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ABSTRACT 

Investigations of the Roles of Surface States on BiVO4 Photoanodes and CuBi2O4 

Photocathodes for Photoelectrochemical Water Splitting 

Emre Usman 

Master of Science in Materials Science and Engineering 

July, 2022 

 

Climate change is an alarming issue, which has a devastating impact on our planet. 

Especially CO2 gas emissions due to the wide-spread utilization of fossil fuels play a major 

role in global warming. To remove fossil fuels from our lives, alternative energy sources are 

needed to satisfy the ever-increasing energy demand. Hydrogen is a one of the most 

promising green energy carriers due to its zero-carbon emission upon utilization, and its 

extremely high gravimetric energy density.  

Photoelectrochemical water splitting is a promising route to obtain green hydrogen 

directly from water and sunlight. Oxide semiconductors utilized as photoelectrodes offer 

significant potential in terms of light absorption and stability in aqueous electrolytes however 

their poor surface activities and ineffective charge carrier utilization properties hamper their 

widespread use. Understanding the origin of these poor activities is crucial to de-bottleneck 

the performance of photoelectrodes. 

BiVO4 photoanodes, one of the most promising materials for water oxidation reaction, 

suffer from overwhelming surface recombination of charge carriers which limit their activity. 

However, the recombination dynamics are complex and the detailed mechanisms of the 

recombination taking place in the bulk and the surface regions are typically not addressed. In 

the first part of this study, BiVO4 photoanodes with high surface area were synthesized using 

electrodeposition method. We show that the water oxidation activity of BiVO4 photoanode 

is significantly boosted by the TiO2 overlayer prepared by atomic layer deposition (ALD). 

With a TiO2 overlayer of an optimized thickness, the photocurrent at 1.23 VRHE increased 

from 0.64 to 1.1 mA.cm-2 under front illumination, corresponding to 72% enhancement. We 

attribute this substantial improvement to enhanced charge separation and suppression of 

surface recombination due to surface state passivation. We provide direct evidence via 
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transient photocurrent (TPC) measurements that TiO2 overlayer significantly decreases the 

photogenerated electron-trapping process at the BiVO4 surface. Electron-trapping 

passivation leads to enhanced electron photoconductivity, which results in higher 

photocurrent enhancement under front illumination, rather than back illumination. Even 

though the electron trapping process is eliminated completely at higher TiO2 overlayer 

thicknesses, the charge transfer resistance at the surface also increases significantly, resulting 

in a diminished photocurrent. We demonstrate that ultrathin TiO2 overlayer can be used to 

fine-tune the surface properties of BiVO4. 

 CuBi2O4 is one of the most promising photocathodes for HER due to its low band gap 

and high flat-band potential. However, compared to BiVO4, it is a lot less studied, so the 

roles of the charge carrier dynamics are not yet fully understood. In the second part of this 

study, we synthesized CuBi2O4 photocathodes via electrodeposition method. The synthesized 

photocathode films were characterized by XPS, XRD, FESEM, UV-vis-NIR absorption, and 

Raman spectroscopy. Using electrochemical impedance spectroscopy (EIS) and TPC 

measurements, we have identified the presence of surface-states, and photogenerated electron 

trapping process at these states. The results indicate that surface-states near the flat-band 

potential act as photogenerated electron traps, which results in a delay in the photocurrent 

onset to 0.9 VRHE -1.0 VRHE even though photocurrent is observed as early as 1.4 VRHE. The 

TiO2 overlayer was grown on CuBi2O4 surface via ALD with different thicknesses to tune 

the charge carrier dynamics at the surface and inhibit the electron trapping process. However, 

even with low coverage of TiO2 overlayer, CuBi2O4 activity significantly decreased. 

Furthermore, we have identified significant photocorrosion, which is detrimental for the 

stability of the photocathode. These results suggest that interfacial dynamics are important 

for the CuBi2O4 photocathode activity and stability. Thus, the surface charge carrier 

dynamics need to be tuned by other materials than TiO2 to passivate the electron trapping 

process to improve the performance of CuBi2O4. 
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ÖZETÇE 

Fotoelektrokimyasal Su Ayrımı için BiVO4 Fotoanot ve CuBi2O4 Fotokatotları 

Üzerinde Yüzey Durumlarının Rollerinin İncelenmesi 

 

Emre Usman 

Malzeme Bilimi ve Mühendisliği, Yüksek Lisans 

Temmuz 2022 

 

 

İklim değişikliği, gezegenimiz üzerinde yıkıcı bir etkisi olan endişe verici bir konudur. 

Özellikle fosil yakıtların kullanımının yaygınlaşmasından kaynaklanan CO2 gazı emisyonları 

küresel ısınmada büyük rol oynamaktadır. Fosil yakıtları hayatımızdan çıkarmak için sürekli 

artan enerji talebini karşılamak için alternatif enerji kaynaklarına ihtiyaç vardır. Hidrojen, 

kullanım üzerine sıfır karbon emisyonu ve son derece yüksek gravimetrik enerji yoğunluğu 

nedeniyle en umut verici yeşil enerji taşıyıcılarından biridir. 

Fotoelektrokimyasal su ayırma, doğrudan su ve güneş ışığından yeşil hidrojen elde 

etmek için umut verici bir yoldur. Fotoelektrot olarak kullanılan oksit yarı iletkenleri, sulu 

elektrolitlerde ışık absorpsiyonu ve stabilitesi açısından önemli bir potansiyel sunar, ancak 

zayıf yüzey aktiviteleri ve etkisiz yük taşıyıcı kullanım özellikleri, yaygın kullanımlarını 

engellemektedir. Bu zayıf faaliyetlerin kökenini anlamak, fotoelektrotların performansındaki 

darboğazı ortadan kaldırmak için çok önemlidir. 

Su oksidasyon reaksiyonu için en umut verici malzemelerden biri olan BiVO4 fotoanotları, 

aktivitelerini sınırlayan yük taşıyıcıların yoğun yüzey rekombinasyonundan muzdariptir. 

Bununla birlikte, rekombinasyon dinamikleri karmaşıktır ve yığın ve yüzey bölgelerinde 

meydana gelen rekombinasyonun ayrıntılı mekanizmaları tipik olarak ele alınmaz. Bu 

çalışmanın ilk bölümünde, elektrokimyasal depozisyon yöntemi kullanılarak yüksek yüzey 

alanına sahip BiVO4 fotoanotları sentezlenmiştir. BiVO4 fotoanotunun su oksidasyon 

aktivitesinin, atomik katman biriktirme (ALD) ile hazırlanan TiO2 üst katmanı tarafından 

önemli ölçüde artırıldığını gösterdik. Optimize edilmiş bir kalınlığa sahip bir TiO2 üst 

katmanı ile 1,23 VRHE'deki fotoakım, ön aydınlatma altında 0,64'ten 1,1 mA.cm-2'ye 

yükselerek %72'lik bir iyileştirmeye karşılık gelir. Bu önemli gelişmeyi, gelişmiş yük 
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ayrımına ve yüzey durumu pasivasyonu nedeniyle yüzey rekombinasyonunun bastırılmasına 

bağlıyoruz. TiO2 üst katmanının BiVO4 yüzeyinde fotojenere elektron yakalama sürecini 

önemli ölçüde azalttığına dair geçici fotoakım (GFA) ölçümleri yoluyla doğrudan kanıt 

sağlıyoruz. Elektron yakalama pasifleştirme, arka aydınlatmadan ziyade ön aydınlatma 

altında daha yüksek fotoakım geliştirme ile sonuçlanan gelişmiş elektron fotoiletkenliğine 

yol açar. Elektron yakalama işlemi, daha yüksek TiO2 üst katman kalınlıklarında tamamen 

ortadan kaldırılsa da, yüzeydeki yük transfer direnci de önemli ölçüde artar, bu da foto akımın 

azalmasına neden olur. Ultra ince TiO2 üst tabakasının BiVO4'ün yüzey özelliklerine ince 

ayar yapabiliyor olduğunu gösteriyoruz. 

 CuBi2O4, düşük bant aralığı ve yüksek düz bant potansiyeli nedeniyle suyun 

indirgenme reaksiyonu için en umut verici fotokatotlardan biridir. Bununla birlikte, BiVO4 

ile karşılaştırıldığında, çok daha az çalışılmıştır, bu nedenle yük taşıyıcı dinamiklerinin 

rolleri henüz tam olarak anlaşılmamıştır. Bu çalışmanın ikinci bölümünde, elektrokimyasal 

depozisyon yöntemi ile CuBi2O4 fotokatotları sentezledik. Sentezlenen fotokatot filmler 

XPS, XRD, FESEM, UV-NIR absorpsiyonu ve Raman spektroskopisi ile karakterize edildi. 

Elektrokimyasal empedans spektroskopisi (EIS) ve TPC ölçümlerini kullanarak, yüzey 

durumlarının varlığını ve bu durumlarda fotojenere elektron yakalama sürecini belirledik. 

Sonuçlar, düz bant potansiyeline yakın yüzey durumlarının, fotoakım 1,4 VRHE kadar erken 

gözlemlenmesine rağmen, fotoakım başlangıcında 0,9 VRHE -1,0 VRHE'ye gecikmeyle 

sonuçlanan, fotojenere elektron tuzakları gibi davrandığını göstermektedir. TiO2 üst tabakası, 

yüzeydeki yük taşıyıcı dinamiklerini ayarlamak ve elektron yakalama sürecini engellemek 

için farklı kalınlıklarda ALD aracılığıyla CuBi2O4 yüzeyinde büyütüldü. Bununla birlikte, 

düşük TiO2 üst tabakası kaplaması ile bile, CuBi2O4 aktivitesi önemli ölçüde azaldı. Ayrıca, 

fotokatodun stabilitesi için zararlı olan önemli fotokorozyon tespit ettik. Bu sonuçlar, 

arayüzey dinamiklerinin CuBi2O4 foto katot aktivitesi ve stabilitesi için önemli olduğunu 

göstermektedir. Bu nedenle, CuBi2O4'ün performansını iyileştirmek için elektron yakalama 

sürecini pasifleştirmek için yüzey yükü taşıyıcı dinamiklerinin ayarlanması gerekir. 

