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1. INTRODUCTION AND AIMS 

One of the greatest challenges of the 21st century is to consume environmentally friendly 

energy instead of the conventional non-renewable ones. The largest renewable energy source is 

the sunlight, which might be harnessed using the knowledge gained in the field of 

photoelectrochemistry in the past 50 years. 

Photoelectrodes can utilize solar energy in several ways: solar energy is either converted 

into electricity or stored in the form of chemical energy. This strategy includes 

photoelectrochemical (PEC) hydrogen evolution and PEC carbon dioxide conversion to useful 

fuels. A further possible application of PEC methods is environmental remediation that reduces 

heavy metals as well as other harmful ions or oxidizes hazardous organic compounds.  

There are multiple requirements that a photoelectrode must comply with: it has to be stable, 

insoluble in the test medium, resistant to photocorrosion; but in the meantime, it is expected to 

have a broad optical excitation regime, and to show good charge separation-, and transfer 

behavior, etc. One single material, however, according to best of our knowledge, cannot meet 

all these criteria. For this reason, the attention shifted to composite materials, which contain 

several different components. These components are selected to tackle each individual task 

(e.g., co-catalyst, or light absorbers, etc) of a photoelectrode. Design and preparation of an 

effective composite photoelectrode material is a major undertaking – hence, it has become one 

of the main research projects in the field of photoelectrochemistry. 

The cardinal rule in the development of any composite or hybrid material is that its 

properties have to be superior to those of its components. In this regard, carbon nanomaterials 

have a unique set of properties (large surface area, high electronic conductivity, mechanical 

robustness, etc.) which makes them attractive candidates for mating with inorganic 

semiconductors.  

When I have started my PhD studies, our first goal was to prepare 

semiconductor/nanocarbon photoelectrodes by electrodeposition to improve the charge 

carrier transport properties, study their PEC behavior and applicability in the PEC reduction 

of CO2. However, as time and research progressed, new issues and opportunities arose, 

therefore the goals of my doctoral work have gradually become clearer. These aims can be 

listed according to the following points: 
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- To find an electrodeposition method by which p-type Cu2O can be synthesized on 

different nanocarbon electrode surfaces, including carbon nanotube (CNT) networks, 

spray-coated graphene films (using few-layer graphene platelets), and 3D graphene foams, 

thereby creating Cu2O / nanocarbon composite electrodes for PEC CO2 reduction. After 

that we aimed to uncover the reasons behind the improved PEC performance of 

nanocarbon based photoelectrodes, compared to the bare semiconductor counterpart. 

- Another goal was to assemble nanocarbon based photoelectrodes with an n-type 

semiconductor. We first chose the well-known TiO2, but we had to find a simple 

electrochemical method for the deposition of nanocrystalline TiO2 films on graphene 

substrates. Since we did not find one in the literature (without the post-deposition anneal), 

we took advantage of this opportunity, and the new goal was to develop a simple, well-

controlled, one-step TiO2 electrodeposition method that could be used to create 

nanocarbon-based composite photoelectodes. 

- We also aimed to study another n-type semiconductor. Hematite (α-Fe2O3) was selected, 

and the goal was to form nanocomposite electrodes via electrodeposition. We also 

aimed to explore the reasons behind the improved PEC performance, and to solve the 

photooxidation of the graphene layer, using an electrodeposited co-catalyst. 

- Due to the contradiction in the literature, we started to study the non-nanocarbon-based 

CuI-PbI2 system in PEC nitrate ion reduction. The goal was to find out if the bimetallic 

compound really exists, or just a mixture of the two iodides in present in the electrode. 

We also had to find a synthesis method to make this mixed iodide photoelectrodes. 

Furthermore, we aimed to answer the question of why the mixture works better in PEC 

nitrate ion reduction compared to the monometallic counterparts and what products 

form during this process. 
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2. EXPERIMENTAL TECHNIQUES 

The CNT and graphene dispersions were spray-coated on preheated indium doped tin oxide-

coated glass (ITO) or fluor doped tin oxide-coated glass (FTO) electrodes, or preheated glassy 

carbon (GC) electrode surface, using an Alder AD320 type airbrush and a custom-made fully 

automated spray coater robot operated with 0.5 bar compressed air pressure. Graphene and CNT 

loading of the electrodes was controlled with the number of spray steps which was quantified 

by quartz crystal microbalance (QCM) measurements using a Stanford Research System QCM-

200 type instrument. During the studies concerning TiO2 and Fe2O3 photoelectrodes, the precise 

amount of spray-coated nanocarbons was monitored by a Mettler Toledo XPE-26 type 

analytical microbalance. The 3D graphene samples were fixed on a glass sheet by a small piece 

of a double-sided tape and were contacted at the top by graphite adhesive to form the working 

electrode. 

