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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 ÃÈÁÎÇÅÓ ÏÆ ÔÈÅ ÅÁÒÔÈȭÓ ÃÌÉÍÁÔÅ such as more frequently 

occurring extreme weather conditions and a warming of the ÅÁÒÔÈȭÓ ÓÕÒÆÁÃÅ. 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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ς Ὄ ὕ ᵶς Ὄὕ 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. 

 
σ Ὄ ὔ ᵶς ὔὌ 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. 

 
ὅὌ ς Ὄὕᵶτ Ὄ ὅὕ 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-ÃÁÌÌÅÄ ȬÅÌÅÃÔÒÏÎ holesȭ 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. 

 

 τ Ὤ’ ựựựựựựựựựự τ Ὡ τ Ὤ  Eq. 1.4 

Ὤ’: Energy of one photon   Ὡ : Electron in the conduction band   Ὤ : 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 waÔÅÒ ÓÐÌÉÔÔÉÎÇ ÒÅÁÃÔÉÏÎ ÉÓ ɝ' = 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  

 τ Ὡ τ Ὄὕ O ς Ὄ τ ὕὌ Ὁ Ⱦ π ὠ ὺίȢὙὌὉ Eq. 1.5 

 τ Ὤ τ ὕὌ O ὕ ς Ὄὕ Ὁ Ⱦ ρȢςσ ὠ ὺίȢὙὌὉ Eq. 1.6 

Ὡ : Electron Ὤ : Electron hole    Ὁ : Standard electrode potential  ὙὌὉ: 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 ɀ 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 

 
ὧὬὩάὭὧὥὰ ὴέὸὩὲὸὭὥὰὶὥὸὩ

ὰὭὫὬὸ ὭὲὸὩὲίὭὸώ

ρȢςσ ὠ ὧόὶὶὩὲὸ άὃ ὧά

ρππ άὡὧά
 Eq. 1.7 

)ÄÅÁÌÌÙȟ ÔÈÅ ÓÅÍÉÃÏÎÄÕÃÔÏÒÓȭ ÓÕÒÆÁÃÅÓ ÓÈÏÕÌÄ ÅØÈÉÂÉÔ ÓÏÍÅ ÓÐÅÃÉÆÉÃ ÃÁÔÁÌÙÔÉÃ ÁÃÔÉÖÉÔÙ ÔÈÅÍÓÅÌÖÅÓȟ ×ÈÉÃÈ 

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 ɀ 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 driv ing 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 ̫ sc, 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  M̫ 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 ̫ , 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 ˻  ̫ .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 

ÂÅÎÄÉÎÇ ÏÆ ÔÈÅ ÓÅÍÉÃÏÎÄÕÃÔÏÒȭÓ ÅÎÅÒÇÙ ÂÁÎÄÓ ÉÎ ÔÈÅ ÒÅÇÉÏÎ ÏÆ ÔÈÅ ÓÐÁÃÅ ÃÈÁÒÇÅ ÌÁÙÅÒȢ -ÉÎÏÒÉÔÙ ÃÁÒÒÉÅÒÓ 

are driven to the surface, which reduces electron ɀ 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 

– , the charge transfer efficiency –  and the electron hole separation efficiency – .18 

 ὍὖὅὉ
Ὦ

ὍϽή
– Ͻ– Ͻ–  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 –  and 

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

coefficient ɻɉʇɊ 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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– ρ Ὡ  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 

 –
Ὦ

Ὦ
 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 ɀ 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 ÓÔÁÒÔÅÄ ÉÎ ÔÈÅ ÌÁÔÅ ρωχπȭÓ 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 4ÈÉÓ ÃÅÌÌ ÄÅÓÉÇÎ ÆÏÒÍÅÄ ÔÈÅ ÂÁÓÉÓ ÆÏÒ ÔÏÄÁÙȭÓ 

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 ɀ 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 ɻ-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 ɻ-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 ɻ-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 

ÃÏÂÁÌÔ ÐÈÏÓÐÈÁÔÅ Ȱ#Ï-0Éȱ42, Ni(OH)243
 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 CuWO446
, ZnFe2O4

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

2.4 ɀ 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 

Ȭhole mirrorsȭ, 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 eVɀ 1.7 eV and 2.0 ɀ 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  
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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 ɀ 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 ɀ 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 optimization 87, but even the 

variation of the copper ɀ 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 ɀ 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 ɉȰ#Ï-ÏȱɊ 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. 