 

 

 

 

 



viii 

 

Acknowledgements 

After spending 4.5 years in this lab, it feels strange to having to say goodbye. There are 

so many memories, so many things to be thankful for throughout my journey. I really enjoyed 

the time that I’ve spent here, and I will remember these years cheerfully.  

Firstly, I would like to thank my advisor, Dr. Sarp Kaya. I started to work with him when 

I was 20 years old, as an undergrad. Since then, he truly influenced me with his deep 

enthusiasm and excitement for research, from start to finish. I am grateful for his guidance 

during my studies. He always had time to answer my questions but for also leaving me space 

to pursue my own questions. He treated me as a colleague rather than a boss, which made it 

really easy to find motivation even in the times where the project didn’t seem to be going too 

well. It was a privilege to have him as my advisor.  

I would like to thank my committee members Dr. Alphan Sennaroglu and Dr. Ferdi 

Karadas, for their valuable feedback and interesting questions.  

I would also like to acknowledge Koc University for providing financial support 

throughout my Master’s studies.  

I would like to thank Dr. Mahsa Barzgarvishlaghi and Dr. Abdullah Kahraman, for 

teaching me various aspects of photoelectrochemistry. I’ve learnt a great deal from them in 

both experimental, and theoretical aspects. I am grateful for the good times that we spent in 

and outside of the lab with Amin Mohammadpour and Oyku Alagoz. The tennis games that 

we had with Amin were truly joyful (and competitive!). Having Ozce Durak, a long-time 

friend in the same office was truly a bliss. I would like to thank Dr. Navid Solati and Dr. 

Timucin Balkan for the enlightening discussions about electrochemistry. Sharing the lab with 

them was truly amazing, as they can make one burst in tears from laughter all of a sudden.  

I would also like to thank my family, Mujde, Murat, and Zeynep, whom I dedicated this 

work to. They encouraged me to do whatever I was passionate about and supported me all 

the way, with endless love and compassion. Lastly, I would like to thank the latest member 

of our family, Erik. Even though he has a rather unpleasant breath odor, spending just a few 

moments with him could make my day.  



ix 

 

TABLE OF CONTENTS 

List of Figures .......................................................................................................... xii 

Chapter 1. Introduction .............................................................................................. 1 

1.1. Solar Light as a Sustainable Energy Source ..................................................... 1 

1.2. Photoelectrochemical (PEC) Water Splitting ................................................... 2 

1.3. n-type and p-type Photoelectrode Properties for Water Splitting ..................... 3 

1.4. BiVO4-based Photoanodes for Oxygen Evolution Reaction ............................ 6 

1.4.1. Why BiVO4? .............................................................................................. 6 

1.4.2. Electronic and Crystal Structure ................................................................ 6 

1.4.3. Routes to Improve BiVO4 Water Oxidation Activity ................................ 7 

1.5. CuBi2O4-based Photocathodes for Hydrogen Evolution Reaction ................... 7 

1.5.1. Why CuBi2O4? ........................................................................................... 7 

1.5.2. Electronic and Crystal Structure ................................................................ 8 

1.5.3. Routes to Improve CuBi2O4 Water Reduction Activity ............................ 9 

1.6. Charge Carrier Dynamics in Photoelectrodes ................................................... 9 

1.7. About this study .............................................................................................. 10 

Chapter 2. Experimental Methods ........................................................................... 12 

2.1. Synthesis Procedures ...................................................................................... 12 

2.1.1. Electrodeposition ..................................................................................... 12 

2.1.2. Atomic Layer Deposition (ALD) ............................................................ 14 

2.2. Photoelectrochemical (PEC) Characterizations .............................................. 15 

2.2.1. PEC Set-up .............................................................................................. 15 

2.2.2. Linear Sweep Voltammetry (LSV) ......................................................... 16 

2.2.3. Cyclic Voltammetry (CV) ....................................................................... 16 

2.2.4. Chronoamperometry (CA) ....................................................................... 16 



x 

 

2.2.5. Transient Photocurrent (TPC) ................................................................. 17 

2.2.6. Incident Photon-to-Current Efficiency (IPCE) ........................................ 17 

2.2.7. Open-Circuit Potential (OCP) ................................................................. 17 

2.2.8. Electrochemical Impedance Spectroscopy (EIS) .................................... 18 

2.2.9. Mott-Schottky Analysis (MS) ................................................................. 18 

2.2.10. Electrochemically Active Surface Area (ECSA) .................................... 19 

2.2.11. Charge Injection and Separation Efficiency ........................................... 19 

2.3. Structural Characterizations ............................................................................ 20 

2.3.1. X-ray Photoelectron and Auger Electron Spectroscopy (XPS, AES) ..... 20 

2.3.2. Raman Spectroscopy ............................................................................... 22 

2.3.3. X-ray Diffraction (XRD) ......................................................................... 23 

2.3.4. UV-visible Absorbance and Tauc Analysis ............................................ 23 

2.3.5. Field Emission Scanning Electron Microscopy (FESEM) ...................... 24 

Chapter 3. Modifying the Electron-Trapping Process at the BiVO4 Surface States via the 

TiO2 Overlayer for Enhanced Water Oxidation ............................................................. 25 

3.1. Introduction ..................................................................................................... 25 

3.2. Experimental Procedure .................................................................................. 27 

3.3. Results and Discussion ................................................................................... 27 

3.4. Conclusions ..................................................................................................... 41 

Chapter 4. Understanding the Role of Surface States in the CuBi2O4 Photocathodes42 

4.1 Introduction ..................................................................................................... 42 

4.2 Experimental Procedure .................................................................................. 43 

4.3 Results and Discussion ................................................................................... 43 

4.4. Conclusions ..................................................................................................... 52 

Chapter 5. Summary and Conclusions .................................................................... 53 



xi 

 

Chapter 6. References .............................................................................................. 55 

Chapter 7. Appendix ................................................................................................ 74 

7.1. Appendix A: Supporting Information for BiVO4 ........................................... 74 

7.2. Appendix B: Supporting information for CuBi2O4 ......................................... 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

 

List of Figures 

 

Figure 1.1. Schematic representation of PEC water splitting with photoanode and 

photocathode.  

Figure 1.2. Simple schematic for n-type and p-type depletion and formation of band 

bending. 

Figure 1.3. Representative E-k diagram for a direct and indirect band gap semiconductor. 

Figure 1.4. Theoretical maximum photocurrent and solar to hydrogen efficiency with 

respect to the material band gap, assuming 100% incident photon-to-current efficiency above 

band gap with AM 1.5 G solar spectra as incident light. 

Figure 1.5. Band edge positions and band gaps of various semiconductors used for water 

splitting reactions. 

Figure 1.6. Crystal structure of monoclinic BiVO4. 

Figure 1.7. Schematic representation for the CuBi2O4 crystal structure. 

Figure 2.1. (a) Electrodeposited BiOI film, (b) BiOI film after drop casting VO(acac)2 

solution, (c) BiVO4 photoanode after calcination with V2O5 impurity, (d) BiVO4 photoanode 

after washing with 1 M NaOH. 

Figure 2.2. (a) Cu-Bi film after electrodeposition, and (b) CuBi2O4 after calcination.  

Figure 2.3. Schematic representation of the TiO2 growth via ALD. 

Figure 2.4. Randles circuit model. 

Figure 2.5. The universal curve of inelastic mean free path of an electron as a function 

of its kinetic energy. 

Figure 2.6. Schematic representation of XPS and AES processes. 

Figure 3.1. (a) LSV measurements under front illumination in 0.1 M KPi buffer with 

pH=7.4 (calculated nominal TiO2 thickness with increasing ALD cycle number as an inset). 

(b) EIS measurement at 0.6 VRHE in 0.1 M KPi with 0.5 M Na2SO3 with pH=7.8 (Randle’s 

model as an inset). (c) UV-visible absorbance spectra. (d) IPCE measurement at 1.23 VRHE 

in 0.1 M KPi buffer. 

Figure 3.2. TPC measurements done with 50.0 ms white light LED pulse in 0.1 M KPi 

buffer solution for (a) bare BiVO4 (inset shows the zoomed-in TPC when the light is turned 

on), (b) BiVO4/1.3 nm TiO2, (c) BiVO4/5.8 nm TiO2, and (d) simple schematic for electron 



xiii 

 

trapping/de-trapping process on BiVO4 surface and the effect of TiO2 overlayer where red 

traces are the dark conditions, black traces are the illuminated conditions for band bending 

and Fermi levels, EF,n and EF,p are the quasi-Fermi levels for electrons and holes, respectively. 

Figure 3.3. (a) Charge injection and (b) charge separation efficiencies for bare BiVO4, 

BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2. 

Figure 3.4. (a) TPV measurements done with 50.0 ms white light LED pulse (inset shows 

zoomed-in OCP change for bare BiVO4 when the light is turned on). (b) The OCP 

measurement under dark and illumination with 1.0 Sun AM1.5G in 0.1 M KPi solution. 

Figure 3.5. Fitting parameters for EIS measurement as a function of applied potential in 

0.1 M KPi buffer. (a) Rct and (b) Cint. 

Figure 3.6. (a) Mott-Schottky plots for bare BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 

nm TiO2 at 1 kHz in 0.1 M KPi buffer. (b) Derivative of Mott-Schottky plots within the 

potential range between 0.6 and 1.0 VRHE. 

Figure 4.1. X-ray photoelectron spectras of (a) Bi 4f, (b) Cu 2p, (c) O 1s, and Auger 

spectra of Cu LMM for CuBi2O4. 

Figure 4.2. Raman spectra of CuBi2O4. 

Figure 4.3. Powder XRD pattern of CuBi2O4. The diffraction peaks from the FTO 

substrate are indicated with an asterisk (*) sign. The signals from CuBi2O4 crystal planes are 

referenced to COD 1539608. 

Figure 4.4. (a)UV-vis-NIR absorbance spectra, and (b) Tauc analysis for CuBi2O4 films. 

Figure 4.5. FESEM images for CuBi2O4 with different magnifications, (a), (b), (c) from 

on top, and (d) from cross-section.  

Figure 4.6. LSV measurements for CuBi2O4 under front and back illumination in 0.1 M 

NaOH solution (pH=12.8) with O2 purging. 

