubstrate denote the transmittance and reflectance of the 

sample (substrate with COF film) and bare substrate, respectively.1 

 𝐴𝑐𝑜𝑟𝑟(𝜆) = −𝑙𝑜𝑔10(

𝑇𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)
𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

1 −
𝑅𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) − 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝜆)

) Eq. 5.1 

 

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a 

pressure range of p/p0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherms the 

samples were heated for 24 h at 120°C under turbo-pumped vacuum. For the evaluation of the surface 

area the BET model was applied between 0.05 and 0.2 p/p0. Pore size distributions were calculated 

using the QSDFT equilibrium model (desorption branch) with a carbon kernel for cylindrical pores. 
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Thermogravimetric analysis (TGA) measurements were performed on a Netzsch Jupiter ST 449 C 

instrument equipped with a Netzsch TASC 414/4 controller. The samples were heated from room 

temperature to 900 °C under a synthetic air flow (25 mL min-1) at a heating rate of 1 K min-1. 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 Discover with 

Ni-filtered Cu-Kα radiation and a LynxEye position-sensitive detector. (scan speed of 4 s per 0.01 

degree 2θ) Experimental XRD data were used for Pawley refinement to optimize the hypothetical 

structure. 

The initial structure models of the COFs were built using the Forcite module of the Accelrys 

Materials Studio software package. We applied the space group with the highest possible symmetry, 

i.e. P6, taking into account the propeller-like conformation of the central building blocks. Using this 

coarse model we determined the unit cell parameters via Pawley refinement of our PXRD data. 

Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped with a 

field emission gun operated at 300 kV. 

Scanning electron microscopy (SEM) images were recorded with a JEOL 6500F and a FEI Helios 

NanoLab G3 UC scanning electron microscope equipped with a field emission gun operated at 3-5 kV. 
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5.9.2 Synthetic procedures 

5.9.2.1 1,1,2,2-Tetra(p-nitrophenyl)ethylene (TNPE) (adapted from Gorvin2)  

 

1,1,2,2-Tetraphenylethylene (3.0 g, 9.0 mmol) was slowly added with stirring at 0 °C to a mixture of 

30 mL nitric acid (≥ 99%) and 30 mL glacial acetic acid. After 3 h at room temperature the solution 

was diluted with cold water. The resulting precipitate was filtered and dried under reduced pressure. 

Recrystallization from 1,4-dioxane, filtration and drying resulted in a yellow solid of TNPE with 69% 

yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.055-8.100 (m, 8H), 7.16-7.21 (m, 8H). 

5.9.2.2 1,1,2,2-Tetra(p-aminophenyl)ethylene (ETTA) (adapted from Lu et al.3) 

 

TNPE (1.0 g, 1.9 mmol) was dissolved in 20 mL of anhydrous THF in a 100 mL flask under nitrogen 

atmosphere. Approximately 4 g of Raney-nickel catalyst slurry was added to the mixture with stirring. 

Hydrazine monohydrate (1.3 mL, 26 mmol) was then added dropwise to the stirred mixture. The 

resulting solution was heated to reflux for two hours. The solution was allowed to cool to room 

temperature and filtered. The filtrate was dried under reduced pressure, giving a yellow solid with 

79% yield. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 6.60-6.55 (m, 8H), 6.29-6.24 (m, 8H), 4.84 (s, 8H).  

5.9.2.3 Benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde (BDT) (adapted from Koßmehl et 

al.4) 
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Benzo[1,2-b:4,5-b’]dithiophene (1.0 g, 5.3 mmol) was dissolved in 100 mL anhydrous, inhibitor-free 

THF in an outgassed 250 mL flask under nitrogen atmosphere. The stirred solution was cooled to -

78°C in a dry ice/acetone cooling bath. A solution of n-butyl lithium (5.0 mL, 2.5 M in n-hexane, 12.5 

mmol) was added dropwise within 10 minutes. The solution was stirred for 30 minutes at -78°C and 

after removal of the cooling bath for 1 h at room temperature. The solution was then cooled again to 

-78°C and DMF (1.0 mL, 13.0 mmol) was added dropwise. After stirring overnight, the solution was 

poured into ice water and filtered. The yellow precipitate was washed with water several times and 

further treated with small amounts of MeOH and Et2O. The solid was dried under reduced pressure, 

giving a yellow solid with 46% yield. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.53 (s, 2H), 8.89 (s, 2H), 

10.20 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ (ppm): 121.6, 135.3, 138.4, 138.9, 144.9, 186.6. 

5.9.2.4 BDT-ETTA COF synthesis: 

Benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde (BDT, 4.94 mg, 0.0201 mmol) and 1,1,2,2-

tetra(p-aminophenyl)ethylene (ETTA, 3.94 mg, 0.0100 mmol) were finely ground and suspended in 

a mixture of benzyl alcohol and mesitylene (V/V 9:1, 500 µL). The resulting mixture was sonicated 

until complete dissolution of the educts was achieved. Acetic acid (6 M, 50 µL) was added and the 

mixture was kept in a culture tube at 120 °C for 3 days. The resulting orange precipitate was suction 

filtered, treated with anhydrous THF to remove the less volatile solvent, further purified by using a 

Soxhlet extraction apparatus with THF and dried under reduced pressure. 

5.9.2.5 BDT-ETTA Films: 

Benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde (BDT, 7.88 mg, 0.0320 mmol) and 1,1,2,2-

tetra(p-aminophenyl)ethylene (ETTA, 6.28 mg, 0.0160 mmol) were finely ground, added to a PTFE 

autoclave, and suspended in a mixture of benzyl alcohol and mesitylene (V/V 1:1, 2000 µL). A glass 

slide holder, containing ITO or FTO glass slides in the horizontal position with the ITO/FTO side 

downwards, was transferred into the autoclave. Acetic acid (6 M, 200 µL) was added, the liner was 

sealed and the mixture was kept at 120 °C for 3 days. The as-synthesized COF films were rinsed with 

THF to remove residues of the reaction mixture. COF bulk material precipitated beneath the film 

substrate holder was collected by filtration and purified in a Soxhlet extractor for 24 h with 

anhydrous THF. 



  Oriented Films of Conjugated 2D Covalent Organic 
Frameworks as Photocathodes for Water Splitting 

147 

 

5.9.2.6 Platinum nanoparticles  

PtCl2 (4.7 mg, 17,7 µmol) was dispersed in 14 mL tert-butanol, transferred into a Teflon-lined steel 

autoclave and heated in a laboratory oven at 175°C fo 24 h. The metallic grey product was separated 

by centrifugation (15 min, 15000 rpm) and dispersed in 6 mL ethanol. 50 µL of the resulting 

dispersion were dropcasted on a BDT-ETTA COF thin film and dried at room temperature before the 

electrode was used for photoelectrochemical characterization. 

 

5.9.3 Electrochemical measurements  

5.9.3.1 Non-aqueous photoelectrochemistry 

The non-aqueous photoelectrochemical experiments were performed in a sealed borosilicate glass 

cell in a three-electrode configuration with the COF film as the working electrode, a Pt foil counter 

electrode and a silver wire as the reference. This cell was assembled in an argon-filled glove box 

(c(O2) < 0.1 ppm, c(H2O) < 0.1 ppm). The electrolyte was 0.1 M NBu4PF6 (Aldrich, 99.9 %) in 

acetonitrile (Aldrich, anhydrous); it was prepared under the same conditions and dried further using 

3 Å molecular sieves. The COF films were degassed in vacuum at 120 °C for several hours prior to use. 

The potential of the Ag reference vs. ferrocene (Aldrich, 95 % resublimed) was established to be 

- 200 mV in a control experiment with a blank ITO substrate. A Metrohm Autolab PGStat302N was 

used for the measurements. Cyclic voltammetry was performed at potentials between -0.2 and 0.5 V 

vs. FOC and a scan rate of 20 mV s-1. The absolute energy of the HER can be calculated according to 

equation 2. 

𝐸𝑅𝐻𝐸,𝑎𝑏𝑠 = −4.5 𝑒𝑉 + 0.059 𝑒𝑉 ⋅ 𝑝𝐻           (2) 

The FOC redox couple in this electrolyte is at 641 mV vs. SHE5 with an absolute energy of the SHE of -

4.5 eV6, this results in an absolute energy of the FOC redox couple of -5.14 eV relative to the vacuum 

level.  

 

5.9.3.2 Aqueous photoelectrochemistry 

Aqueous photoelectrochemistry experiments were carried out in a custom build, airtight cell with 

quartz glass window (Präzisions Glas & Optik GmbH, UV-Grade Fused Silica) under constant nitrogen 
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purging to remove any dissolved oxygen in the electrolyte (SI Figure 5.1). The electrolyte was 0.1 M 

Na2SO4 (Aldrich) in deionized water (Millipore Q grade, 18.2 MΩ cm) at pH 6.8. In the case of light 

exposure, all samples were illuminated through the substrate by an AM1.5 solar simulator (Solar 

Light Model 16S) at 100 mW cm-² or a 455 nm LED with a photon flux of 1017 s-1 cm-2 at the sample 

position.  