Different molar compositions of CuI and PbI2 were prepared by dispersing both 

compounds by ultrasonic treatment (the CuI and PbI2 were self-synthesized to obtain a suitable 

particle size distribution for the suspension preparation). The formed dispersion was spray-

coated on cleaned and preheated FTO glass electrodes, using the previously mentioned spray-

coater equipment. The loading was quantified by a Mettler Toledo XPE-26 type analytical 

microbalance. The mixture was melted on the FTO surface at 400 °C for 5 min under argon gas 

(self-developed thin film melting method).  

Electrodepositions were performed in both cathodic and anodic arrangements (depending 

on the deposited material) and were carried out in a two-compartment cell (separated with a 

Nafion117® membrane) with a heated jacket. All electrochemical syntheses were performed 

using a Autolab PGSTAT302 potentiostat/galvanostat, in a classical three-electrode cell setup, 

including a Ag/AgCl/3 M NaCl as reference electrode and a Pt sheet as a counter electrode.  

Linear sweep photovoltammograms were recorded in a sealed, custom-designed one-

compartment, three-electrode quartz cell. The working electrode was always covered with the 

semiconductor or nanocomposite to be examined, while a Pt sheet and Ag/AgCl/3M NaCl were 

employed as the counter-, and reference electrodes respectively. Two different light sources 

were applied during these measurements: 

- A Newport LCS-100 type solar simulator operated at full output. The solar simulator 

source was placed 5 cm and 18 cm away from the illuminated working electrode surface 

(5 sun 500 mW cm−2 flux for CuI-PbI2 nanocomposite system and 1 sun 100 mW cm−2 flux 
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for Cu2O/nanocarbon and Fe2O3/graphene composite systems), which was irradiated 

through a quartz window.  

- A Hamamatsu L8251 300 W Hg-Xe arc lamp, operated at full output. The lamp was placed 

5 cm away from the illuminated working electrode surface (180 mW cm-2 flux), which was 

irradiated through a quartz window. 

Incident photon-to-current efficiency (IPCE) measurements were performed on a Newport 

Quantum Efficiency Measurement System in a single compartment, three-electrode quartz 

electrochemical cell with a 3D printed closing cap that fixed the position of the electrodes for 

each measurement.  

Electrochemical impedance spectra of all investigated photoelectrodes were recorded in 

the 10 Hz to 100 kHz frequency range, using a sinusoidal excitation signal (10 mV RMS 

amplitude). Modulus weighted fitting was performed using the Nova Software of the Autolab 

Instrument. 

Long-term PEC measurements were carried out in a sealed two-compartment cell where 

the compartments were separated by a Nafion117® membrane. During the reactions, gas 

samples were taken via an on-line detection system, which was coupled to the cathode 

compartment of the cell. Liquid and gas phase aliquots were taken from the cathode 

compartment of the cell at the same time. Gas samples were analyzed by a Shimadzu GC-2010 

Plus gas chromatograph, utilizing a dielectric barrier ionic discharge detector. The liquid 

aliquots were injected into the Shimadzu GC-MS 2010SE chromatograph coupled with a MS 

QP2010 detector. Qualitative detection was afforded by selective ion monitoring (SIM)-MS, 

while the total ion chromatogram was used for the quantification of methanol and ethanol. 

The amount of nitrite formed via nitrate reduction was quantified using ion 

chromatography (IC). All IC measurements were performed with a Dionex DX300 gradient 

chromatographic system (Dionex, Sunnyvale, CA, USA) that consisted of a CHA-6 high 

pressure chromatographic module, Dionex EDM eluent degas module and an Advanced 

Gradient Pump module. Suppressed conductivity detection was used during chromatographic 

runs. Separations of cations were carried out by a Dionex IonPac CS16 columns (3×250 mm)., 

and anions were separated by a Dionex IonPac AS15 column (2×250 mm). 