Figure 4.7. Mott-Schottky measurement for CuBi2O4 done in 0.1 M NaOH (pH=12.8) 

without illumination.  

Figure 4.8. Chronoamperometry (CA) measurement under front illumination at 0.5 

VRHE in 0.1 M NaOH (pH=12.8) with (a) N2-purged, and (b) O2-purged electrolyte. 

Figure 4.9. Electrochemical impedance spectroscopy (EIS) fitting results of CuBi2O4 for 

(a) Resistance due to the surface-states (Rsurface-state), and (b) Capacitance due to the surface-

states (Csurface-state) 



xiv 

 

Figure 4.10. (a) TPC measurement done in O2-purged 0.1 M NaOH (pH=12.8) with 

500.0 ms white LED pulse under front illumination (b) normalized photocurrent decay 

profiles with bi-exponential decay function, and (c) the calculated time constants for the 

exponential decays. 

Figure 4.11. LSV measurement for CuBi2O4 and the effect of TiO2 overlayer with 

various cycle numbers, under back illumination in 0.1 M NaOH solution (pH=12.8) with N2 

purging. 

Figure A1.1. (a) Bi 4f, (b) V 2p, (c) Ti 2p, and (d) O 1s XPS spectra of BiVO4 with 

increasing TiO2 layer thickness. 

Figure A1.2. Deconvoluted Ti 2p XPS spectra for (a) BiVO4/0.6 nm TiO2, (b) BiVO4/0.9 

nm TiO2, (c) BiVO4/1.3 nm TiO2, (d) BiVO4/1.4 nm TiO2, and (e) BiVO4/5.8 nm TiO2. 

Figure A1.3. FESEM images of (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) 

BiVO4/5.8 nm TiO2. 

Figure A1.4. Raman spectra for bare BiVO4 and BiVO4/1.3 nm TiO2. 

Figure A1.5. Tauc plots for bare BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2. 

Figure A1.6. Electrochemically active surface area (ECSA) calculation done via CV 

measurement in dark at various scan rates for (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and 

(c) BiVO4/5.8 nm TiO2 (d) Measured capacitive current density with respect to the scan rate 

for the photoanodes. 

Figure A1.7. CV measurement of bare FTO, FTO/1.3 nm TiO2 in dark and under 

illumination in 0.1 M KPi buffer with pH=7.4. 

Figure A1.8. LSV measurements under back illumination in 0.1 M KPi buffer with 

pH=7.4. 

Figure A1.9. TPC measurements at 0.6 VRHE under AM1.5G illumination in 0.1 M KPi 

buffer with pH=7.4. 

Figure A1.10. Transient Photocurrent (TPC) measurements done with 50.0 ms white 

light LED pulse in 0.1 M KPi buffer with 0.5 M Na2SO3 solution for (a) bare BiVO4, (b) 

BiVO4/1.3 nm TiO2, and (c) BiVO4/5.8 nm TiO2 

Figure A1.11. LSV measurement under front illumination in 0.1 M KPi buffer with 0.5 

M Na2SO3 with pH=7.8. 



xv 

 

Figure A1.12. Fittings for the Nyquist plots in 0.1 M KPi buffer pH=7.4 under 

illumination between 0.45-1.0 VRHE for (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) 

BiVO4/5.8 nm TiO2. 

Figure A1.13. 40 consecutive LSV scans performed by using (a) bare BiVO4 and (b) 

BiVO4/1.3 nm TiO2. The measurements were performed in 0.1 M KPi buffer with pH=7.4 

under chopped-light illumination. 

Figure B1.1. Fittings for the Nyquist plots for measured in O2-purged 0.1 M NaOH under 

front illumination between 1.4 VRHE-0.4 VRHE. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

Chapter 1. Introduction 

1.1.Solar Light as a Sustainable Energy Source 

Climate change and global warming is an alarming issue, which has a devastating 

impact on our planet. Especially CO2 gas emissions as a result of industrial processes and 

fossil fuel utilization play a major role in global warming. Thus, its emission must be 

limited10. In order to remove fossil fuels from our lives, alternative energy sources are needed 

to satisfy the ever-increasing energy demand. Hydrogen is a one of the most promising green 

energy carriers due to its zero-carbon emission upon utilization, and its extremely high 

gravimetric energy density11. However, currently more than 90% of the hydrogen production 

is done via steam reforming, coal gasification, and methane partial oxidation, which all are 

fossil fuel based processes12. In order to reduce the CO2 emissions and utilize hydrogen 

energy in a sustainable manner, alternative ways of producing hydrogen without using fossil 

fuels must be entertained.  

Solar energy utilization is an attractive solution to the CO2 emission problem since it is 

a sustainable and abundant energy resource. The solar energy can be converted to a form of 

energy that the society can utilize, such as electricity or hydrogen gas, in a sustainable 

manner. The devices that convert solar light into electricity are called solar cells. However, 

the produced electricity from a solar cell needs to be utilized directly, or converted to another 

form of energy that can be stored13. In another approach, the solar light can be directly 

converted to a chemical feedstock that can be used as an energy carrier, such as hydrogen14.  

Solar-to-hydrogen conversion utilizes sunlight and water as feedstock, making it fossil 

fuel free and sustainable. Another important fact is that only abundant feedstocks are needed 

for the overall process. It is also referred as solar water splitting. There are different device 

configurations to achieve such conversion, which are photocatalytic water splitting, 

photovoltaic-electrochemical water splitting, solar thermochemical water splitting, 

photobiological hydrogen production, and photoelectrochemical water splitting15–17. This 

work focuses on the latter approach.  
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1.2.Photoelectrochemical (PEC) Water Splitting 

Photoelectrochemical water splitting is an approach to drive the electrochemical 

reaction of water splitting, using both electrical energy and solar energy. It is demonstrated 

for the first time in 1972 by Fujishima and Honda, using TiO2 photoanodes18. The water 

splitting half reactions are carried out at two electrode surfaces, in which the oxidation 

reaction is referred to as oxygen evolution reaction (OER), and the reduction reaction is 

referred to as hydrogen evolution reaction (HER). 

𝐻2𝑂(𝑙)  + 4ℎ+ → 4𝐻+(𝑎𝑞) +  𝑂2(𝑔)   (OER, E°= 1.23 VRHE) 

4𝐻+(𝑎𝑞)   + 4𝑒− → 2𝐻2(𝑔)    (HER, E°= 0 VRHE) 

2𝐻2𝑂(𝑙)  →  2𝐻2(𝑔) +  𝑂2(𝑔)    (Overall, E°=1.23 VRHE) 

 

A graphical representation of a PEC cell for water splitting is given in Figure 1.1 below. 

As the semiconductor materials have a band gap, upon excitation with incident light, they 

can generate electron-hole pairs. The photogenerated holes then migrate to the surface to 

react with water molecules and generate O2 and H+. The photogenerated electrons migrate 

to the back-contact and flow through the external connection to close the circuit. In the 

counter electrode, a p-type semiconductor is used to drive HER. Analogous to the 

photoanode, photogenerated electrons are migrated towards the surface to react with H+ ions 

to generate H2. The photogenerated holes are migrated towards the current collector to 

recombine with the electrons coming from the external wire in a tandem configuration19.  

 

Figure 1.1. Schematic representation of PEC water splitting with photoanode and photocathode1. 
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1.3.n-type and p-type Photoelectrode Properties for Water Splitting 

For photoelectrochemical cells, semiconductor materials are used as 

photoelectrocatalysts as they can absorb incident light and generate electron-hole pairs. 

However, there are certain set of conditions for a semiconductor to be used in a PEC cell, 

which are summarized below: 

Doping type: Photoelectrodes are doped semiconductors, which can be either n-type, or 

p-type. Depending on the type of doping either a depletion layer or an accumulation layer 

can be formed at the near surface region of the semiconductor, which is commonly referred 

to as the space-charge region, as shown in Figure 1.2. When the photoelectrode is immersed 

in the electrolyte, the Fermi level of the electrode and the electrochemical potential of the 

electrolyte equilibrate. Since the number of redox couple molecules in the electrolyte are 

much higher than the dopant or acceptor density in the electrode, only electrode Fermi level 

significantly shifts. For an n-type electrode, the Fermi level is close to the conduction band 

and at higher energy than E(H2O/O2). Thus, upon equilibration, the electrons are donated 

from the near surface region to the electrolyte, and a depletion layer forms. This depletion 

layer or the space charge region results in a built-in potential which is used to separate the 

photogenerated charge carriers. Due to the nature of the band bending, positively charged 

holes migrate towards the surface, and can be utilized for water oxidation reaction. In a 

similar manner, a p-type semiconductor Fermi level is close to its valence band. Thus, upon 

equilibration, the electrons flow from the electrolyte to the semiconductor, and a p-type 

depletion (or accumulation) can form. The resulting band bending separates the electron hole 

pairs, where electrons migrate towards the surface to drive water reduction reaction2.  

 

Figure 1.2. Simple schematic for n-type and p-type depletion and formation of band bending2. 
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Band gap: Band gap of a semiconductor is referred to as a forbidden region where 

ideally no chemical states are present to accommodate charge carriers. Photons only at higher 

or equal energy to the band gap can be absorbed by the material, to generate electron-hole 

pairs. These charge carriers in turn can be used to drive the reaction of interest, HER or OER.  

For semiconductors, the band gap can be either direct or indirect, which can be 

determined from the E-k diagram of the material. If the highest energy point in the valence 

band is located in the same k-vector with the lowest energy point in the conduction band, the 

electron excitation does not require a shift in momentum. Such behavior is called as direct 

band gap, as shown in Figure 1.3. If the valence band maximum and conduction band 

minimum are in a different k-vector, such transition is called indirect. The indirect transitions 

require an absorption or emission of a phonon, to account for the shift in momentum. 

Therefore the absorption coefficient for such materials are smaller with respect to direct band 

gap semiconductors2. 

 

Figure 1.3. Representative E-k diagram for a direct and indirect band gap semiconductor2. 

 

Another important parameter is the energy of the band gap. Since the photons that are 

only at higher energy than the band gap can be absorbed and utilized, the band gap energy 

directly affects the total number of photons that can be absorbed, therefore gives an upper 

bound to the maximum photocurrent density that can be obtained from a photoelectrode. 