 

SI Figure 5.1. Photograph of the custom build, airtight cell with quartz glass window and nitrogen purging used for all 

photoelectrochemical measurements in aqueous electrolyte. 
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5.9.3.3 Cyclic voltammetry (CV) and chronoamperometry (CA) 

CV and CA measurements were performed with a Metrohm μ-Autolab III potentiostat with FRA2 

impedance analyzer with a platinum wire counter electrode and a Hg/Hg2SO4 reference electrode in 

order to apply a potential range of 0.3 – 1.0 V vs. reference hydrogen electrode (RHE). Prior to each 

measurement, the potential of the Hg/Hg2SO4 electrode was determined against RHE. The active area 

of the COF films was selected by masking the films with PFTE adhesive tape to expose a film area of 

0.212 cm2. CV measurements were performed by scanning from positive to negative potentials either 

in the dark or under illumination at a sweep rate of 20 mV s-1.  

 

SI Figure 5.2. Linear sweep voltammograms of a rough, 500 nm thick BDT-ETTA film on ITO performed in the dark (black) and 

under AM 1.5 illumination through the substrate (red). 
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SI Figure 5.3. Cyclic voltammograms of the BDT-ETTA COF electrode (red) in the dark (dashed lines) and under AM1.5 substrate 

illumination (solid lines). The BDT-ETTA COF is compared with the corresponding monomers BDT (black) and ETTA (green) 

dropcasted on ITO substrate (2 mg monomer in 500 µL of EtOH/Acetone (v/v 1:1), respectively). We assume that the 

photoactivity arises from the BDT part, but the total photocurrent can be doubled for the case of a crystalline BDT-ETTA COF. 

In contrast, the ETTA part shows no photoactivity itself. Therefore, the formation of a COF material from photoactive building 

blocks like BDT allows the deposition of electrochemical stable thin film electrodes on TCO substrates. 

5.9.3.4 Incident Photon-to-Current conversion Efficiency (IPCE)  

The IPCE measurement was performed under low-frequency chopped monochromatic light (1 Hz). A 

150 W xenon lamp equipped with a monochromator and order-sorting filters was used as a light 

source. The sample was simultaneously illuminated by an AM1.5 solar simulator (Solar Light Model 

16S) with OD3 filter (Thorlabs). The light intensity reaching the electrode was calibrated using a 

certified Fraunhofer ISE silicon reference cell equipped with a KG5 filter. All measurements were 

performed at 0.4 V vs. RHE under illumination through the substrate. 
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5.9.3.5 Hydrogen detection 

Hydrogen detection measurements were performed in a four electrode setup with a Metrohm Autolab 

PGStat302N potentiostat, a platinum wire counter electrode and a Hg/Hg2SO4 reference electrode, 

whose potential was determined against a reversible hydrogen electrode within the applied 

measurement conditions. The exposed area of the COF thin film electrode was masked to 1.1 cm² 

(first working electrode) and a platinum mesh electrode was placed at a distance of 5 mm from the 

photoabsorber surface as second working electrode (SI Figure 5.4). In a first step prior to the 

hydrogen detection measurement, 1.1 V vs. RHE was applied on the platinum mesh in a three 

electrode mode for 1.5 hours to remove any residues which can be oxidized and therefore determine 

the background current (SI Figure 5.5). To drive the hydrogen evolution reaction, a potential of 0.4 V 

vs. RHE was applied to the COF photocathode and a potential of 1.1 V vs. RHE was set on the platinum 

mesh to oxidize the produced hydrogen. During the five-hour experiment, the AM1.5 illumination was 

manually chopped at intervals of 15 minutes. On average, the total hydrogen oxidation current 

increased over time (Figure 5.4e). Reference measurements with constant hydrogen evolution on 

blank ITO substrates with a comparable exposed area showed that it is possible to quantify only a 

fraction of the produced hydrogen, which was calculated from the oxidative current (SI Figure 5.6). 

The remaining amount is either dissolved in the electrolyte and therefore distributed over the whole 

volume of the measuring cell or escapes the liquid due to the moderate nitrogen purging (SI Figure 

5.7). For these reasons, the absolute amount of produced hydrogen could not be determined. 

However, the observation that the oxidation current rises and falls with the photocurrent proves that 

the oxidized species is produced exclusively in the photoelectrochemical process at the COF film.  
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SI Figure 5.4. Photographs of a sample used for a hydrogen detection measurement: The masked COF film is contacted with 

silver paint (first working electrode) and a platinum mesh is placed in 5 mm distance to the film surface to oxidize the produced 

hydrogen. 

 

SI Figure 5.5. Any residues in the electrolyte were oxidized at 1.1 V vs. RHE on a platinum mesh prior to the hydrogen detection 

measurement. 
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SI Figure 5.6. a) A potentiostatic measurement performed at -1.2 V vs. Hg/Hg2SO4 on a blank ITO substrate was used to evolve 

hydrogen with a current density of 5 µA cm-2. b) The cumulative amount of hydrogen detected was calculated from the oxidative 

current at the platinum mesh. The mismatch between monitored and theoretical values shows that the collection efficiency of 

this experimental setup is about 3.5% after 60 minutes.  

 

SI Figure 5.7. Cyclic voltammogram of a FTO electrode without illumination. The electrode was masked with Teflon adhesive 

tape to obtain an uncovered area of 1 cm². Afterwards, rising current densities of 1 – 1000 µA cm-2 were applied to the FTO 

electrode for 15 minutes each. No hydrogen formation is visible for current densities up to 10 µA cm-2, as can be indicated from 

the pictures (insets). We assume that the produced hydrogen is directly dissolved in the electrolyte. With current densities above 

100 µA cm-2, the hydrogen gas is produced fast enough on the electrode surface to form bubbles. 
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SI Figure 5.8. The hydrogen evolution on a BDT-ETTA COF electrode was quantified with a hydrogen microsensor (Unisense A/S 

H2-NPLR) with selective silicone membrane at a static potential of 0.4 V vs. RHE. Illumination of the sample with AM1.5 

simulated sunlight results in a photocurrent (black) and in the production of hydrogen (red).  
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5.9.4 SEM  

 

SI Figure 5.9. Top-view SEM images of BDT-ETTA film on ITO. 

The morphology of the COF bulk material was examined by SEM (SI Figure 5.9). SEM analysis reveals 

a comparable morphology of COF particles for BDT-ETTA with a spherical and intergrown rod 

morphology (SI Figure 5.10). 

 

SI Figure 5.10. SEM images of BDT-ETTA bulk material (a, b). Besides a spherical morphology, BDT-ETTA COF consists of rod-

shaped structures. 
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5.9.5 X-Ray Diffraction Analysis  

Induced by steric hindrance of close-by phenyl protons in ETTA, a propeller-like shape of the building 

unit is favored. In contrast to more planar building units, this results in an increased stacking distance 

of adjacent layers. Also, this twist leads to a lock-and-key-like molecular stacking. The conformation 

of the first layer leads to a predetermined conformation and alignment of the growing second layer.7 

For COFs without this locking mechanism, AA eclipsed stacking of adjacent layers would still be most 

suitable. Nevertheless, a slight lateral offset of the layers can be expected and is energetically 

favorable for planar building blocks, especially with incorporated heteroatoms.8-9 This lateral offset 

would induce peak broadening not distinguishable from the AA eclipsed stacking by PXRD. In the case 

of ETTA, adjacent layers are guided by the position of ETTA in previous layers, resulting in 

energetically favored lateral positions and extension of oriented crystalline domains. Due to the fact 

that the 001 reflection of the COF films (20.1 °2θ for BDT-ETTA) coincides with an ITO reflection 

(21.56 °2θ), we also grew films on FTO under the same conditions to distinguish the reflections of 

COF and substrate (SI Figure 5.11).  

 

SI Figure 5.11. a) XRD of BDT-ETTA COF films on FTO in detector scan mode. 100 reflections result from less oriented COF 

particles on top of the film. The 001 reflection from the COF and the FTO reflections (*) are distinguishable. The 001 reflection 

in b) is related to π–stacking, which can be clearly distinguished from FTO reflections in the zoom-in. 
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5.9.5.1 Stability tests 

For stability tests, the COF powder samples were soxhlet-extracted with anhydrous THF for 3 d. The 

COF materials were then suspended in different solvent mixtures for 24 h. After washing with 

anhydrous THF, the samples were vacuum-dried and their crystallinity was investigated (SI Figure 

5.12). 