Presence of ammonia in the product was tested by modified Berthelot test (Indophenol 

method) from liquid aliquots, which were taken regularly during photoelectrolysis. Also, an Ar-

saturated 0.1 M 15N labeled (98%) Na15NO3 solution was used during the photoelectrolysis, 

where the extent of possible 15NH3 formation in the taken aliquots was monitored by 1H-NMR. 

The same labeled solution was used for the qualitative detection of nitrogen gas formation.  
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XPS was performed with a SPECS instrument equipped with a PHOIBOS 150 MCD 9 

hemispherical analyzer. The analyzer was in FAT mode with 40 eV pass energy (survey scans) 

and 20 eV pass energy (high resolution scans). The Al K α radiation (hν = 1486.6 eV) of a dual 

anode X-ray gun was used as an excitation source and operated at 150 W power. Approximately 

20-30 scans were averaged to get a single high-resolution spectrum, while one scan was 

recorded to get a single survey scan. For spectrum evaluation, CasaXPS commercial software 

package was used. 

Raman spectra were recorded using a DXR Raman microscope (Thermo Scientific, 

Waltham, USA) using a λ = 532 nm green laser, operating at typically 5 - 10 mW laser power. 

Top-down and cross-sectional scanning electron microscopy (SEM) was employed to 

characterize the morphological features of both the synthesized nanohybrids, and their 

constituents. A Hitachi S-4700 field emission scanning electron microscope was used for the 

SEM measurements coupled with a Röntec EDX detector, operating at an accelerating voltage 

of 10 kV. 

Near atomic level morphology of the photoelectrodes was studied using transmission 

electron microscopy (TEM), FEI Tecnai G2 20 X-Twin, operating at an acceleration voltage of 

200 kV. Thin TEM lameallae were prepared with a Thermo Scientific Scios 2 SEM-FIB 

instrument. Briefly, to protect the surface a 12 x 5 µm2 Pt pad was deposited on the surface of 

the sample with a 2 µm thickness. Two trenches with a depth of 7 µm were cut with ion beam 

on both sides of the Pt pad. The EasyLift high-precision needle was welded to this Pt pad. With 

an undercut a 5 µm deep slice of the sample was removed. This was transferred and attached to 

a half-moon TEM grid, where it was gradually thinned down and finally polished with the ion 

beam, to the point where it was transparent for electrons.  

Kelvin probe microscopy-coupled ambient UV photoelectron spectroscopy measurements 

were performed using a KP Technology APS04 instrument. First, the contact potential 

difference (CPD) was measured between the sample and the Kelvin-probe after electric 

equilibrium was reached. Ambient pressure UV photoelectron spectroscopy (UV–APS), 

measurements were carried out with a stationary Kelvin-probe tip. 

 



Summary of new scientific results  Doctoral (Ph.D.) Theses 

6 

 

3. SUMMARY OF NEW SCIENTIFIC RESULTS 

Photoelectrochemical properties of p-type Cu2O/nanocarbon composite photoelectrodes 

T1. Cu2O nanocrystals can be deposited on the surface of different nanocarbons by 

electrodeposition. The size of the deposited crystals and the homogeneity of the coverage 

can be regulated by the process parameters (i.e., a prenucleation step, deposition potential 

and the deposition charge density). 

A multiple potential-step electrodeposition protocol was developed and employed to control 

the amount and size (and the overall homogeneous coverage) of the Cu2O nanocrystallites on 

spray-coated CNT, graphene and 3D graphene surface. An initial nucleation step at a more 

negative potential was found to be beneficial for achieving homogeneous coating on the 

nanocarbon electrode with a rest periods interspersed, to allow for continuous supply of the 

copper ions from the bulk solution. 

T2. Enhanced photoelectrochemical activity was observed in the case of p-type 

Cu2O/nanocarbon photoelectrodes compared to the bare Cu2O, caused by the efficient 

transport of the photogenerated charge carriers via the interconnected nanocarbon 

matrix. 

The PEC activity of the composites was proved in CO2 reduction (to form alcohol products). It 

was found that the graphene-containing photoelectrodes outperformed the pure Cu2O, both in 

terms of the achieved current densities and stability. Composition-dependent PEC studies 

revealed that there was an optimal loading for both components. According to the 

electrochemical impedance spectroscopy results, the nanocarbons significantly enhanced the 

electric conductivity of the nanocomposites, compared to the bare semiconductor layer. Fast 

transient photocurrent measurements revealed that the main contribution of the graphene 

substrate in such structures was the facilitation of effective charge separation and transport, 

leading to better harvesting of the generated photoelectrons. 