Theoretical relation between the maximum photocurrent density with the material band gap 

is demonstrated in Figure 1.4 below. The solar spectrum is mostly comprised of visible 

region of the electromagnetic spectrum1, thus the theoretical current density shows a take-

off in the UV-visible region. 

 



 

5 

 

 

Figure 1.4. Theoretical maximum photocurrent and solar to hydrogen efficiency with respect to the 

material band gap, assuming 100% incident photon-to-current efficiency above band gap with AM 1.5 G solar 

spectra as incident light3. 

 

Band positions: The positions of the valence band maximum (VBM) and conduction band 

minimum (CBM) dictate the thermodynamical feasibility of a photoelectrode to drive certain 

chemical conversions. If the CBM is in the higher energy than the HER energy level (0 

VRHE), the photogenerated electrons can drive HER. Similarly, if the VBM is in lower energy 

than the OER energy level (1.23 VRHE), the photogenerated holes can drive the OER19. Band 

edge values for various photoelectrodes are shown in Figure 1.5 below. 

 

Figure 1.5. Band edge positions and band gaps of various semiconductors used for water splitting 

reactions4. 
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1.4.BiVO4-based Photoanodes for Oxygen Evolution Reaction 

1.4.1. Why BiVO4? 

Among different photoanode candidates for OER, BiVO4, an n-type semiconductor, is 

identified as one of the most promising materials. It can be synthesized from inexpensive 

precursors, and has a band gap of 2.4-2.5 eV, providing sufficient light absorption in the 

visible region20. 

1.4.2. Electronic and Crystal Structure  

BiVO4 has three different crystal structures, which are tetragonal scheelite, monoclinic 

scheelite, and tetragonal zircon. Monoclinic scheelite phase is identified as the most 

photoactive phase. In this structure, V atoms are coordinated by four O atoms in a tetrahedral 

site, and a Bi atom is coordinated by eight O atoms from eight different VO4 units21. When 

compared with another phase, for instance tetragonal scheelite, monoclinic scheelite has a 

high degree of asymmetry, with different V-O and Bi-O bond distances. This factor results 

in high degree of anisotropic electronic structure due to this asymmetry22. The crystal 

structure of monoclinic BiVO4 is shown in Figure 1.6. 

 

Figure 1.6. Crystal structure of monoclinic BiVO4
5. 

 

The n-type conductivity of BiVO4 is suggested to result from oxygen vacancies which 

act as shallow donors23,24. The electronic structure of BiVO4 valence and conduction bands 

is subjected to multiple experimental and theoretical studies. It is suggested that the valence 

band is comprised of O 2p and Bi 6s, orbitals, whereas the conduction band is mostly 

comprised of V 3d orbitals5,25.  
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1.4.3. Routes to Improve BiVO4 Water Oxidation Activity 

Doping: In order to improve BiVO4 water oxidation activity, n-type doping is one of the 

strategies to enhance the n-type conductivity of BiVO4. To that end, substitutional doping of 

W6+ or Mo6+ with V5+, or inducing oxygen vacancies or interstitial hydrogen are the common 

strategies26–29. Such defects can act as shallow donors for BiVO4. The donor density can be 

quantified from Mott-Schottky analysis, as described in the experimental methods section.  

Cocatalyst and overlayer deposition: The surface overlayer modifications typically aim to 

tune the surface properties of BiVO4, such as OER catalysis, or surface recombination. 

Variety of modifications were performed in the literature, such as Co-Pi, FeOOH, NiOOH, 

NiOOH-FeOOH, NiFeOx, NiFe layered double hydroxide, CoFeOx, CoOx, Co 

hexacyanoferrate, PdOx, IrOx, and Pt30–37.  

Other types of overlayers which do not necessarily have a catalytic contribution 

towards OER. Such modifications typically are utilized as passivation layers which may 

inhibit surface recombination, or protection layers which are utilized to inhibit 

photocorrosion and/or dissolution of the active material. To that end, TiO2, Al2O3, and 

ZnFe2O4 were reported previously in the literature38–40.  

Heterojunction formation: Heterojunction formation refers to the coupling of BiVO4 with 

another semiconductor, particularly at the FTO/BiVO4 interface. In order to have an efficient 

heterojunction by adding a new material as an electron transport layer, it should have good 

electron mobility and diffusion length compared to BiVO4, type II band alignment in which 

being electron conductive and hole mirroring, and high porosity to allow high BiVO4 

loading. The commonly utilized materials for this end are WO3, SnO2, TiO2, Al-ZnO, and 

CuWO4
40–45.  

1.5.CuBi2O4-based Photocathodes for Hydrogen Evolution Reaction 

1.5.1. Why CuBi2O4?  

CuBi2O4 was first identified as a potential photocathode candidate to drive HER from a 

high-throughput experimental semiconductor screening study in 200746. Since then, it is 

found that CuBi2O4 has a narrow band gap of 1.5-1.8 eV47,48, has a CBM higher energy than 

the HER energy49, and has a very positive flat-band potential which is >1.0 VRHE
50,51. All of 
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these features make CuBi2O4 a very attractive photocathode candidate for 

photoelectrocatalytic HER.  

1.5.2. Electronic and Crystal Structure  

The CuBi2O4 crystal structure was reported to be tetragonal, with P4/ncc space group52. 

The schematic for the crystal structure is given in Figure 1.7. In the schematic representation, 

the blue spheres represent Bi, orange spheres represent Cu, and the red spheres represent O 

atoms. The structure contains CuO4 square planar complexes stacked in a staggered manner 

along the c-axis. Between the CuO4 groups, each Bi atom is connected to six O atoms with 

three different bond lengths52.  

 

 

Figure 1.7. Schematic representation for the CuBi2O4 crystal structure6. 

 

It is found that the p-type conductivity of CuBi2O4 arises from the Cu vacancy states near 

the valence band edge53. The characteristics of the valence band and the conduction band, 

however, are a matter of some debate in the literature. Sharma et. al. suggested that VB and 

the CB edges arise from the combination of O 2p and Cu 3d orbitals in light of their DFT 

analysis53. Oropeza et. al. suggested from their combined experimental and DFT studies that 

CBM and VBM composed of Cu 3d and O 2p orbitals54, similar to before mentioned study. 

Cooper et. al. proposed that VBM and CBM are comprised of Cu 3d states without any 

significant contribution from other orbitals55.  
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1.5.3.  Routes to Improve CuBi2O4 Water Reduction Activity 

Doping: Doping CuBi2O4 to enhance its p-type conductivity is one of the strategies to 

enhance its water reduction activity. Kang et. al. demonstrated substitutionally doping Bi3+ 

with Ag+ can enhance the majority carrier concentration56. In another study, Wang et. al. 

suggested a forward gradient self-doping route to induce a gradient of Cu vacancies to 

enhance the charge separation57. Cu vacancies introduced by annealing in O2 environment is 

also suggested to enhance charge separation and CuBi2O4 activity58,59. In a different work, 

Co-doping into CuBi2O4 was suggested to enhance the interfacial charge resistance and 

reduce the charge carrier recombination, without changing the acceptor density60.  

Cocatalyst deposition: Cocatalyst deposition is a route to enhance the charge transfer kinetics 

of CuBi2O4 towards HER. Cocatalyst modifications of RuOx, Pt, and MoS2 were previously 

demonstrated in the literature to enhance the catalytic activity of CuBi2O4 surface57,61–63.  

Heterojunction formation: Heterojunction formation can be used to enhance the hole 

collection efficiency at the FTO/CuBi2O4 interface. Song et. al. suggested that a p-type Cu 

doped NiO ultrathin layer can be used to enhance the hole collection efficiency at the FTO 

interface64. Similarly in another work Fe doped NiOx at the FTO interface suggested to 

enhance the hole collection properties of the device58. CuO phase segregation from CuBi2O4 

near to the FTO interface is also suggested to act in a similar manner to improve the CuBi2O4 

activity. 

1.6.Charge Carrier Dynamics in Photoelectrodes 

When describing the working principle of a photoelectrocatalyst, it is said that electron 

hole pairs are generated as a result of photoexcitation, and the charge carriers migrate to the 

surface to drive the respective reaction, OER or HER. However, end-to-end conversion is 

kinetically challenging, as there are series of steps that charge carriers have to go through 

which are on different time scales65. These processes are summarized in Figure 1.8. given 

below. In the semiconductor, photoexcitation leads to generation of electron-hole pairs, 

which enables the transport of charges. The transport of the charges occurs via drift in the 

space-charge region due to the potential gradient, whereas in the bulk, the charge carriers 

separate via diffusion. However, because of the strong ionic character of the metal oxide 
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photoelectrodes, the excited charge carriers can interact with the lattice to form polarons. 

Formation of polarons, or self-trapped charge carriers, result in conduction via thermally 

activated hopping mechanism, as opposed to conduction of delocalized charge carriers in the 

valence or the conduction band, which limits the mobility66,67. Charge carrier trapping in the 

defect sites in the bulk, and in the space-charge region are also considered as loss 

mechanisms, as these are said to be too unreactive to contribute to the energy conversion68.  

 

Figure 1.8. The charge carrier dynamics timescale in photoelectrodes65.  

 

At the photoelectrode surface, due to the termination of the crystal lattice structure of the 

metal oxide, chemical defects, or surface-states, can be formed. These surface-states can act 

as charge carrier traps, resulting in localization69,70. However, determining the role of the 

surface-state, whether it is to mediate recombination loss, or to drive charge separation 

and/or water oxidation/reduction catalysis is non-trivial.  

The surface localized charge carriers are known to react in the time scale of millisecond 

to second71. This suggests that the charge carrier dynamics at the surface-states can occur in 

this time regime as well. Even though this feature makes it challenging for charge carriers to 

react at the photoelectrode surface without going through recombination, it makes it easier 

to study such dynamics with less sophisticated instrumentation.  

1.7.About this study 

This study aims to understand how different modifications at the photoanode and 

photocathode surfaces can alter their performance. More importantly, what are the roles of 

these modifications in the context of charge carrier trapping and/or recombination at the 

semiconductor surface. Such processes are crucial to understand how does a photoelectode 
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work and how can one design and tune surface properties to achieve maximum charge carrier 

utilization. To that end, we have studied BiVO4 based photoanodes, and CuBi2O4 based 

photocathodes, which are very promising materials to achieve high efficiency PEC water 

splitting. BiVO4 and CuBi2O4 with optimized surface properties may be used in tandem in 

the future, to produce H2 and O2 from water without any external bias. 