 

SI Figure 5.12. a) Stability of BDT-ETTA (5 mg) powder exposed to 1 mL of different solvent mixtures for 24 h. If no temperature 

is noted, the experiments were performed at room temperature. In most cases, the crystallinity was maintained. An exception 

was the exposure to strongly acidic solutions. b) GID of a BDT-ETTA COF film after potentiostatic measurements. The still 

preserved crystallinity and orientation is represented by an intense first 100 reflection as well as higher order reflections visible 

only in the z-direction.  

5.9.6 Sorption  

The first steep uptake at very low p/p0 in Figure 5.1d indicates the micropore filling, while the second 

one (p/p0 = 0.2 to 0.3) represents the capillary condensation within the mesopores. Due to the 

comparably small size of the mesopores (≤ 4 nm), a type IVb physisorption isotherm without a 

hysteresis loop is obtained.10 The pore size distribution was calculated from QSDFT with a carbon 

kernel for cylindrical pore geometry. 
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5.9.7 Structural simulations of BDT-ETTA COF 

Space group: P6 with an AA-hexagonal eclipsed stacking (AA-H).  

SI Table 5.1. Fractional atomic coordinates for the unit cell of AA-H calculated with the Materials Studio v7.0 modeling program. 

P6 (168) – hexagonal 

a = b = 4.6413(4) nm, c = 0.4465(5) nm 

α = β = 90°, γ = 120° 

Atom x/a y/b z/c 

C1 0.48474 1.48621 0.48266 

C2 0.51973 0.54732 0.47664 

C3 0.54629 0.51248 0.47792 

C4 0.57161 0.53280 0.30656 

C5 0.60077 0.53204 0.29905 

C6 0.60521 0.51088 0.46405 

C7 0.58018 0.49066 0.63439 

C8 0.55131 0.49185 0.64410 

C9 0.45948 0.42899 0.65637 

C10 0.45516 0.39750 0.65108 

C11 0.47177 0.38927 0.46800 

C12 0.49166 0.41258 0.28206 

C13 0.49551 0.44380 0.28614 

N14 0.53262 0.64303 0.47056 

C15 0.51035 0.64986 0.40028 
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N16 0.63409 0.50822 0.45469 

C17 0.66312 0.53199 0.40099 

C18 0.48289 0.31631 0.40351 

S19 0.44186 0.28140 0.43759 

C20 0.46043 0.25631 0.4118 

C21 0.49408 0.27411 0.38466 

C22 0.50649 0.30898 0.3780 

C23 0.51274 0.25870 0.3691 

C24 0.49620 0.22457 0.37936 

C25 0.46247 0.20668 0.40062 

C26 0.44382 0.22213 0.4188 

C27 0.45019 0.17178 0.40583 

C28 0.47411 0.16473 0.39422 

S29 0.51516 0.19982 0.37111 

H30 0.44682 0.43498 0.80183 

H31 0.43934 0.37966 0.79306 

H32 0.50381 0.40660 0.13152 

H33 0.51072 0.46140 0.14393 

H34 0.53208 0.32700 0.35554 

H35 0.53905 0.27265 0.3512 

H36 0.41753 0.20819 0.43888 

H37 0.42456 0.15359 0.42127 

H38 0.44342 0.11098 0.37202 
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H39 0.51389 0.36941 0.34694 

H40 0.61941 0.54735 0.16036 

H41 0.56868 0.54908 0.17619 

H42 0.58314 0.47404 0.76138 

H43 0.53260 0.47604 0.77652 

 

SI Table 5.2. Space groups and cell parameters of AA-H and AB-H COFs constructed from BDT and ETTA. 

Structure Crystal System Space group Cell parameters 

AA-H hexagonal P6 a=b= 4.6413 nm, c = 0.45 nm, α=β=90°, γ=120° 

AB-H hexagonal P63 a=b= 4.6413 nm, c = 0.76 nm, α=β=90°, γ=120° 

 

For comparison, an XRD pattern of an eclipsed structure in P6 indexed as AA-hexagonal (AA-H) and 

a staggered structure in P63 indexed as AB-hexagonal (AB-H) were simulated (SI Figure 5.13a and b). 

The simulated XRD patterns coincide in several reflection positions, although the significant 

differences in intensities show a mismatch between the simulated structure (AB-H) and the 

experimental data. 
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SI Figure 5.13. a) Staggered structure of BDT-ETTA in P63 symmetry AB-hexagonal (AB-H). b) Resulting simulated XRD pattern 

of the eclipsed AA-H with P6 and the staggered AB-H with P63 symmetry. The reflection intensities in the staggered simulation 

differ significantly from the experimental data.  

 

5.9.8 IR Spectroscopy 

 

SI Figure 5.14. IR spectra of BDT-ETTA COF powder (black) and starting materials (ETTA, red and BDT, blue). 
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5.9.9 Thermogravimetric Analysis  

 

SI Figure 5.15. Thermogravimetric analysis of BDT-ETTA COF. 

5.9.10 Elemental Analysis 

SI Table 5.3. Elemental analysis of BDT-ETTA COF bulk material compared with the calculated mass percentages. 

Element 

BDT-ETTA 

Theoretical percentage Measured percentage 

N 6.89 6.69 

C 73.86 70.00 

H 3.47 3.68 

S 15.78 14.06 

The deviations of theoretical and measured atomic percentages are tentatively attributed to COF 

structures having a certain number of defects (missing building blocks).  
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5.9.11 NMR Spectra 

5.9.11.1 TNPE 

1H, 400 MHz, DMSO-d6 

 

SI Figure 5.16. 1H NMR spectrum of TNPE. 
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5.9.11.2 ETTA 

1H, 400 MHz, DMSO-d6 

 

SI Figure 5.17. 1H NMR spectrum of ETTA.  
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5.9.11.3 BDT 

1H, 400 MHz, DMSO-d6 

 

SI Figure 5.18. 1H NMR spectrum of BDT. 
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13C, 100 MHz, DMSO-d6 

 

SI Figure 5.19. 13C NMR spectrum of BDT. 
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Abstract 

The ability to grow covalent organic framework (COF) films allows for studying their properties as 

solid layers and enables the incorporation of these materials into a variety of functional devices. Here, 

we report on the fabrication of COF films and coatings by electrophoretic deposition (EPD). We 

demonstrate that the EPD technique is suitable for depositing COFs featuring two- and three-

dimensional structures linked by imine- or boronate ester-bonds, namely BDT-ETTA COF, COF-300 

and COF-5. For the deposition, COF nanoparticle suspensions are prepared by dispersing the as-

synthesized bulk materials in solvents with low dielectric constants. Subsequently, two electrodes are 

immersed into the COF particle suspensions and upon inducing electric fields ranging from 100-900 

V cm−1, COFs are deposited as films on the positively charged electrode. Through EPD, within two 

minutes, large-area films of up to 25 cm2 are obtained on both smooth and corrugated surfaces. COF 

films prepared by EPD feature an inherent textural porosity and tunable thickness, demonstrated 

from 400 nm to 24 µm. By governing the deposition parameters such as duration, particle 

concentration and applied potential, deposits of precise thickness can be produced. Furthermore, co-

depositions of several different COFs as well as COF/Pt nanoparticle suspensions are demonstrated. 

The film morphologies obtained by EPD are shown to be advantageous for catalysis, as demonstrated 

for sacrificial agent free photoelectrochemical water reduction. Here, BDT-ETTA COF photocathodes 

show a drastic increased photocurrent density compared to the respective dense and oriented 

surface-grown films. Typical BDT-ETTA COF/Pt nanoparticle hybrid films exhibit photocurrent 

densities of over 100 µA cm−2. The rapid and highly scalable deposition of COF particles as films and 

coatings through EPD is a versatile addition to the toolbox of COF film fabrication techniques, allowing 

for the tailoring of COF film architectures for desired functionalities. 