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

24 

 

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 linker s 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 

4ÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÌÉÎËÁÇÅ ÂÏÎÄÓ ÁÒÅ ÂÏÒÏÎÁÔÅ ÅÓÔÅÒÓȟ ÉÍÉÎÅÓȟ ÈÙÄÒÁÚÏÎÅÓȟ ÁÚÉÎÅÓȟ ɼ-ketoenamines, 

boroxines and imides, which were recently complemented by sp2 ɀ 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. 
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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 ʌ-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 ÏÒ ÁÓÃÏÒÂÉÃ ÁÃÉÄ ÔÏ ÍÁÔÃÈ ÔÈÅ ÓÅÍÉÃÏÎÄÕÃÔÏÒȭÓ ÖÁÌÅÎÃÅ ÂÁÎÄ ÅÎÅÒÇÙ 

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, ZrO2ȟ ɻ-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 

stabilit y 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 

ÕÐ ÔÏ ÔÅÍÐÅÒÁÔÕÒÅÓ ÁÂÏÖÅ ÔÈÅ ÓÏÌÖÅÎÔÓȭ ÂÏÉÌÉÎÇ ÐÏÉÎÔÓ ÆÏÒ 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 ÆÒÏÍ ÔÈÅ ÎÅÔ×ÏÒËȭÓ ÐÏÒÅÓȢ 4ÈÅ ÓÏÌÖÅÎÔ ÍÉØtures 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. 



Scope of this thesis     

32 

 

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 a-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 limita tions 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 2.1Ȣ 3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ "ÒÁÇÇȭÓ ÌÁ×Ȣ 

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 ʇ in relation to their angle of incidence ɡ and the lattice spacing d, while 

n is an integer number (n Ѐ ρȟ ςȟ σȟ ȣɊ ÄÅÓÃÒÉÂÉÎÇ ÔÈÅ ÏÒÄÅÒ ÏÆ ÉÎÔÅÒÆÅÒÅÎÃÅȢ4 

 ὲ ‗ ς Ὠ ίὭὲ— 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 K̗ 

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-Kɻρ (̡ = 1.54433 Å) or Mo-Kɻρ (̡ = 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  

 

 Ὠ
ὑ ‗

ὊὡὌὓ ὧέί—
 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 sampÌÅ ÐÏÓÉÔÉÏÎ ÄÅÔÅÃÔÉÎÇ ÒÅÆÌÅÃÔÉÏÎÓ ÉÎ ÔÈÅ ςɡ ÒÁÎÇÅȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ ÁÎÇÌÅ ÏÆ the 

ÓÁÍÐÌÅ ÈÏÌÄÅÒ ÃÁÎ ÂÅ ÖÁÒÉÅÄ ÔÏ ÁÌÌÏ× ÓÃÁÎÎÉÎÇ ςɡ ÖÁÌÕÅÓ ÁÂÏÖÅ ωπЈȢ  

 

 

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 ɡ-ɡ mode, both X-ray source and detector 

ÁÒÅ ÍÏÖÅÄ ÉÎ ÓÉÍÉÌÁÒ ÓÔÅÐÓ ÓÃÁÎÎÉÎÇ ÁÌÌ ÁÎÇÌÅÓ ɡ ÂÅÔ×ÅÅÎ ÔÈÅÍ ÁÎÄ ÔÈÅ ÓÁÍÐÌÅ ÓÕÒÆÁÃÅȢ /ÎÌÙ ÒÅÆÌÅØÅÓ 

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

the position of the X-ray source stays constant while only the detector is moved by φɡ. 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  

)Î ÔÈÅ ÆÉÅÌÄ ÏÆ ÎÁÎÏÓÃÉÅÎÃÅȟ ÔÈÅ ÍÁÔÅÒÉÁÌÓȭ ÓÔÒÕÃÔÕÒÅ and morphology soon becomes too small to be 

imaged with conventional light microscopy. According to !ÂÂÅȭÓ ÌÁ×, domains need to have a minimal 

size of roughly 150 ɀ 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 

ÃÏÎÄÅÎÓÅÒ ÌÅÎÓÅÓ ÁÎÄ ÁÐÅÒÔÕÒÅÓ ÁÎÄ ÕÓÅÄ ÔÏ ÓÃÁÎ ÏÖÅÒ ÔÈÅ ÓÁÍÐÌÅȭÓ ÓÕÒÆÁÃÅ ɉFigure 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 ɀ 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 

ÉÍÁÇÅ ÔÈÅ ÓÁÍÐÌÅȭÓ ÔÏÐÏÇÒÁÐÈÙ ×ÉÔÈ Á ÈÉÇÈ ÓÉÇÎÁÌ-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).  
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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 elemenÔÁÌ ÃÏÍÐÏÓÉÔÉÏÎ ÁÎÄ ÔÈÅ ÁÔÏÍÓȭ 

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 samÐÌÅȭÓ 

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. 