In this study, we have modified BiVO4 surface with TiO2 overlayer using atomic layer 

deposition (ALD). We have shown that such modification can significantly enhance the 

water oxidation activity, by only modifying the surface. Passivation of the photogenerated 

electron trapping process at the surface states and enhancement of charge separation 

efficiency were suggested to be the rationale behind the activity increase. We have also 

investigated the effect of the surface composition of the CuBi2O4. We have shown that 

varying Cu amount can significantly change the charge carrier trapping process, and the 

water reduction activity. 

In Chapter 2, the experimental procedures for the material synthesis, 

photoelectrochemical and structural characterizations were explained.  

In Chapter 3, the effect of ultrathin TiO2 overlayer on BiVO4-based photoanodes was 

investigated.  

In Chapter 4, charge carrier dynamics at the surface of CuBi2O4-based photocathodes 

was investigated. The effect of TiO2 overlayer on these dynamics was explored. 
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Chapter 2. Experimental Methods 

2.1.Synthesis Procedures 

2.1.1.  Electrodeposition 

Electrodeposition is a solution-based synthesis method that utilizes a conductive 

substrate as a working electrode, a counter electrode and a reference electrode, and a plating 

solution. The applied potential in between the electrodes can drive the deposition reaction 

on the conductive substrate, and result in amorphous or polycrystalline materials72. It has 

many advantages as opposed to other chemical synthesis routes73,74. The plating solution 

composition, pH, temperature, additives, and the used solvent can be manipulated which can 

affect the morphology and crystal growth. The applied potential can be tuned to 

thermodynamically and kinetically control the reaction and the deposition time or charge 

passed through can be altered to vary the sample thickness. It allows conformal deposition 

which makes it easier to grow different materials as under/overlayer, which is a common 

strategy for device fabrication in the field of photoelectrochemical energy conversion. Also, 

it is a scalable method, which makes it a robust synthesis route for both small- and large-

scale operations. 

2.1.1.1. Electrochemical Synthesis of Nanoporous BiVO4 

The synthesis of BiVO4 was performed with the method reported by Kim et. al37. The 

3-electrode set-up consists of FTO (fluorinated-tin oxide, 6-9 Ω.square-1) on glass as the 

working electrode, a Pt coiled wire as a counter electrode, and a Ag/AgCl (sat’d KCl) as a 

reference electrode. The FTO substrates prior to deposition were cleaned in acetone, ethanol, 

and ultrapure water for 10 minutes each, in a sonicator. Then they were masked with a non-

conductive PTFE (polytetrafluoroethylene) tape with a 6 mm diameter circular hole which 

exposes the substrate to obtain a homogeneous coating. To prepare the plating solution, first 

1.66 g potassium iodide (0.4 M) was dissolved in 25 mL ultrapure water. The pH of the 

solution was adjusted to 1.7 with diluted nitric acid solution. Then 485 mg bismuth nitrate 

pentahydrate (0.04 M) was added to the solution and stirred until complete dissolution. A 

separate solution was prepared by dissolving 249 mg p-benzoquinone (0.23 M) in 10 mL 

ethanol. Then these solutions were mixed to obtain the final solution. The I- ions facilitate 
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the formation of BiI4
- complex in the solution. The p-benzoquinone was utilized to impede 

the deposition of metallic Bi, as opposed to BiOI74. The FTO-coated glass was faced towards 

the counter electrode whereas the reference electrode was placed to the side of the working 

electrode. A Biologic VSP-300 potentiostat was used for the electrodeposition, which was 

done under -0.1 V bias vs Ag/AgCl reference electrode for 2 minutes to obtain BiOI film. 

After electrodeposition, the electrodes were rinsed with ultrapure water and dried in air at 

room temperature. Then 530 mg vanadyl acetyl acetonate (0.4 M) was dissolved in 5 mL 

DMSO. This solution was dripped on the BiOI surface until complete coverage. The samples 

were annealed in a muffle furnace in air at 450 °C for 2 hours, with a 2 °C.min-1 temperature 

ramping rate. Then, the photoanodes were soaked in 1 M sodium hydroxide solution for 30 

minutes to remove the excess V2O5 at the surface. Figure 2.1 shows the images of the 

photoelectrodes at various synthesis stages. Finally, the photoanodes were further annealed 

at 200 °C with flowing O2 gas in a tubular furnace75. 

 

Figure 2.1. (a) Electrodeposited BiOI film, (b) BiOI film after drop casting VO(acac)2 solution, (c) BiVO4 

photoanode after calcination with V2O5 impurity, (d) BiVO4 photoanode after washing with 1 M NaOH. 

2.1.1.2.Electrochemical Synthesis of Nanoporous CuBi2O4 

The synthesis of the CuBi2O4 photocathodes were performed using an electrodeposition 

route reported previously in the literature56. Same 3-electrode configuration and FTO 

cleaning procedure was used, as described in the nanoporous BiVO4 synthesis. Prior to 

deposition, the FTO substrates were masked using a PTFE tape with a 6 mm diameter 
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circular hole in the middle, to ensure homogeneous deposition. The non-aqueous 

electroplating solution was prepared using ethylene glycol as a solvent. 1.70 g of bismuth 

nitrate pentahydrate (0.1 M), and 0.244 g of copper nitrate hemi(pentahydrate) (0.03 M) were 

added to the solution, and the solution was stirred until complete dissolution. The substrate 

was faced towards the counter electrode, and the reference electrode was placed near to the 

working electrode. The electrodeposition was carried out at -1.8 V vs Ag/AgCl, until the 

charge passed through the cell became 0.8 C.cm-2. The resulting Cu-Bi film was then 

annealed in a muffle furnace in air at 450 °C for 3 hours, with a 3.5 °C.min-1 temperature 

ramping rate. Figure 2.2 given below shows the photoelectrode images after 

electrodeposition and after calcination.  

 

Figure 2.2. (a) Cu-Bi film after electrodeposition, and (b) CuBi2O4 after calcination.  

2.1.2.  Atomic Layer Deposition (ALD) 

Atomic layer deposition is a technique that allows thin film coating with excellent 

thickness control and high uniformity. Successive cycles during the ALD allow for uniform 

film growth even in high-aspect-ratio substrates due to the self-limiting nature of the 

process76. It is a vapor phase deposition method, which consists of typically two reaction 

steps for each cycle. Before the start of the ALD, the chamber is vacuumed with a pump. 

For the first step of the cycle, the surface is oxidized by an oxidizing agent, together with a 

carrier gas, to facilitate the growth of the oxide material. Oxidizing agents such as, H2O, O2, 

O3, or H2O2 can be used to this end. After this step, the chamber is swept by an inert gas, 

which can be N2 or Ar, to remove the unreacted moieties. Then, the precursor gas is dosed 

to the chamber with a carrier gas, to react at the oxidized substrate surface77. The precursor 

may be heated to a certain temperature to increase its vapor pressure. After sweeping the 

unreacted species in the chamber with N2, 1 ALD cycle would be completed. In order to 

grow oxide material and increase its thickness, same cycle is repeated. 
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For the ALD of TiO2, titaniumisopropoxide (TTIP) is utilized as a precursor, and water 

is used as an oxidizing agent. N2 gas was used both as a carrier gas, and to sweep the 

chamber. In the first step of the cycle, the surface of BiVO4 is hydroxylated with H2O vapor 

to ensure TiO2 growth. The pulse duration of H2O was 0.15 s with 15 s of N2 flow. Then 

TTIP is dosed for 1 s with 15 s of N2 flow to react at the surface to form to oxidize the TTIP 

bound on the surface, releasing isopropyl groups. The last H2O pulse fully converts the layer 

to TiO2. This process is repeated multiple times to increase the overlayer thickness on 

BiVO4. The schematic representation of TiO2 growth using ALD is given below as Figure 

2.3. 

 

 

Figure 2.3. Schematic representation of the TiO2 growth via ALD7. 

2.2.Photoelectrochemical (PEC) Characterizations 

2.2.1. PEC Set-up 

All of the photoelectrochemical characterizations were performed in a 3-electrode 

configuration, using a working electrode, a counter electrode which is a coiled Pt wire, and 

a Ag/AgCl(sat’d KCl) reference electrode. A commercial electrochemical cell made of 

quartz was utilized for the measurements, for full UV-visible light transmission through the 

cell towards the sample. For the light source, a 100 W Xe lamp which is coupled to a 

AM1.5G filter and a collimator, unless otherwise is stated. The power of the incident light 

was set to 100 mW.cm-2, by calibrating with a thermal power sensor. A Biologic VSP-300 

potentiostat was utilized to carry out the photoelectrochemical measurements.  
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The measured potential scale was converted to vs Reversible Hydrogen Electrode 

(scale) in order to be able to compare photocurrent onset values of electrodes at different pH 

values. Nernst equation given below was utilized to do the potential conversion: 

 

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ×  𝑝𝐻 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙
°    Equation 2.1  

in which VRHE is the applied potential with respect to the RHE; VAg/AgCl is the applied 

potential with respect to the Ag/AgCl reference electrode; pH is the pH of the electrolyte 

solution; V°Ag/AgCl is the standard potential of the reference electrode (0.197 VRHE). 

2.2.2.  Linear Sweep Voltammetry (LSV) 

LSV is an electrochemical method, where the potential between the reference and the 

working electrode is swept with time between two values, and the current is recorded78. For 

PEC experiments, it can be done either under front illumination, back illumination, or in the 

absence of illumination. It is the most basic method to screen the activity of a given 

photoelectrode.  

2.2.3. Cyclic Voltammetry (CV) 

Like LSV, CV is also a potential sweep method. However, the potential modulation 

between the electrodes is cycled, as one cycle consists of sweeping from V1 to V2, then V2 

back to V1. The number of cycles can be set as an experimental parameter. CV can be utilized 

to understand the redox processes happening on the electrode surface, their reversibility, and 

the stability of the electrode78. 