6.1 Introduction 

Covalent organic frameworks (COFs) are a novel class of ordered, light-weight organic polymers 

exhibiting great structural and chemical diversity. COFs are constructed by connecting rigid 

molecular organic building blocks through condensation polymerization reactions under slightly re-

versible conditions. Depending on the geometry of the respective COF building blocks, COFs form 2D 

or 3D porous solids, featuring long-range order, permanent porosity and high surface areas.1,2 Due to 

their structural and chemical versatility, COFs have been examined for various applications, such as 

gas storage,3 separation,4–6 catalysis,7–12 photovoltaics and optoelectronics13–15 or energy storage.16–19 
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The deposition of COFs onto surfaces as homogenous coatings or as thin films is an important step 

towards the incorporation of this novel class of materials into a variety of functional platforms.20 

Commonly, COFs are synthesized under solvothermal conditions and precipitate as intergrown 

nanocrystalline bulk materials, which are difficult to process and to convert into high-quality COF 

films on surfaces.21 Exploring routes for processing COF powders and developing techniques which 

allow for the direct deposition of COFs on substrates as films is hence of great importance. To date, 

the growth of thin COF films onto surfaces is based mainly on “bottom-up” approaches where the 

substrates are exposed to a reactive precursor solution. Oriented thin COF films, featuring open 

channels orthogonal to the substrate surface, are accessible by this so-called in-situ approach, where 

COF powders and films are often forming simultaneously. However, this approach provides limited 

control over the resulting film thickness.22–24 In this context, a continuous flow setup was reported, 

which allowed for a finer tuning of film thickness.25 A major draw-back of the in-situ approach is the 

overall low synthesis yield, defined by the mass ratio of the deposited COF material and the COF bulk 

precipitate. Facing this challenge, we developed the vapor-assisted conversion (VAC) approach for 

the deposition of boronate-ester COFs as films exclusively on surfaces. In contrast to the in-situ 

approach, in VAC, precursors in a thin precursor solution layer react to form a COF film on a surface. 

This allows for control over the film thickness and morphology, ranging from dense thin films to thick 

coatings consisting of intergrown particles and interstitial voids.26 For applications such as catalysis, 

COF films featuring additional textural porosity and a large interface can be highly beneficial for rapid 

diffusion of reactants and products in and out of the film and thereby enhancing the catalytic 

performance.27 However, a rapid fabrication of such film morphologies applicable to the different COF 

types in high yields is still lacking. 

Electrophoretic deposition (EPD) is an efficient method for the deposition of particles bearing an 

intrinsic surface charge on an electrode by creating an external electric field.28 In general, the electric 

field between two electrodes immersed into a particle suspension in a non-conducting solvent 

induces a migration of charged particles towards the electrode of opposite charge. The EPD method 

was adopted for various inorganic and hybrid materials, such as silica,29 zeolites,30 metal oxides,31 

quantum dots,32 carbon nitrides,33 carbon nanotubes34 and conducting organic polymers, such as 

polythiophene or polyanilines.35,36 Additionally, metal-organic frameworks as well as a covalent-

ionic-organic framework, containing a ligand especially tailored with cationic functional groups for 

the deposition, were reported.37–40 
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Here, we expand the paradigm of EPD into a highly general method for the rapid fabrication of COF 

films featuring a high textural porosity on conductive surfaces. For the deposition, we utilize various 

well-characterized bulk COF materials namely COF-5,41 BDT-ETTA COF42 and COF-300.43 Thereby, we 

demonstrate the versatility of EPD as being applicable for the deposition of both 2D and 3D frame-

works of different particle sizes and morphologies, linked by imine or boronate ester bonds. Prior to 

the deposition, stable COF particle suspensions were prepared by COF powder attrition or simply by 

immersion in a non-conducting solvent. Through EPD, COF films and coatings were deposited within 

minutes with control over the film thicknesses ranging from hundreds of nanometers to several 

micrometers. Furthermore, co-depositions of two different COF materials, as well as a COF/Pt 

nanoparticle mixture are demonstrated, yielding homogeneous hybrid films. Additionally, the 

catalytic performance of BDT-ETTA COF and BDT-ETTA COF/Pt films, prepared by EPD, was 

evaluated for the light-driven electrochemical production of hydrogen and compared to state-of-the-

art dense and oriented BDT-ETTA COF films.42 

6.2 Experimental Section 

Chemicals. All materials were purchased from Aldrich, Fluka, Acros, Activate Scientific or TCI Europe 

in the com-mon purities purum, puriss or reagent grade. Materials were used as received without 

additional purification and handled under air unless denoted. All solvents used were anhydrous and 

purged with inert gas. 4,4’,4”,4”’-(1,1,2,2-ethylenetetrayl)tetrakisaniline (ETTA) and 2,6-benzo[1,2-

b:4,5-b’]dithiophene dialdehyde (BDT)  were synthesized as reported in literature.42 

BDT-ETTA COF. Under argon atmosphere BDT (ben-zo[1,2-b:4,5-b’]dithiophene-2,6-

dicarboxaldehyde, 74 mg, 0.30 mmol) and ETTA (1,1,2,2-tetra(p-aminophenyl)ethylene, 58.6 mg, 

0.15 mmol) were suspended in a mixture of benzyl alcohol and mesitylene (V/V 9:1,5 mL) in a 25 mL 

Schott-Duran vial. Acetic acid (6 M, 500 µL) was added to the vessel and the mixture was placed in a 

pre-heated oven at 120 °C for 3 days. The resulting orange precipitate was suction filtered, soxhlet-

extracted with dry THF and dried at reduced pressure. 

COF-300. Tetrakis(4-aminophenyl)methane (100 mg, 0.26 mmol) and terephthalaldehyde (60 mg, 

0.44 mmol) were suspended in a mixture of 1,4-dioxane (5 mL) and acetic acid (6 M, 500 µL) in a 25 

mL Schott-Duran vial. The mixture was subject to a short sonication and placed in a preheated oven 

at 120 °C for 3 days. The yellow precipitate was suction filtered, soxhlet-extracted with dry THF and 

dried at reduced pressure. 
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COF-5. Benzene-1,4-diboronic acid (18.7 mg, 0.113 mmol) and 2,3,6,7,10,11-

hexahydroxytriphenylene hydrate (24.3 mg, 0.075 mmol) were placed in a 5 mL microwave vial and 

4 mL of a 1,4-dioxane and mesitylene 1:1 mixture was added. The vial was sonicated for 5 min and 

then placed in the microwave and heated for 3 h at 100 °C. The grey precipitate was suction filtered, 

subsequently washed with anhydrous acetone and dried at reduced pressure. 

COF-300 and COF-5 suspension preparation. COF particle suspensions were prepared by adding 

the amount to deposit (0.5 mg for COF-5 and, depending on the desired thickness of COF-300 films 

0.05 – 0.5 mg of COF-300 (SI Figure 6.11) of the respective COF into ethyl acetate (10 mL). A brief 

sonication in an ultrasonic bath was then applied to homogeneously disperse the particles in the 

solvent. After the treatment, homogeneous COF dispersions colored yellow or grey for COF-300 or 

COF-5, respectively, were obtained. For COF-5, we observed a severe impact on crystallinity if 

sonication times exceeded 15 seconds.  

BDT-ETTA COF particle attrition and suspension preparation. Prior to deposition, BDT-ETTA 

COF was subjected to an ultrasound-based attrition process to break up large, intergrown 

agglomerates. Therefore 5 mg of COF was suspended in 25 mL of deposition solvent and a sonication 

amplitude of 70% for 30 min was chosen. During the process, the particle suspension was cooled 

using an ice bath. After the treatment, the suspension was centrifuged at a relative centrifugal force 

of 7000 g after which the supernatant was used for deposition. Using this process, particle size could 

be greatly reduced and suspensions stable for more than one week were obtained. The concentration 

of the produced BDT-ETTA COF suspension was determined by subtracting the weight of the 

centrifuge COF residue from the initial COF mass. A BDT-ETTA COF concentration of 0.74 mg per 25 

mL ethyl acetate, or 0.03 mg mL−1, was determined.  

Electrophoretic Deposition. In a typical EPD experiment, two conductive substrates were contacted 

by alligator clamps to the potentiostat parallel and with the conducting sides facing each other, and 

with a horizontal distance of 1 cm between the electrodes. Subsequently, the electrodes were dipped 

into the COF particle suspension (10 mL). The electrode area submerged in the suspension was                

1 cm × 1 cm. Then, the desired potential was applied between the electrodes for the respective 

deposition time (e.g. 900 V for 2 min). After deposition, the applied potential was set to zero and the 

electrodes were removed from the solvent and subsequently dried under nitrogen flow. For the COF-

5 deposition (films are depicted in Figure 6.1) , 0.5 mg material was used. For the preparation of the 

large area films two FTO (fluorine-doped tin oxide) substrates (8 cm × 5 cm) were used, where the 
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submerged area used for deposition was 5 cm × 5 cm. For the co-deposition of COF-300 and BDT-

ETTA COF, 2 mL of the ultrasound attrited BDT-ETTA COF particle suspension was diluted with 8 mL 

of ethyl acetate. Then, 0.2 mg of COF-300 was added and the mixture was sonicated in a sonication 

bath for 1 min for homogenization. The subsequent deposition was carried out on an ITO (indium 

doped tin oxide) coated glass substrate at 900 V for 2 min. Assuming a complete suspension depletion 

and employing defined concentrations of both samples afford a ratio of 0.06:0.2 mg/mg for the BDT-

ETTA COF and COF-300 codeposition film. 