  Characterization  techniques  

53 

 

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 ˻ E 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  

$ÅÔÁÉÌÅÄ ÉÎÆÏÒÍÁÔÉÏÎ ÁÂÏÕÔ Á ÓÁÍÐÌÅȭÓ ÓÕÒÆÁÃÅ ÃÏÍÐÏÓÉÔÉÏÎ ÃÁÎ ÂÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ 8-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 hʉ, the detected kinetic electron energy Ekin and the detector work function ̫  (Eq. 2.4). 

 Ὁ Ὤ’  Ὁ  Eq. 2.3 ה

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 ɀ 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 !ɉʇɊ of the 

sample (Eq. 2.4).  

 ὃ‗ ὰέὫ
Ὅ‗

Ὅ‗
 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 AcorrɉʇɊ which takes account of these phenomena (Eq. 2.5).22 

 

 ὃ ‗ ὰέὫ

Ὕ ‗
Ὕ ‗

ρ
Ὑ ‗ Ὑ ‗

Ὕ ‗

 Eq. 2.5 

Transmission data of the sample TsampleɉʇɊ, the substrate TsubstrateɉʇɊ as well as the respective 

reflectance data of the sample RsampleɉʇɊ and the substrate RsubstrateɉʇɊ are determined in separate 

measurements and afterwards used to calculate AcorrɉʇɊ. The spectral data can further be used to 

calculate the optical band gap of the investigated material by the Tauc plot method.23 If ɉɻÈʉɊx is 

plotted vs. Èʉ (with ʉ 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 ɉɻÈʉɊx = 0. 
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2.5 Nuclear magnetic res onance 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 ÏÆ Á ÐÁÒÔÉÃÌÅȭÓ ÓÐÉÎ ÉÓ ÔÈÅ ÒÏÔÁÔÉÏÎ ÁÒÏÕÎÄ 

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: 

 ЎὉ ‎ᴐὄ Eq. 2.6 

ЎE stands for the needed excitation energy, ɾ for the gyromagnetic constant which is specific for every 

NMR active nucleus and needs to be determined experimentally, ᴐ 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 Вɿ [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 



Nuclear  magnetic resonance spectroscopy     

58 

 

 

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). 

 Ў‏ὴὴά
’ ’

’
 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 

ÎÕÃÌÅÕÓȭ ÃÈÅÍÉÃÁÌ ÅÎÖÉÒÏÎÍÅÎÔȢ 4ÈÉÓ ÃÁÕÓÅÓ ÆÕÒÔÈÅÒ ÓÐÌÉÔÔÉÎÇ ÏÆ ÔÈÅ ÅÎÅÒÇÙ ÌÅÖÅÌÓȟ ÌÅÁÄÉÎÇ ÔÏ ÔÈÅ 

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 Ὅ ρςϳ . 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 ÄÉÆÆÅÒÅÎÃÅ Вʉ ɍ(ÚɎ ÏÆ ÔÈÅ ÒÅÓÕÌÔÉÎÇ ÅÎÅÒÇÙ ÌÅÖÅÌÓ ÆÏÒ ÔÈÅ 

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, ɿ 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 (ɿ 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), ×ÈÉÃÈ ÉÓ ÃÁÌÉÂÒÁÔÅÄ ÁÔ ÔÈÅ ÓÁÍÐÌÅȭÓ ÐÏÓÉÔÉÏÎ ÕÓÉÎÇ Á ÃÅÒÔÉÆÉÅÄ 

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). 

 
ςὌ ςὩ ᵶὌ   ȟ   Ὁ πȢπ ὠ ὺίȢὛὌὉ 

τὕὌ τὬ ᵶὕ ς Ὄὕ   ȟ   Ὁ ρȢςσ ὠ ὺίȢὛὌὉ 
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 t o Current Efficiency  

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

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

photoelectrodes.  

 ὍὖὅὉ‗
ὐ ‗

ή‰‗
 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 

ÐÈÏÔÏÅÌÅÃÔÒÏÄÅȭÓ ÓÕÒÆÁÃÅȢ  

 

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 

ὐ  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 ὍὖὅὉ from the 

photocurrent ὐ , which is produced by a photodiode with known ὍὖὅὉ (Eq. 2.10). 