2.2.4.  Chronoamperometry (CA) 

Chronoamperometry is a method in which the applied potential between the reference 

electrode and the working electrode is fixed. The current response is measured as a function 

of time, after a potential step78. Such experiments in the context of PEC systems can be done 

for transient photocurrent measurements, and stability assessments.  
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2.2.5. Transient Photocurrent (TPC) 

Transient photocurrent is a technique where a constant applied potential is applied 

between the electrodes like CA, and a light pulse is given to the sample for a certain duration. 

The current response in the photoelectrode in dark, under illumination, and again in dark is 

recorded, as a function of time. Such experiment can be carried out at various applied 

potentials, pulse durations, and illumination intensities, and are useful for understanding the 

charge accumulation/transfer behavior at the photoelectrode surface79. TPC measurements 

done in this study were performed at various applied potentials, using either 50 W power 

LED, or 100 W Xe lamp as light source, with 50 ms, 500 ms, or 5 sec pulse widths.  

2.2.6. Incident Photon-to-Current Efficiency (IPCE) 

IPCE is a method to assess the quantum efficiency of the photoelectrode. It is the 

fraction of the incident photons that are converted to a current flow in the cell. It is typically 

done at various wavelengths of incident light. 

In this study, IPCE measurements were done in the same 3-electrode set-up, using a 

Newport IPCE set-up, consisting of a 300 W Xe lamp, and a monochromator. IPCE values 

were calculated using the equation below: 

 

𝐼𝑃𝐶𝐸 =
[𝑗 (𝑚𝐴.𝑐𝑚−2)×1240 (𝑉.𝑛𝑚)]

[𝑃𝜆(𝑚𝑊.𝑐𝑚−2)×𝜆 (𝑛𝑚)]
     Equation 2.2 

where j is the photocurrent density, λ is the wavelength of the incident light, and Pλ is 

the power of incident light at wavelength λ. 

2.2.7. Open-Circuit Potential (OCP) 

Open-circuit potential is defined as the potential difference between the reference 

electrode and the working electrode, in the absence of any current flow through the cell. For 

photoelectrode systems, OCP can be measured in dark and under illumination. The 

difference between the dark and light OCP is the Fermi level difference of the majority 

carrier under such conditions. This value can be interpreted as thermodynamical driving 

force of the photoelectrode6. 
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2.2.8. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is an AC (alternating current) based 

technique, which measures the current response to an AC potential signal input, at various 

frequencies. Depending on the current response, a given electrochemical system can be 

studied and modeled, using circuit elements such as resistors and capacitors. EIS is typically 

done at a single applied potential, however it can be done in a potential window, to study the 

capacitance and resistance development of a photoelectrode as a function of potential. 

Imaginary part of the impedance vs the real part of the impedance can be plotted, which is 

referred to as Nyquist plot. Randle’s circuit is a commonly utilized model for fitting the EIS 

data, which is given as Figure 2.4. The model consists of Rs which refers to the ohmic 

resistance in the cell resulting from the electrolyte, electrical contacts, and wires, Rct 

corresponding to the charge transfer resistance across the photoelectrode/electrolyte 

interface, and constant phase element (CPE) which stands for the capacitance at the 

photoanode/electrolyte interface. CPE is generally used instead of an ideal capacitor because 

of the inhomogeneity at the metal oxide photoelectrode surface, as well as the roughness, 

porosity, and complexity of the Helmholtz layer80. 

 

. 

Figure 2.4. Randles circuit model. 

2.2.9. Mott-Schottky Analysis (MS) 

Mott-Schottky analysis is a method to assign the flat-band potential and the donor 

(acceptor) density of a given n-type (p-type) photoelectrode. Flat band potential can be 

defined as the applied potential in which the conduction and valence bands become flat, and 

the donor density (Nd) can be defined as the concentration of the donor ions in the space-

charge region. It is an EIS based technique, in which impedance of the photoelectrode in 

dark is measured in a given potential window. The reciprocal of the second power of the 
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measured space-charge capacitance (CSC
-2) is plotted with respect to the applied potential. 

For the calculation of Nd or Na, the linearly increasing or decreasing region is fitted with a 

linear curve. The intersection with the potential axis is said to be the flat band potential. The 

slope of the curve can be used to calculate the Nd or Na, using the Mott-Schottky equation 

given below: 

𝐶𝑆𝐶
−2 =

2

𝜀0𝜀𝑟𝐴2𝑒𝑁𝐷
(𝑉 − 𝑉𝐹𝐵 −

𝑘𝐵𝑇

𝑒
)      Equation 2.3 

where Csc is the capacitance at the space-charge layer, 0 is vacuum permittivity, r is 

the relative permittivity of the material, A is the surface area, e is the charge of an electron, 

ND is the dopant density, V is the applied potential, VFB is the flat-band potential, kB is the 

Boltzmann constant, and T is the absolute temperature. 

The type of the conductivity of the photoelectrode can be determined with the Mott-

Schottky analysis as well. If the linear slope is positive, the photoelectrode is said to be n-

type, and the Nd can be calculated. If it is negative, photoelectrode is said to be p-type, and 

the Na can be calculated from the slope81. 

The Mott-Schottky analysis performed in this study were done in the absence of 

illumination, with the potential range of 100.0 kHz-100 mHz with 10.0 mV voltage signal 

amplitude. 

2.2.10. Electrochemically Active Surface Area (ECSA) 

Electrochemically active surface area (ECSA) measurements are used to assess the 

surface area of the photoelectrode. In this measurement, the surface area is determined 

indirectly by measuring the double layer capacitance (CDL). The surface area is said to be 

proportional to the measured CDL. In order to determine the capacitance, CV is carried out 

in a non-faradaic region (in dark for photoelectrodes), at various potential scan rates. Then, 

the (janodic-jcathodic)/2 is plotted with respect to the scan rate. The slope of the linear fit of these 

data points is said to be the CDL
82. 

2.2.11.  Charge Injection and Separation Efficiency 

In order to assess and de-couple the charge separation and catalytic performance of the 

photoelectrode, charge injection and separation efficiency can be calculated. Theoretically, 
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under any given potential, the measured photocurrent can be calculated by the equation given 

below: 

𝑗𝑃𝐸𝐶 = 𝑗𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒𝜂𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛𝜂𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛    Equation 2.4 

jPEC is the photocurrent density, jabsolute is the maximum photocurrent density of the 

photoelectrode based on its absorption coefficient (α), and assuming 100% absorbed light-

to-current efficiency, ηseparation is the charge separation efficiency, and the ηinjection is the 

charge injection efficiency from the photoelectrode surface to the electrolyte. ηseparation is 

usually <1, typically because of the poor electron-hole diffusion lengths, poor material 

conductivity, or overwhelming bulk recombination. ηinjection is also <1 in the absence of a 

scavenger for the minority charge carriers, due to the kinetic limitations at the photoelectrode 

surface. ηseparation and ηinjection can be calculated from the equations given below: 

𝜂𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑗𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟

𝑗𝑎𝑏𝑠
      Equation 2.5 

𝜂𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝑗𝑂𝐸𝑅/𝐻𝐸𝑅

𝑗𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟
      Equation 2.6 

Where jscavenger is the measured photocurrent density at a given potential in the presence 

of an electron or hole scavenger, jOER/HER is the photocurrent density due to the reaction of 

interest, such as oxygen evolution or hydrogen evolution reaction. In the presence of a 

scavenger, due to superior charge transfer kinetics, ηinjection is assumed to be unity. Thus, 

under such conditions, equation 2.4 becomes equation 2.5, and the separation efficiency can 

be calculated, at a given potential. jabs is a quantity which depends on the band gap of the 

photoelectrode, as well as the absorption coefficient.  

 

2.3.Structural Characterizations 

2.3.1.  X-ray Photoelectron and Auger Electron Spectroscopy (XPS, AES) 

XPS is an X-ray based structural characterization technique, which is surface sensitive. 

It is based on photoelectric effect in which an electron is ejected from a surface as a result 

of incident photons towards the surface of a material. The kinetic energy of the ejected 

photoelectron is detected by the instrument, and the binding energy can be calculated from 

the formula given below: 
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𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − Φ𝑋𝑃𝑆      Equation 2.7 

Where BE is the binding energy of the electron, ℎ𝜈 is the incident photon energy, KE is 

the kinetic energy of the photoelectron, and Φ𝑋𝑃𝑆 is the work function of the instrument.  

The binding energy of the electrons is element and valency specific. This makes XPS is 

a useful technique to determine the elemental composition, and oxidation states of the atoms 

at the surface. XPS is used to acquire information within the outer most 10 nm of the 

material, but not from the bulk of the material. However, the incident X-rays may penetrate 

up to µm scale into the material. The photoelectron inelastic mean free path (IMFP) 

determines the surface sensitivity of the technique. IMFP is a function of electron kinetic 

energy, and the universal curve which gives such relation is given below: 

 

Figure 2.5. The universal curve of inelastic mean free path of an electron as a function of its kinetic 

energy8. 

 

Since the generated photoelectron kinetic energies are in the order of 1000 eV, the mean 

free path of the ejected electrons, and thus the surface sensitivity of the technique becomes 

1-10 nm9.  

In the obtained XPS spectras, the signals coming from Auger electrons are also present. 

After the photoelectron is ejected from the atom, a deexcitation from the outer shell electron 

to the core hole may occur. As a result, Auger electron is ejected, in which their kinetic 

energy does not depend on the incident photon energy, but the energy difference between 

the inner and outer shell electrons. A representative figure for XPS and AES process is given 

below: 
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Figure 2.6. Schematic representation of XPS and AES processes9. 

 

For this study, XPS analysis was carried out by using a commercial Thermo Kα 

laboratory XPS system, which uses a monochromatized Al Kα as the X-ray source. The 

quantification of the TiO2 overlayer thickness on BiVO4 photoanodes were performed as 

described in the Appendix section. 

2.3.2.  Raman Spectroscopy 

Raman spectroscopy is a technique which is used to assign molecular vibrational modes 

of a given material. It can help to identify the phase of the material. It is an inelastic 

scattering-based method, rather than light absorption/transmission. The monochromatic high 

intensity light beam, typically generated by a laser, is sent to this sample surface. The 

molecule is excited to a higher vibrational “virtual” state. Since this state is a short-lived 

state, system goes back to the initial state and a photon is irradiated. In Raman scattering, 

the incident light interacts with the molecule and polarizes the electron cloud in the molecule. 