Photoelectrochemical hydrogen production. For the 3 µm thick BDT-ETTA COF films used in PEC-

based hydrogen production, 15 mL (7.5 mL for the 1.5 µm thick film) of the BDT-ETTA COF 

suspension in ethyl acetate, fabricated as described before, were used and deposited on a 1 cm × 1 cm 

large area of FTO (total dimensions of FTO electrode was 1 cm × 4 cm). Pt nanoparticles were 

synthesized as reported in literature.44 A zeta potential of −24.3 mV in water was recorded for the 

synthesized particles. Subsequently, Pt nanoparticles were isolated through lyophilization under 

dynamic vacuum. Hereby, Pt nanoparticles of 2−4 nm in diameter were obtained, as measured from 

TEM micrographs (SI Figure 6.16). Additionally, the hydrodynamic radii of the citrate capped 

nanoparticles were determined by dynamic light scattering (DLS) and sizes ranging from 4–9 nm 

were found (SI Figure 6.17). For the codeposition, 10 mL of the BDT-ETTA suspension were used, to 

which 0.15 mg of Pt nanoparticles were added. Then, the mixed suspension was subjected to an 

additional sonication step (as described in BDT-ETTA COF suspension preparation) for 10 min to 

homogenize the mixture. The deposition was carried out at 900 V for 2 min on an ITO coated glass 

substrate. During the deposition, additional Pt particles (0.10 mg in 2 mL ethyl acetate) were steadily 

added to the deposition suspension by a syringe. 

Characterization Methods. PXRD and film XRD pat-terns were measured on a Bruker D8 Discover 

instrument equipped with a Lynx Eye detector in Bragg-Brentano geometry and Ni-filtered Cu Kα X-

ray radiation. Scanning electron microscopy (SEM) images were recorded on a FEI Helios Nanolab G3 

UC microscope at an acceleration voltage of 2.5 kV. Energy dispersive X-ray spectra (EDX) were 

recorded at 20 kV. Prior to analysis, the samples were coated with carbon. TEM micrographs were 

obtained from a FEI Titan Themis 60-300 TEM at an acceleration voltage of 300 kV. Electrochemical 

measurements were performed on a Methrom µAutolabIII/FRA2 instrument. Fourier-transformed 

infrared (FT-IR) spectra were recorded on a Thermo Scientific Nicolet iN10 FT-IR microscope in 

reflection on a steel substrate. FT-IR spectra of the films were acquired by scratching-off the 
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respective COF deposits. Microwave based COF synthesis was carried out using a Biotage Initiator 

microwave. Ultrasonic particle attrition was carried out using a Bandelin Sonopuls HD 4100 ho-

mogenizer with a TS113 13 mm tip. For electrophoretic deposition (EPD), a Heinzinger LNC 3000 

potentiostat was used. Dynamic light scattering (DLS) and zeta potential measurements were 

recorded using a Malvern Zetasizer instrument at room temperature using 10 mm path length 

cuvettes. Nitrogen physisorption data was recorded using a Quantachrome Autosorb iQ system. Prior 

to the measurement, samples were heated at 120 °C for 6 h under high vacuum. Measurements were 

performed at 77.35 K. For sorption measurements, the respective materials were obtained by 

scratching-off the COF deposits from five films.  

6.3 Results and Discussion 

The central aspect addressed in this study is the development of a general COF film fabrication 

method, applicable for a variety of structures, providing tunable film thicknesses and textural 

porosity. Therefore, we established a processing protocol utilizing COF particle suspensions and 

subsequently EPD for obtaining the desired deposit. We chose well-characterized and -known 

structures to validate the developed EPD-based protocol as a structure-independent approach. For 

this purpose, we synthesized highly crystalline 2D and 3D COF bulk materials under solvothermal 

conditions, namely the imine-linked BDT-ETTA COF and the COF-300, and the boronate ester-based 

COF-5.41–43 The isolated COF powders were suspended in a non-conducting and low dielectric 

constant solvent and subsequently deposited by EPD onto a conductive substrate serving as an 

electrode. For the deposition, the external electric field between two electrodes allowed for the 

migration of COF nanoparticles, bearing an intrinsic surface charge, to the electrode of opposite 

charge.  

In the EPD setup, two conductive substrates (1 cm x 1 cm), such as FTO, ITO or titanium foil were 

submerged into a COF particle suspension (Scheme 6.1, SI Figure 6.1). Untreated COF-5 agglomerates, 

nanoparticles of BDT-ETTA COF as well as almost micrometer-sized COF-300 single crystallites were 

suspended in an adequate organic solvent and subsequently deposited using the same deposition 

protocol. Aprotic, organic solvents of low polarity, such as ethyl acetate, toluene or anisole (SI Figure 

6.2), were found to be suitable media for the preparation of stable COF particle suspensions and for 

effective electrophoresis. 
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Scheme 6.1. COF building blocks and structures of the resulting frameworks used in the EPD. Schematic presentation of the EPD 

set-up with a typical COF film SEM cross-section as an inset. 

While COF-5 and COF-300 particles were suspended in the respective solvents without further 

treatment, the robust BDT-ETTA COF was subjected to an ultrasonic attrition process to disassociate 

intergrown and agglomerated COF crystals using a 20 kHz ultrasonic disintegrator at high amplitudes. 

Dynamic light scattering (DLS) measurements of the obtained suspension revealed average particle 

sizes of about 200 nm (SI Figure 6.3). This shows that the ultrasonic treatment provided sufficient 

mechanical force for separating the COF agglomerates into isolated and well-suspended nanocrystals.  

The EPD COF films were produced by inducing an electric field of 900 V cm−1 between the electrodes 

for two minutes. Under these conditions, the particles of the different COFs readily migrate to the 

positively charged electrode, indicating that the COF particles, regardless of their linkage-type, bear 

an intrinsic negative surface charge. Within seconds, a colored deposit formed on the surface of the 

submerged electrode and within two minutes a complete discoloration of the suspension was 

observed, indicating a quantitative deposition of the suspended material. After the deposition, the 

obtained COF films were dried under an air stream, revealing a continuous, colored deposit on the 

substrate (Figure 6.1). 

Top view scanning electron microscopy (SEM) micrographs of all the examined EPD COF films 

revealed uniform deposits on the immersed conducting electrode surfaces (Figure 6.1). The deposits  
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Figure 6.1. A) XRD of BDT-ETTA COF as EPD film and as bulk material. (B) SEM cross-section and (C) top-view of BDT-ETTA 

COF film and a photograph of the film as an inset. (D) XRD of COF-300 as EPD film and as bulk material. (E) SEM cross-section 

and (F) top-view of COF-300 film and a photograph of the film as an inset. (G) XRD of COF-5 as EPD film and as bulk material. 

(H) SEM cross-section and (I) top-view of COF-5 and a photograph of the film as an inset. 

consist of closely packed particles of similar size creating interstitial voids. Cross-section SEM micro-

graphs revealed continuous COF deposits on the substrates featuring an even thickness throughout 

the respective films. Using the deposition conditions of 900 V cm−1 and 2 minutes deposition time, a 

film thickness of 2 µm was obtained for the BDT-ETTA COF suspension. In the cases of the untreated 

COF-5 and COF-300 suspensions, thicknesses of 14 µm and 6 µm were determined, respectively. 

Notably, interstitial voids between the particles are apparent throughout the films and therefore, 

textural porosity is characteristic for all the examined samples. X-ray diffraction (XRD) 

measurements confirmed that all the deposited films consist of crystalline COF particles, and the 

obtained diffraction patterns are in excellent agreement with the respective bulk materials (Figure 

6.1). Transmission electron microscopy (TEM) analysis of a BDT-ETTA COF film powder removed 
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from the substrate revealed crystalline domains of about 100 nm without traces of an amorphous 

phase (SI Figure 6.4). This observation confirms that the milling process applied to the BDT-ETTA 

COF suspension is vigorous enough to dissociate the COF aggregates into individual particles without 

causing structural degradation.  

In contrast, the non-treated COF-300 powder consists of relatively uniform individual crystallites of 

about 500 nm in size. Here, the COF powder was suspended in ethyl acetate without the need for 

particle attrition to form a stable suspension. Therefore, films deposited from such COF suspensions 

consist of single COF crystallites and feature structural characteristics of the bulk material (SI Figure 

6.5). These observations indicate that with the COF-300 particles no significant agglomeration 

occurred in the course of the film deposition. In the case of EPD COF-5 films, intergrown crystallite 

agglomerates exceeding 100 nm are visible, nevertheless forming a continuous deposit (SI Figure 

6.6). Importantly, the XRD and TEM analyses of the films illustrate the compatibility of the different 

COF materials with the electrophoretic process, as no electrochemical reaction or degradation of the 

framework is observed. Nitrogen physisorption experiments of scratched-off COF film material 

showed the respective isotherm shapes and confirmed the retention of porosity for all deposited 

frameworks (SI Figure 6.7). Additionally, Fourier-transform infrared (FT-IR) spectra of the deposited 

materials match those of the bulk COF powders. This further indicates that no chemical alteration of 

the framework occurred during the deposition and emphasizes the compatibility of COFs with the 

EPD process (SI Figure 6.8).  