 ὍὖὅὉ‗
ὐ ‗

ὐ ‗
ὍὖὅὉ‗ 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 (ɲ  7 mm) and connected to the potentiostat together with a platinum wire 

counter electrode and a Hg/Hg2SO4/K 2SO4 (sat.) reference electrode. The hydrogen micro sensor was 

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

(ÅÍÁÔÉÔÅ ɉɻ-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 ɀ 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 ɱ ÐÅÒ ÓÑÕÁÒÅ), prepared 

ÂÙ ÓÕÃÃÅÓÓÉÖÅ ÓÏÎÉÃÁÔÉÏÎ ÉÎ %ØÔÒÁÎ ɉ-ÅÒÃËɊ ÓÏÌÕÔÉÏÎȟ ÕÌÔÒÁÐÕÒÅ ×ÁÔÅÒ ɉ-ÉÌÌÉ1ȟ ρψȢς -ɱ ÃÍɊȟ ÁÎÄ ς-

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-+ɻ (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 2ʃ scan was configured using the 5-circle goniometer with a scan speed of 2° 

/min and 0.12° per 2ʃ 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-+ɻ (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 sϺ1. 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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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 ÓÔÁÔÅÓ ÏÆ &Å ÕÓÉÎÇ $ÕÄÁÒÅÖȭÓ ÁÐÐÒÏÁÃÈ 25.  For 

converged results, we used a plane-wave cut-off of 500 eV and a MonkhorstɀPack 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 ÅϺ1. 

3.3 Results and Discussion  

3.3.1 Atom ic Layer Deposition of Sn -doped Hematite  

3.3.1.1 Phase 

Hematite has a trigonal structure (space group R-3c, number 167), an ÉÓÏÓÔÒÕÃÔÕÒÅ ÔÏ ÃÏÒÕÎÄÕÍ ɉɻ-

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. 

ςʃ ɉЈɊ 
0ÌÁÎÅ ÓÐÁÃÉÎÇ 

ɉBɊ 
(ÅØÁÇÏÎÁÌ 
ÉÎÄÅØ 

2ÈÏÍÂÏÈÅÄÒÁÌ 
ÉÎÄÅØ 

)ÎÃÌÉÎÁÔÉÏÎ ÔÏ 
ÔÈÅ ÇÒÏ×ÔÈ 
ÄÉÒÅÃÔÉÏÎ ɉЈɊ 

ςτȢπ σȢχπ ɉπȟρȟȤρȟςɊ ɉρȟρȟπɊ υψ 

σσȢπ ςȢχρ ɉρȟπȟȤρȟτɊ ɉςȟρȟρɊ σψ 

συȢτ ςȢυσ ɉρȟρȟȤςȟπɊ ɉρȟπȟȤρɊ ωπ 

σωȢπ ςȢσπ ɉπȟπȟπȟφɊ ɉςȟςȟςɊ π 

τπȢφ ςȢςς ɉρȟρȟȤςȟσɊ ɉςȟρȟπɊ φρ 

τσȢσ ςȢπω ɉςȟπȟȤςȟςɊ ɉςȟπȟπɊ χς 

τωȢς ρȢψυ ɉπȟςȟȤςȟτɊ ɉςȟςȟπɊ υψ 

υσȢχ ρȢχπ ɉρȟρȟȤςȟφɊ ɉσȟςȟρɊ τς 

υχȢρ ρȢφρ ɉρȟςȟȤσȟςɊ ɉςȟρȟȤρɊ χχ 

υχȢς ρȢφρ ɉπȟρȟȤρȟψɊ ɉσȟσȟςɊ ςς 

φςȢρ ρȢτω ɉςȟρȟȤσȟτɊ ɉσȟρȟπɊ φτ 

φσȢφ ρȢτφ ɉσȟπȟȤσȟπɊ ɉςȟȤρȟȤρɊ ωπ 

φωȢρ ρȢσφ ɉςȟπȟȤςȟψɊ ɉτȟςȟςɊ σψ 

χρȢυ ρȢσς ɉρȟπȟȤρȟρπɊ ɉτȟσȟσɊ ρψ 

χρȢψ ρȢσρ ɉρȟρȟȤςȟωɊ ɉτȟσȟςɊ σρ 

χυȢπ ρȢςχ ɉςȟςȟȤτȟπɊ ɉςȟπȟȤςɊ ωπ 

 

 

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. 

!,$ ÃÙÃÌÅ ÒÁÔÉÏ 
3Î ɉÍÏÌϷɊ 
ɕɕ 

Á ɉBɊ 
&ÅȤ,σ ÅÄÇÅ 
ɉÅ6Ɋ ɕ 

&ÅςϹ ɉÍÏÌϷɊ ɕɕ 

π π υȢπφςω ϻ πȢπππφ χρπȢςς ϻ ρȢσχ π 

ρȡςπ φ υȢπχφφ ϻ πȢπππχ χρπȢρς ϻ ρȢτχ φ 

ρȡρπ ρτ υȢπψωσ ϻ πȢππρσ χρπȢπψ ϻ ρȢχτ ψ 

ρȡυ σς υȢρρςω ϻ πȢππρπ χρπȢπς ϻ ρȢυχ ρς 

* 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. 
















































































































































































































































