T3. We demonstrated that an interconnected 3D graphene structure has benefits 

compared to its non-organized counterparts (spray-coated graphene and CNT films), 

because of the lack of carbon-carbon boundaries in the structure.  

By fitting the transient photocurrent curve, we made a semi-quantitative assessment, for the 

nanocarbons contribution to the enhanced PEC activity of the hybrid photoelectrodes. The 

presented approach afforded to study of the effect of the nanocarbon morphology: after 
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deconvoluting the effect of the increased surface area, the 3D graphene substrate outperformed 

the other random/non-oriented nanocarbon counterparts. Its interconnected structure facilitated 

effective charge separation and transport, leading to better harvesting of the generated 

photoelectrons. 

Electrodeposition of nanocrystalline TiO2 films on graphene scaffold  

T4. New method was developed and optimized for the synthesis of directly crystalline TiO2 

on different carbon substrates (glassy carbon and spray-coated graphene film). This 

synthetic route consists of one single electrochemical deposition step without subsequent 

heat treatment, resulting porous, nanocrystalline TiO2 film.  

The crystallinity of the deposited TiO2 film is ensured by the elevated solution temperature 

(80°C) during electrodeposition and the phase composition of the deposit was dependent on the 

initial pH value of the deposition solution (proved by TEM, Raman spectroscopy and XRD). 

Therefore, the composition of the TiO2 films, namely the rutile/anatase ratio, can be controlled 

and adjusted to a specific targeted application.  

Photoelectrochemical behavior of hybrid n-type α-Fe2O3/graphene photoelectrodes  

T5. Both Fe2O3/graphene and FeNiOOH/Fe2O3/graphene photoelectrodes (synthesized by 

electrodeposition) showed enhanced PEC activity in water oxidation, compared to the 

graphene-free counterpart, caused by the efficient transport of the photogenerated charge 

carriers via the interconnected graphene matrix, similarly to the case of p-type 

Cu2O/graphene photoelectrodes. 

The maximum of photocurrent densities in water oxidation were 2.6 and 1.3 times higher (with 

and without co-catalyst) compared to bare Fe2O3 photoelectrodes (without graphene), and most 

importantly exceeded all precedent literature data for electrodeposited hematite based 

photoelectrodes. According to the electrochemical impedance spectroscopy results, graphene 

scaffold notably enhanced the electric conductivity of the nanocomposites. 

T6. Photogenerated holes can oxidize the underlying nanocarbon framework in the 

Fe2O3/graphene photoelectrodes. By adding a third component to the system (FeNiOOH 

overlayer, synthesized by electrodeposition), we were able to suppress the corrosion of the 

nanocarbon matrix. 

Long-term photoelectrolysis measurements in combination with Raman spectroscopy proved 

that the underlying nanocarbon framework was corroded by the photogenerated holes. This 
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issue was tackled by the electrodeposition of a thin FeNiOOH overlayer, which rapidly accepts 

the photogenerated holes from Fe2O3, thus eliminating the pathway leading to the corrosion of 

graphene, thus improved the photoelectrode stability. 

Photoelectroreduction of nitrate ions on CuI-PbI2 nanocomposite electrodes  

T7. PEC reduction of NO3
-
 ion was performed on CuI-PbI2 nanocomposite electrodes with 

maximum 1.2 ± 0.05 mA cm-2 photocurrent density under concentrated solar irradiation 

(5 suns). The reduction products were NO2
- ion and N2 gas without the formation of H2. 

The maximum Faradaic efficiency for NO2
- ion formation was over 52% and the residual 

amount was likely translated into nitrogen gas evolution, which was demonstrated by a semi-

quantitative isotope labeling method. While the hybrid photocathodes always outperformed 

their pure CuI and PbI2 counterparts, the equimolar composition was found to give maximum 

photocurrent (which is also the eutectic point of the system). 

T8. The electrons in the valence band (VB) of CuI can be excited to the conduction band 

(CB) of PbI2 in the nanocomposite photoelectrodes, contributing to the higher 

photocurrents. 

Detailed optical and PEC studies gave evidence on the possibility of electron transfer from the 

VB of CuI to the CB of PbI2 upon illumination, thus extending the visible light photoactivity 

of the photoelectrodes. This additional electron excitation, together with the vertical charge 

carrier separation in the nanocomposite, play a vital role in improving the performance of 

hybrid samples. 
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