The migration of the COF particles to the respective electrode is driven by their intrinsic surface 

potential. Interestingly, independent of their structure and chemical composition, COFs readily 

migrate to the positive electrode, indicating negative surface potential. Zeta-potential measurements 

performed for COF-300 suspensions in ethyl acetate confirmed this observation and revealed a 

negative particle surface potential of −21 mV. To invert the surface potential through protonation of 

the terminal amine groups, glacial acetic acid was added to suspensions of COF-300 particles in ethyl 

acetate. Zeta-potential measurements of the protonated COF-300 particle suspensions revealed a 

change in the surface potential to 11.9 mV. Notably, acetic acid treated COF-300 particles readily 

migrated to the opposite, negatively charged electrode during electrophoretic depositions, 

illustrating the significant role of the terminal functional groups in the EPD process. 

To further study the parameters governing the EPD of COF films, we focused our following 

investigations on COF-300 as the first representative for 3D COF films on conducting substrates and 
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on the photoactive BDT-ETTA COF, serving as a representative for 2D COFs.42,43 Achieving control of 

the COF film thickness is essential for applications such as sieving, sensing or optimizing 

photocatalytic performance.45 Furthermore, film deposition techniques providing COF film 

thicknesses of more than several hundred nanometers are rare.20,24,45 In EPD, the amount of the 

deposited material is directly proportional to deposition time and the mass of the suspended 

material.46 Accordingly, the film thickness can be easily predetermined and systematically adjusted 

by varying parameters such as deposition time and particle concentrations, thus, enabling a fine 

control over film thickness. For the deposition of BDT-ETTA COF, we found that adjusting the 

deposition time allows for controlling and predetermining the film thickness.  

To determine the film deposition rate, we fabricated a series of BDT-ETTA COF films using different 

EPD deposition times, ranging from 5 s to 120 s. The XRD patterns of the film series showed a linear 

increase in the COF (100) reflection intensity, relative to a constant FTO reflection intensity (observed 

at 25.9° 2θ) serving as an internal reference. We attribute this steady intensity increase to a linear 

increase in film thickness (Figure 6.2A). SEM cross-section analysis revealed a film thickness of about 

2 μm corresponding to a deposition time of two minutes. Remarkably, we observed a complete 

surface coverage and a film thickness of about 400 nm already within 10 s (Figure 6.2B). To calculate 

the deposition rate, the BDT-ETTA COF film thicknesses, obtained from the SEM analysis, were plotted 

against the deposition times (SI Figure 6.9). After an initial time of about 10 seconds during which 

steady-state conditions are established, we observed a linear dependence of the film thickness on the 

deposition time with a calculated deposition rate of 16 nm s−1.  

Additionally, we investigated the effect of the applied voltage on the growth rate and film 

homogeneity. For this purpose, BDT-ETTA COF particles were deposited using potentials of 100, 200, 

300, 600 and 900 V while keeping the deposition time constant at 2 min. Using these deposition 

parameters, a steady increase in the COF (100) reflection intensity in the XRD pattern relative to the 

FTO reflection intensity was observed. This is attributed to the applied higher deposition voltages, 

indicating a higher mass transfer rate from the suspension to the electrode (SI Figure 6.10). SEM top-

view micrographs of the films deposited at 100, 200 and 300 V cm−1 reveal randomly scattered COF 

particles only partially covering the electrode surface. At 600 V cm−1 a nearly continuous film was 

observed, but in contrast to the film fabricated under the optimal conditions of 900 V cm−1, large 

cracks protruding the film were still visible (SI Figure 6.10). 
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Figure 6.2. (A) XRD film patterns of BDT-ETTA COF films resulting from different deposition times (deposition voltage 900 V). 

(B) Corresponding SEM cross-sections of BDT- ETTA COF films (deposition voltage 900 V). (C) XRD patterns of BDT-ETTA COF 

films deposited at different electrode potentials. 

Recently, advanced synthesis approaches for growing single crystals of COFs, in some cases even 

exhibiting sizes suitable for single crystal XRD analysis, were reported.47 For boronate ester COFs, 

such as COF-5, in the form of larger single crystals, size-dependent effects such as prolonged lifetimes 

of excitons were observed by transient absorption spectroscopy.48 So far, COF film synthesis methods 

have not been successfully used for the preparation of films comprising single crystal domains. Here, 

we found that the as-synthesized near micrometer-sized COF-300 particles are directly dispersible as 

individual crystallites in the deposition solvent and therefore, a quantitative deposition of COF-300 

crystals from the suspension is feasible. For a quantitative deposition, we found that up to 1 mg of 

COF-300 powder in 10 mL of ethyl acetate yields a stable suspension. The suspended crystallites can 

directly be deposited on 1 cm2 of electrode area within 2 minutes at 900 V cm−1, resulting in a film  
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Figure 6.3. (A) XRD pattern of co-deposited COF-300 and BDT-ETTA COF materials compared with the respective bulk PXRD 

patterns of the individual COFs, and (B) the corresponding SEM cross-section. (C) Deposition of COF-300 on a stainless-steel 

mesh. 

thickness of 24 µm. Assuming a complete depletion of the particles in the suspension, we can establish 

a film deposition formula suitable for predetermining film thickness, e.g. 24 µm film thickness per mg 

COF powder and cm2 electrode area (24 µm mg−1 cm−2) for COF-300 (SI Figure 6.11). 

The scalability of the EPD process is a central advantage for obtaining coatings on conductive 

surfaces. To the best of our knowledge, a process that allows for the direct preparation of COF films 

on surfaces larger than a few cm2 has yet to be reported. To probe the scalability of EPD for COF films, 

we fabricated a BDT-ETTA COF film on a 5 cm × 5 cm large FTO substrate by increasing the COF and 

solvent quantities used for the deposition on a 1 cm2 substrate by 25 times, while keeping the 

deposition time and potential constant at 2 min and 900 V cm−1, respectively. The obtained film 

features a macroscopic homogeneous deposit similar to deposits on smaller substrates. This confirms 

that the established COF EPD protocol is indeed highly scalable and applicable to the rapid deposition 

of COF crystals on large surface (SI Figure 6.12). In the context of COF film preparation, this versatile 

deposition technique constitutes a significant improvement over other state-of-the-art methods in 

terms of deposition yield, growth time, scalability and thickness control. We conclude that COFs are 

especially suitable for EPD due to faster growth rates and homogeneous film coverages, compared to 

related materials.40,49  

The EPD of COF materials opens new perspectives regarding the facile production of films and 

coatings for applications such as sensing, catalysis or molecular sieving. Here, we demonstrate the 

feasibility of using EPD for the preparation of COF-based membranes supported by a porous grid. For 

this purpose, a stainless-steel grid featuring a mesh size of 270 (53 µm pore size) was used as the 
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deposition electrode for COF-300 (Figure 6.3C). Adjusting the mass of the suspended COF and 

applying EPD for 2 minutes at 900 V cm−1 resulted in the formation of a homogeneous coating 

covering the grid and its cavities, the permeable areas. The deposition on such a mesh demonstrates 

that EPD can be used for the fabrication of COF coatings not only on flat surfaces but also on 

corrugated 3D surfaces (Figure 6.3 and SI Figure 6.13). Harnessing the ability to prepare COF 

suspensions from synthesized COF powders and developing a deposition formula for high yields, we 

explored the simultaneous deposition of two structurally distinct COF particles featuring different 

pore shapes and sizes from a mixed COF crystallite suspension. To this end, we produced a suspension 

consisting of BDT-ETTA COF and COF-300 particles in ethyl acetate and deposited this COF particle 

mixture onto FTO at 900 V cm−1 and 2 minutes deposition time (for more details see the Supporting 

Information). The XRD pattern of the obtained film shows the characteristic (100) and the (111) 

reflections for BDT-ETTA COF and COF-300 at 2.26° and 8.89° 2θ, respectively. Furthermore, higher-

order reflections of both COFs with relative intensities similar to the bulk powder are visible, 

indicating that the COF long-range order remained intact. This demonstrates the deposition of a 

mixed 2D/3D COF film consisting of crystallites featuring three pore types (micropores and 

mesopores in BDT-ETTA COF and micropores in COF-300), exhibiting different chemical 

environments and dimensions (Figure 6.3A). The homogeneous mixing of the two COFs was 

confirmed by SEM cross-section micrographs, where both COF morphologies, namely large, oval COF-

300 particles and BDT-ETTA COF nanocrystallites, are evenly distributed throughout the film (Figure 

6.3B). 