Then, energy from photon to molecule or molecule to photon will be transferred, so that the 

energy of the scattered photon is different from the energy of the incident photon, by one 

vibrational energy unit. Raman scattering is inherently a weak process, such that only one in 

every 106-108 photon will be scattered, which makes it necessary to use a strong light beam 

as the incident light83.  
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2.3.3.  X-ray Diffraction (XRD) 

XRD is an X-ray based technique, which is utilized to assign the phases of a single 

crystal or polycrystalline material, atomic planes of these phases, their crystal structures and 

their crystallinities. In this technique, incident X-rays are sent to the material with a certain 

angle with respect to sample plane, θ. The scattered electrons from the atomic planes of the 

sample, either constructively or destructively interfere. Depending on the signal coming 

from the constructive interference as a function of the 2θ angle is called the XRD spectra. 

The diffraction of X-rays from the atomic planes of the material interferes constructively, 

following the Bragg’s law given below: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃       Equation 2.8 

where n is the order of reflection, 𝜆 is the wavelength of the incident beam, d is the 

spacing between the atomic planes, and 𝜃 is the angle of reflection84.  

The XRD spectras for this study was obtained from Bruker D2 Phaser diffractometer.  

2.3.4.  UV-visible Absorbance and Tauc Analysis 

UV-visible absorption spectroscopy is a tool to assess the photon absorption properties 

of a material over the UV and the visible spectrum range. It gives information on the 

electronic transitions of the material. The fraction of transmitted light follows the Beer’s law 

given as: 

−log10
𝐼

𝐼0
= 𝜀𝑐𝑙 = 𝐴      Equation 2.9 

in which A is the absorbance, 𝜀 is the molar absorptivity coefficient, c is the 

concentration of the absorbing species, and l is the path length of the light through the 

sample. For semiconductor photoelectrode, UV-vis can be used to assign the optical band 

gap, since it gives information about the electronic transitions between the valence band and 

the conduction band. By generating a Tauc plot, the value of the optical band gap, and the 

type of the band gap, whether it is direct or indirect can be determined. The equation for the 

Tauc analysis is given below81: 

(𝛼ℎ𝜈)
1

𝑛 = 𝐴(ℎ𝜈) − 𝐸𝑔      Equation 2.10 
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Where Eg is the band gap energy, and the value of n depends on the nature of the 

electronic transition. For an allowed direct transition n=1/2 whereas for allowed indirect 

transition n=2.  

The UV-vis analysis performed in this study was performed using Shimadzu UV-3600 

UV-VIS-NIR Spectrometer, in the diffuse reflectance mode. The reflectance data is then 

converted to absorbance with the Kubelka-Munk transformation given below: 

𝑘

𝑠
=

(1−𝑅∞)2

2𝑅∞
       Equation 2.11 

In which k is the absorption coefficient, s is the scattering coefficient, 𝑅∞ is the diffuse 

reflectance85.  

2.3.5.  Field Emission Scanning Electron Microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) is a method for obtaining 

topographical images from a given sample at magnifications from 10x to 300000x. The 

difference between FESEM and scanning electron microscopy (SEM) is using an electron 

beam produced by a field emission source which provides images with higher clarity and 

less distortion with 3 to 6 times better resolution. In principle, a focused electron beam scans 

the surface of the sample and generates secondary electrons. These electrons are collected 

by detectors to create an image from the surface86.  

FESEM images in this thesis were obtained via Zeiss Ultra Plus Field Emission 

Scanning Microscope at different magnifications. 
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Chapter 3. Modifying the Electron-Trapping Process at the BiVO4 

Surface States via the TiO2 Overlayer for Enhanced Water Oxidation  

3.1.Introduction 

One of the important bottlenecks for BiVO4 photoelectrochemical (PEC) activity is its 

slow kinetics for oxygen evolution reaction (OER) and charge transfer across semiconductor 

photoelectrode/electrolyte interface87,88. It is known that OECs can improve BiVO4 

performance either by improving the OER kinetics and increasing the charge transfer rates 

at the photoanode/electrolyte interface or by passivating the surface states. Surface states are 

mid-band energy states which can act as recombination centers for the charge carriers89. In 

fact, various overlayers such as NiOx and CoPi have been utilized for surface state 

passivation on BiVO4, without any catalytic improvement towards OER90–93. However, it is 

reported that the deposition of OECs (oxygen evolution catalysts) on BiVO4 could 

deteriorate the performance of BiVO4 due to increased recombination at the interface of 

BiVO4/OEC93. These studies indicate that optimizing the BiVO4 surface in regard to minimal 

surface recombination is of utmost importance in improving the water oxidation activity of 

the photoanode. 

Deposition of other oxides such as TiO2 which are not considered as an OEC has been 

reported to improve the water oxidation activity of hematite photoanodes. Feng et al. 

reported that decorating the grain boundaries of hematite with TiO2 by a chemical bath 

deposition method boosted the PEC performance due to enhanced charge separation 

efficiency and improved charge transfer to the electrolyte94. In a similar hierarchical 

structure, it was shown that the modification of the hematite surface by deposition of TiO2 

overlayer led to the passivation of the surface states and reduction in the surface 

recombination, which resulted in increasing the photovoltage and enlarged band bending95. 

Hence, utilizing other overlayers, not necessarily the OECs, which could make a proper 

interface with BiVO4 could also improve the water oxidation activity of BiVO4 photoanodes. 

The deposition of TiO2 on BiVO4 as a protective layer has been depicted by several 

groups. Kim et al. demonstrated that deposition of ZnO and TiO2 on BiVO4 nanopillars by 

atomic layer deposition (ALD) enhanced the PEC performance96. They showed that the 
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heterojunction between ZnO and BiVO4 improved charge separation and the TiO2 layer 

inhibited the photoanode degradation. TiO2 deposition on BiVO4 had a negligible effect on 

increasing the photocurrent. McDowell et al. used ALD for coating TiO2 on BiVO4 
97. They 

loaded Ni and Co on BiVO4/TiO2 film and showed that the TiO2 layer acted as a protective 

layer in an alkaline environment and increased the lifetime of photoanode. Activity 

increment was supposed to be due to Ni and Co catalysts on top of the TiO2 layer. However, 

they did not study the effect of TiO2 alone on the performance of BiVO4. Hwang and 

coworkers fabricated 3 layered SnO2/BiVO4/TiO2 photoanode which show photoactivity 

higher than bare BiVO4
98. They attribute the improvement to enhanced charge separation 

due to type-II heterojunction formation between SnO2/BiVO4. The TiO2 overlayer was 

utilized to protect the underlying photoanode from photocorrossion. 

The OER activities enhanced by deposition of titanium oxides on BiVO4 have also been 

demonstrated. Tian and coworkers fabricated a core-shell structure of BiVO4/TiO2-x by 

coating TiO2 on nanoporous BiVO4 using ALD, followed by hydrogen plasma treatment at 

room temperature99. Amorphous TiO2-x, composed of Ti2O3 and Ti4O7, showed catalytic 

activity for the OER and also suppressed the photocorrosion of black BiVO4. Their X-ray 

photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS) 

investigations showed the Ti3+ rich phase was present at the top surface for the active phase. 

However, TiO2 did not show any OER activity. In another work, BiVO4/TiO2 heterojunction 

was studied, where hydrogen treatment for the top TiO2 layer was utulized100. They claim to 

alter the band alignment from type-I to type-II with this method, thus they achieved higher 

water oxidation activity due to the enhanced photoabsorption and hole transport. Monfort et. 

al. demonstrated that TiO2 overlayers could improve the photocurrent and the hydrogen 

production rate of bare BiVO4 photoanode101. Still, the origin of this improvement -whether 

TiO2 layers enhanced the catalytic activity, suppressed the surface recombination, or 

enhanced charge separation- was not elucidated. In another study, it was suggested that the 

TiO2 overlayer on BiVO4 might passivate the electron-hole recombination and the back-

reduction of the oxidized species at the interface102. Chen and coworkers investigated the 

effect of surface states on oxygen-vacancy-rich reduced TiO2/BiVO4 photoanode. They have 

demonstrated that the reduced TiO2 overlayer could passivate surface states with slow water 

oxidation kinetics whereas it increased the density of holes that were related to oxygen 
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vacancies. Moreover, they claimed that reduced TiO2 passivated the irreversible electron 

trapping process of VO2
+ to VO2+ at the surface103. 

Herein, we demonstrated that the deposition of an ultrathin layer of TiO2 on nanoporous 

BiVO4 by ALD enhanced the water oxidation activity of BiVO4 significantly. Our results 

showed that the thickness of TiO2 was critical in the PEC performance of BiVO4. We 

emphasized that the photogenerated electron trapping mechanism at the surface states was 

suppressed via TiO2 deposition for the first time, facilitating higher electronic 

photoconductivity. Furthermore, the passivation of surface states via ultrathin TiO2 

overlayer resulted in enhanced band bending and charge separation to increase the water 

oxidation performance of BiVO4. Thicker TiO2 overlayer also passivated surface states but 

deteriorated the PEC activity simultaneously due to increased charge transfer resistance. 

3.2.Experimental Procedure 

The BiVO4 photoanodes were synthesized, and the ALD of the TiO2 overlayer was 

carried out as described in Section 2.1. The PEC set-up used to carry out the experiments 

was also explained in Section 2.2.1. The structural characterizations such as XPS and 

FESEM were also described in Section 2.3.  