Photocatalytic water reduction has become a major interest for potential COF applications. Typically, 

COF powder is used in combination with a sacrificial agent to facilitate or enable the solar driven 

hydrogen evolution.45 Recently, we demonstrated the use of highly oriented thin films of BDT-ETTA 

COF as photocathodes for the sacrificial agent free photoelectrochemical hydrogen production and 

provided a detailed characterization of the catalytic properties of the material as a dense and oriented 

film.42 This allows for studying the impact of morphology on the performance of EPD BDT-ETTA COF 

films on the photoelectrochemical (PEC) catalysis performance, already shown for this type of COF. 

Therefore, we measured light-induced photocurrent generation for these films in a water-splitting 

setup. A three-electrode setup was used with a BDT-ETTA COF film supported by FTO as the 

photocathode working electrode, a platinum mesh counter-electrode and a reverse hydrogen 

electrode (RHE) as a reference electrode.  
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Figure 6.4. (A) PEC linear sweep voltammograms of electrodes coated with BDT-ETTA COF as a dense and oriented film, a 3 µm 

thick film prepared by EPD, and a COF/Pt nanoparticle hybrid film prepared via EPD. Illumination at AM1.5G. (B) Dynamic 

hydrogen evolution measurement under chopped AM1.5G illumination of a BDT-ETTA COF electrode at 0.2 V vs. RHE. (C) SEM 

cross-section of BDT-ETTA COF and the corresponding EDX elemental mapping of Pt recorded at an electron acceleration 

voltage of 20 kV. 

A BDT-ETTA COF film of 3 µm thickness, in a 0.1 M Na2SO4 aqueous, nitro-gen-purged electrolyte, was 

measured by linear sweep voltammetry either in the dark or under illumination through the substrate 

by simulated sunlight (AM1.5G, 100 mW cm−2). The measurements were carried out at potentials 

ranging from 0.6 V to 0 V vs. RHE. Prior to measuring PEC current generation, a linear potential sweep 

was carried out in the dark to quantify non-PEC related electrochemical reactions and film 

capacitance. PEC measurements of the pristine BDT-ETTA COF film under illumination showed a 

photocurrent onset at 0.25 V vs. RHE and a high photocurrent density of 21.1 µA cm−2 at 0.1 V vs. RHE 

(Figure 6.4A). The recorded photocurrent density is 19-times higher compared to the value 

previously reported on dense and oriented thin BDT-ETTA COF films at the same potential.42 

Furthermore, we performed a dynamic hydrogen evolution experiment under chopped illumination 

with an interval time of two minutes. Here, the dissolved hydrogen gas was quantified using a 

microsensor, equipped with a hydrogen selective silicone membrane. The measurement was carried 

out at 0.2 V vs. RHE, close to the photocurrent onset potential, to prove that the observed 

photocurrent is indeed generated by proton reduction. Upon illumination, an instant current 

response was observed followed by a typical photocurrent transient. This photocurrent is directly 

correlated with an increase in the simultaneously recorded hydrogen concentration. In the dark, the 

recorded current density regresses rapidly and the hydrogen concentration simultaneously declines. 

This light-on and -off sequence was repeated several times and showed stable current and hydrogen 

concentration responses over the recorded course of 30 minutes (Figure 6.4B). Subsequently, XRD 

analysis of this film proved the retention of crystallinity of the active material (SI Figure 6.15). To 
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investigate whether charge carrier transport efficiently occurs throughout the whole EPD COF film 

thickness, a film of half the thickness, about 1.5 µm, was used in the same experimental setup. Here, a 

reduced photocurrent density of 16.7 µA cm−2 at 0.1 V vs. RHE was observed (SI Figure 6.14). This 

reduction in photocurrent correlates with the reduction of the film thickness, indicating that PEC 

activity is indeed thickness-dependent, and charge carriers are sufficiently transported throughout 

the porous film morphology. Furthermore, it illustrates that a tight contact and continuous interface 

between the active COF material and the electrode are not necessarily prerequisites for effective 

electrocatalysis. We attribute the overall enhanced performance of the BDT-ETTA COF film prepared 

by EPD to the greatly enlarged interface between the photoabsorber and medium provided by the 

textural porosity. This compensates for the decreased areal interaction of the COF with the electrode, 

obtained by using a dense film. Besides the textural porosity, the inherent porosity of the COF can 

contribute to its catalytic performance. A stabilized current density output under constant 

illumination was recorded for the 1.5 µm thick film by chronoamperometric measurements at 0.1 V 

vs. RHE, which showed a constant photocurrent density of 14.3 µA cm−2 over the course of 10 minutes 

(SI Figure 6.14). Next, we focused on the co-deposition of BDT-ETTA COF and an inorganic co-catalyst 

to facilitate electron charge transfer from the COF photoabsorber towards the aqueous electrolyte, 

whereby a further improvement of the PEC performance is expected.50 Platinum nanoparticles sized 

2−4 nm were included into the BDT-ETTA COF particle suspension prior to the EPD (SI Figure 6.16 

and SI Figure 6.17). To prevent a premature depletion of the Pt nanoparticles during deposition, due 

to their higher mobility under electrophoretic conditions, additional Pt nanoparticle suspension was 

continuously added to the COF/Pt deposition medium in the course of the deposition process. Hereby, 

a homogeneous distribution of Pt in the COF film was achieved, confirmed by elemental mapping 

analysis using energy-dispersive X-ray spectroscopy on a film cross-section in the SEM (Figure 6.4C). 

Subsequently, the exact same linear potential sweeps measurements were repeated for this COF/Pt 

hybrid film. Strikingly, a PEC photocurrent density of 128.9 µA cm−2 was recorded at 0.1 V vs. RHE for 

the COF/Pt films, which is an additional 6.1-fold increase with respect to the pristine COF EPD film 

and 29-times higher than the current density previously reported for dense and oriented thin BDT-

ETTA COF film decorated with Pt nanoparticles on the surface.42 An additional valuable effect of the 

incorporation of the platinum co-catalyst is an earlier photocurrent onset, which is shifted from 

0.25 V to 0.45 V vs. RHE. Moreover, the dark current was strongly reduced. These results show that 

the COF film morphology plays a pivotal role in determining device performance. We postulate that 

the nanostructured film exhibiting a large interfacial area allows for an efficient charge separation 
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and transport paths attributed to a direct transfer of electrons from the COF/Pt catalytic center to the 

surrounding water while holes can travel through the aggregated COF particle pathways towards the 

transparent conductive oxide (TCO) substrate.42,51 These separated charge carrier transport 

pathways enable the use of even thicker COF films. In the case of a dense film, electrons and holes are 

generated in the bulk film and travel throughout the whole film thickness to reach a catalytic center 

or the TCO support. Therefore, charge carriers may be more likely to recombine, thus providing an 

overall limited effective film thickness and photocurrent density. According to these results, we 

conclude that film morphologies must be carefully chosen and tailored towards the respective 

application. 

6.4 Conclusion 

In conclusion, we demonstrate the preparation of COF films and coatings by depositing COF particles 

on conducting substrates in an electric field through EPD. Hereby, 2D and 3D imine and boronate-

ester linked COFs of different particle sizes and morphologies were deposited on metal, transparent 

conducting metal oxides or steel meshes. By adjusting the EPD parameters, such as deposition times, 

particle concentrations, and electrode potentials, film thicknesses could be tuned and predetermined. 

The obtained films feature an inherent textural porosity with interstitial voids between the deposited 

particles, thereby allowing for an increased contact to active media for applications such as catalysis. 

In addition, we showed that through EPD, film composites consisting of mixed COFs can be 

straightforwardly prepared, enabling encoded functionalities such as multi-pore COF films. Finally, a 

BDT-ETTA COF film as well as a COF/Pt nanoparticle hybrid film were examined regarding their PEC 

performance, where a 19- and 117-fold catalytical improvement, respectively, was found over our 

previously reported dense and oriented BDT-ETTA COF films. To put these results in perspective, it 

shows that film morphology plays a crucial role for different applications and should be considered 

in combination with the inherent properties of the COFs. This, as well as the simplicity and generality 

of the approach, underlines the importance of EPD as an addition to the field of COF film preparation 

methods. Therefore, we believe that this work will assist in designing high-performance devices for 

specific applications. 
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6.5 Associated Content  

Supporting Information. Experimental details, additional XRD, SEM, TEM and electrochemical 

characterizations are supplied as Supporting Information. This material is available free of charge via 

the Internet at https://pubs.acs.org/doi/10.1021/acs.chemmater.9b02286.  
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6.10 Supporting Information 

6.10.1 Deposition of BDT-ETTA on FTO, ITO and titanium foil 
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SI Figure 6.1. Deposition of BDT-ETTA COF on different conducting surfaces, namely titanium foil, glass coated with FTO and 

glass coated with ITO. All depositions were carried out using 10 mL of BDT-ETTA COF suspension in ethyl acetate at 900 V for 

2 min. 
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6.10.2 Deposition of BDT-ETTA in anisole, ethyl acetate and toluene 
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SI Figure 6.2. Deposition of BDT-ETTA COF from different solvents, namely anisole, ethyl acetate and toluene. All depositions 

were carried out using 10 mL of the respective BDT-ETTA COF suspension at 900 V for 2 min. 
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6.10.3 DLS Data for ultrasound treated BDT-ETTA COF 

 

SI Figure 6.3. Particle size distribution of BDT-ETTA COF after the ultrasonic milling process.  
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6.10.4 Transmission electron micrographs  

 

 

SI Figure 6.4. TEM image of deposited BDT-ETTA COF particles after the ultrasonic milling process. 
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SI Figure 6.5. TEM image of deposited COF-300 particles. 
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SI Figure 6.6. TEM image of deposited COF-5. 
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6.10.5 COF EPD film physisorption  

 

SI Figure 6.7. Nitrogen physisorption isotherms of scratched-off powder from the respective COF EPD films. Due to the low mass 

of the scratched-off powders, quantitative nitrogen uptake could not be accurately determined. 
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6.10.6 Fourier-transformed infrared spectroscopy 

 

SI Figure 6.8. FT-IR spectra of the as-synthesized bulk material and as scratched-off EPD film materials. In all three cases IR 

vibrations are preserved. This indicates that no chemical degradation occurred during the EPD process. 



Supporting Information    

198 

 

6.10.7 BDT-ETTA COF time-dependent thickness plot 
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SI Figure 6.9. Time-dependent thickness plot of BDT-ETTA COF deposited from ethyl acetate at 900 V. Thicknesses obtained 

from SEM cross-sections. 
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6.10.8 Voltage dependent deposition of BDT-ETTA 

 

 

SI Figure 6.10. SEM top-view images of BDT-ETTA COF deposited at different voltages for 2 min from ethyl acetate.  
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6.10.9 Mass-dependent deposition of COF-300 

 

SI Figure 6.11. SEM cross-section images of depositions of COF-300 using different masses and the resulting film thicknesses. 

Depositions were carried out at 900 V for 2 min from ethyl acetate. 
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6.10.10 Large area deposition of BDT-ETTA COF 

 

 

SI Figure 6.12. Photograph of an EPD of BDT-ETTA COF on 5 cm × 5 cm electrode area as well a 1 cm × 1 cm film. Both depositions 

were carried out on FTO at 900 V for 2 min. 
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6.10.11 SEM Micrographs of BDT-ETTA COF deposited on a porous mesh 

 

 

SI Figure 6.13. SEM top view micrographs of BDT-ETTA COF depositions on a porous steel mesh (mesh size 270). (A) Image of 

the bare mesh prior to deposition. (B) High magnification of BDT-ETTA COF particles deposited on the mesh. (C) Deposition of 

BDT-ETTA COF in high concentration on a steel mesh, revealing the complete coverage of the pores. (D) Corresponding back-

scattered electron micrograph at 30 kV acceleration voltage, revealing the underlying mesh structure. 
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6.10.12 Thickness dependent PEC Current measurements and 

Chronoamperometry 

 

 

SI Figure 6.14. (A) Thickness dependent PEC linear sweep voltammograms of electrodes coated with BDT-ETTA COF. 

Illumination at AM1.5G. (B) Chronoamperometric current density measurement of BDT-ETTA COF under illumination. 

6.10.13 Stability of BDT-ETTA COF after PEC catalysis 

 

SI Figure 6.15. Stability of BDT-ETTA COF after 30 minutes of chopped illumination at 0.1 V vs. RHE. 
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6.10.14 TEM of Pt nanoparticles 

 

SI Figure 6.16. TEM micrograph of Pt nanoparticles after lyophilization. 
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SI Figure 6.17. DLS profile of Pt nanoparticles after lyophilization. 
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7 Conclusions and Outlook 

Artificial photosynthesis by photoelectrochemical water splitting was presented as a promising 

technology for sustainable hydrogen production. However, the field is still dominated by a quest for 

finding efficient light absorbing semiconductors as well as suitable cocatalysts for a prospective 

industrial application of this technology. Both the solar-to-hydrogen efficiency and the stability of the 

state-of-the-art materials are not yet sufficient to become a viable technology and to compete with 

already established processes. Nevertheless, basic research on photoelectrochemistry teaches a lot 

about semiconductor and catalyst design, which was the guiding principle of this work. 

The first half of this thesis dealt with metal oxides serving as both photoanode and -cathode materials 

for the evolution of oxygen and hydrogen, respectively. Photoelectrochemical water splitting had 

been invented based on this materials class and, consequently, it is a well-studied field. However, the 

described materials are either not efficient enough (e.g., TiO2, WO3 or α-Fe2O3) or are facing 

fundamental stability issues, including the best-performing materials like Cu2O and BiVO4. Future 

studies on these materials should therefore explore them as model systems. This would give further 

insights into the effect of doping on band structure, charge transport and charge transfer properties. 

Especially the intrinsic instable material candidates can be used to develop robust and affordable 

protection strategies and study their impact on the semiconductor - electrolyte interface. Due to their 

intrinsic robustness, hematite photoanodes were studied in this thesis to explore doping effects on 

crystallization behavior, band gap position and charge carrier properties. While the 

photoelectrochemical performance of tin doped hematite peaks at a tin doping concentration of 6 

mol%, exceptionally high homogeneous tin doping concentrations up 33 mol% could be realized by 

the use of atomic layer deposition. With rising tin content, the number of grain boundaries formed is 

increased and the band structure of hematite becomes more and more metallic, which was further 

confirmed by density functional theory calculations. While both observed effects are observed to be 

counterproductive in terms of photoelectrochemical studies, these devices may find applications 

making use of the lattice expansion and other solid solution effects. Continued research in this area 
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would likely benefit from a focus on stability, investigating light or potential induced corrosion and 

dissolution of already established materials, as it was shown with the example of lithium doped 

copper oxide as part of this work. Commonly used characterization methods were found to be 

repeatedly misinterpreted by various researchers in terms of performance and stability. The shown 

work gives a full picture of the photocorrosion of Li doped CuO, which is reduced to Cu2O all over the 

CuO - electrolyte interface and forms even distinct cuboid Cu2O nanocrystals on the electrode surface. 

Furthermore, a possible protection strategy is described using a thin and amorphous Nb doped TiO2 

layer prepared by atomic layer deposition combined with a Pt cocatalyst. This stabilized the 

photoabsorber for 30 minutes against decomposition and produced a stable hydrogen evolution. 

Besides this, the catalytic properties of various metal oxides should be evaluated to substitute 

currently used noble metal catalysts and therefore bring electrochemical hydrogen evolution from 

water and renewable energy a significant step further down the road towards a broadly utilized 

technology. 

The second half of the discussed projects introduced covalent organic frameworks as a class of 

conductive polymers applicable as photocathode materials for hydrogen evolution. With almost 

endless possible combinations of organic building blocks, which can be individually optimized 

towards their targeted application, COFs may become a promising materials class within this field of 

research. Focusing on the example of the BDT-ETTA COF, this thesis revealed the intrinsic catalytic 

properties of the organic framework to be the bottleneck for achieving efficiencies comparable to 

metal oxides. In future work, this challenging aspect could be targeted by implementing catalytically 

active functional groups directly into the structure of the COF. Furthermore, photoelectrochemical 

water splitting is known to be a process that is strongly controlled by the nature of the relevant 

interfaces. As part of this thesis, electrophoretic deposition was described as a viable and scalable 

technique for the deposition of comparably large COF films exhibiting high textural porosity. Through 

combination of the described approaches, a robust and efficient class of materials can be envisioned 

that would solely be composed of light and easily available elements like hydrogen, carbon, nitrogen, 

oxygen and sulfur. 

Finally, based on these newly attained insights in materials science and photoelectrochemistry, the 

combination of dark electrolysis and solar cells or wind power plants is, according to the current state 

of technology, capable of producing larger quantities of hydrogen compared to photoelectrochemical 

water splitting and will probably dominate the hydrogen production from renewable energy in the 
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next ten to twenty years. Nevertheless, with continued research on semiconductors and catalysts, 

photoelectrochemical water spitting will have the chance to become widely applicable, standing side 

by side with other technologies with the purpose of harvesting and storing renewable energy. 
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