3.3.Results and Discussion 

LSV results presented in Figure 3.1a show the water oxidation activity of BiVO4 

modified by TiO2 overlayers of varying thicknesses. Bi 4f, V 2p, Ti 2p, and O 1s XPS spectra 

given in Figure A1.1 summarize TiO2 thickness-dependent spectral changes. Bi 4f and V 2p 

peak intensities decrease, whereas Ti 2p signal increases with increasing ALD cycles. This 

is a clear indication of overlayer growth on the BiVO4 surface. Since the amount of TiO2 

deposited per cycle may vary between ALD systems, precursor types, precursor pulse 

lengths, reactor temperatures, and oxidizing agents, we quantify the overlayer thickness by 

analyzing the changes in the Ti 2p and Bi 4d XPS peak intensities. The fittings are presented 

in Figure A1.2 and the details of the analysis are given in Appendix A. The calculated TiO2 

overlayer thickness with respect to the number of ALD cycles is given as an inset of Figure 

3.1a. ALD is a technique that allows thin film coating with excellent thickness control and 
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high uniformity. Successive cycles during the ALD allow for uniform film growth even in 

high aspect ratio substrates, due to the self-limiting nature of the process76. In fact, ALD 

studies done on ultrathin TiO2 layers with titanium isopropoxide as the titanium precursor 

and H2O as oxidant, confirm that the growth is self-limited104. The growth of TiO2 thin films 

occurs with two half-reactions. Initially, titanium isopropoxide dissociatively chemisorbs on 

the hydroxylated oxide surface and subsequent desorption of produced isopropanol occurs. 

Then, H2O fully oxidizes the titanium surface species to produce an atomic layer of 

TiO2
105,106. Considering the self-limiting nature of both half-reactions, it can be expected to 

obtain uniform growth of ultrathin TiO2 on BiVO4. High binding energy shoulder at 531 eV 

in O 1s XPS spectrum (Figure A1.1d) confirms that bare BiVO4 surface is hydroxylated and 

suitable for uniform TiO2. This was partially confirmed by FESEM presented in Figure A1.3 

within its image resolution, the deposition of ultrathin TiO2 on BiVO4 does not cause any 

change in the overall surface morphology. Raman spectras shown in Figure A1.4 only shows 

the spectral features of BiVO4
107, due to TiO2 being an ultrathin layer, rather than in bulk. 

XRD analysis did not show any peaks (not shown) that could be attributed to the reflections 

from TiO2 planes, even for the thickest layer. The lack of long-range order might be expected 

due to the low-temperature ALD of TiO2, however, we note that the ultrathin layers could 

make XRD measurements challenging. 

LSV curves presented in Figure 3.1 demonstrate that the optimum TiO2 thickness for 

the superior water oxidation activity is determined to be 1.3 nm. When the thickness of the 

TiO2 overlayer is thinner than 1.3 nm the improvement in the water oxidation activity of 

BiVO4 is less profound. This can be attributed to the partial TiO2 coverage on the surface. 

At higher thicknesses, the photocurrent starts to decrease due to the increased charge transfer 

resistance at the photoanode surface. The onset potential also shifts cathodically from ~0.2 

to ~0.1 VRHE with the TiO2 deposition. The EIS measurements were also done for 

photoanodes with different TiO2 overlayer thicknesses. The data is fitted using Randle’s 

model with a constant phase element, which is shown in Figure 3.1b as an inset. The model 

consists of Rs which refers to the ohmic resistance in the cell resulting from the electrolyte, 

electrical contacts, and wires, Rct corresponding to the charge transfer resistance across the 

photoelectrode/electrolyte interface, and constant phase element (CPE) which stands for the 

capacitance at the photoanode/electrolyte interface. CPE is generally used instead of an ideal 
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capacitor because of the inhomogeneity at the metal oxide photoelectrode surface, as well as 

the roughness, porosity, and complexity of the Helmholtz layer80. The Nyquist plots for the 

EIS measurements are given in Figure 3.1b. For bare BiVO4, the Rct is equal to 736 Ω. 

Ultrathin TiO2 overlayer results in a decrease in the Rct values, in which for the optimum 

TiO2 thickness, it decreases to 391 Ω. At higher thicknesses, the Rct value starts to increase 

to 408 Ω at 1.4 nm, and 3500 Ω at 5.8 nm. The EIS measurement results are consistent with 

the LSV scans, as the obtained photocurrent is highest for BiVO4/1.3 nm TiO2 compared to 

other TiO2 thicknesses and bare BiVO4. For BiVO4/OEC photoanodes, similar 

improvements in the Rcts were reported: from 601.9 Ω to 257.3 Ω for α-FeOOH108, and from 

791.2 Ω to 239.6 Ω for FeCoOx
109 cocatalysts. Although the improvement in the Rct values 

is more profound with the deposition of cocatalysts, it can be said that enhancement resulting 

from TiO2 overlayer is similar in terms of order of magnitude. 

 

Figure 3.1. (a) LSV measurements under front illumination in 0.1 M KPi buffer with pH=7.4 (calculated 

nominal TiO2 thickness with increasing ALD cycle number as an inset). (b) EIS measurement at 0.6 VRHE in 

0.1 M KPi with 0.5 M Na2SO3 with pH=7.8 (Randle’s model as an inset). (c) UV-visible absorbance spectra. 

(d) IPCE measurement at 1.23 VRHE in 0.1 M KPi buffer. 
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The optical properties of the photoanodes were investigated using UV-vis absorbance 

spectroscopy. As shown in Figure 3.1c, the absorbance of the photoanode increases slightly 

with the TiO2 overlayer. This can be expected as TiO2 can be utilized as anti-reflection 

coatings for solar devices110. However, the improvement in the UV-vis absorbance is 

insignificant in comparison with the photocurrent enhancement, therefore it has only a minor 

contribution to the overall photoanode performance. Tauc analysis given in Figure A1.5 

shows that the band gap of BiVO4 is 2.55 eV, which is consistent with the literature111,112 

and does not change with the TiO2 overlayer. IPCE measurements were also carried out for 

bare BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2 photoanodes at 1.23 VRHE applied 

potential in buffer solution as shown in Figure 3.1d. The IPCE value increased significantly 

from 7% to 33% at 400 nm with a 1.3 nm TiO2 overlayer. However, with an increased 

overlayer thickness of 5.8 nm, IPCE drops to 29%, which is also consistent with the LSV 

results. In order to confirm that the origin of this improvement is not related to the change in 

porosity or the hydrophilicity of the BiVO4 surface, we measured the electrochemically 

active surface areas (ECSA) of the photoanodes. As shown in Figure A1.6 the ECSA does 

not increase, in fact, it decreases with the increasing thickness of the TiO2 overlayer, 

indicating that the improvement in the photocurrent is related to the enhanced OER kinetics, 

suppression of carrier recombination in the photoanodes, or enhanced charge separation. 

TiO2 was deposited on FTO to test its catalytic effect on the water oxidation reaction. The 

cyclic voltammetry results in dark and under illumination are given in Figure A1.7 As can 

be seen from the graph, water oxidation onset potential is at around 1.9 VRHE for FTO. After 

1.3 nm thickness TiO2 deposition the onset potential shifts anodically in dark and under 

illumination. This result indicates that ultrathin TiO2 does not act as a cocatalyst, but as an 

extra layer that further impedes charge transfer in dark. Under illumination, no photocurrent 

was obtained from 1.3 nm TiO2 indicating insignificant light absorption property for 

ultrathin TiO2 itself. It is reported that TiOx-2 composed of Ti2O3 and Ti4O7 can act as a 

catalyst towards OER, while no such behavior was observed for TiO2 with Ti4+ phase99. 

These results imply that the improvement of BiVO4 activity with TiO2 overlayer is not 

a result of enhancement of oxygen evolution kinetics, heterojunction formation, or 

improvement in light absorption. We propose that the ultrathin TiO2 overlayer acts as an 

interfacial layer on the BiVO4 surface, which passivates the BiVO4 surface states and inhibits 
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surface recombination. The LSV measurement under front illumination shows that the 

photocurrent is enhanced by 72% at 1.23 VRHE bias, from 0.64 mA.cm-2 to 1.1 mA.cm-2. 

Interestingly, the photocurrent improvement under back illumination was only 25% as 

shown in Figure A1.8. This issue will be addressed later in the text. 

Figure A1.9 shows the transient photocurrent behavior of bare BiVO4 and BiVO4/TiO2 

photoanodes with various overlayer thicknesses. When the light is turned on, an anodic spike 

appears for all photoanodes. This behavior is a result of the charge separation and hole 

accumulation in the space-charge layer113. Then, the photocurrent density decays to a steady-

state as the rate of generation of the charge carriers, recombination in the bulk and at the 

surface, and the charge transfer across the semiconductor/electrolyte interface equilibrates. 

For BiVO4/ 1.3 nm TiO2 photoanode, when the light is turned on, the anodic spike is higher 

than of bare BiVO4, indicating enhanced charge separation. Also, the steady-state 

photocurrent density is higher for these photoanodes which means that the water oxidation 

performance is enhanced with TiO2. Both charge separation and water oxidation 

performance are optimum for BiVO4/1.3 nm TiO2, however, at 5.8 nm TiO2 overlayer 

thickness, the charge separation and the water oxidation activity decrease significantly, due 

to the increased charge transfer resistance at the photoanode surface. These findings are 

consistent with the LSV, EIS, and IPCE results presented in Figure 3.1a, b, and d. 

In order to investigate the effect of TiO2 on surface states and charge carrier 

recombination in greater detail, we performed TPC measurements using short white light 

LED pulses. The TPC results of BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2 are 

given in Figure 3.2a, 2b, and 2c, respectively. At the moment the light is turned on, it is 

expected to obtain an anodic spike, similar to the case with the TPC measurement done with 

1.0 Sun AM1.5G light source, resulting from the charge separation and hole accumulation 

at the space-charge layer113. However, for bare BiVO4 we observe a surprising cathodic peak 

(at >0.6 VRHE) when the light is turned on. The anodic peak and decay to a steady-state value 

come later than this cathodic peak. For bare BiVO4, when the applied potential increases 

from 0.45 to 0.60 VRHE, we observe a decrease in the anodic spike at the light-on moment. 

However, after 0.60 VRHE a discrete cathodic peak forms and maximizes at 0.80 VRHE as 

demonstrated clearly in the inset of Figure 3.2a. At higher potentials, the intensity of the 

cathodic peak decreases. In our previous study, we attributed this feature to electron trapping 
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at the surface, due to the reversible redox couple V5+/V4+114. As the applied potential 

increases from 0.45 VRHE to 0.80 VRHE, the concentration of V5+ surface states increases as 

a result of electrochemical oxidation. These surface states act as trap states for the 

photogenerated electrons and can get reduced to V4+. As the concentration of V5+ surface 

states increases and maximizes at 0.80 VRHE, the extent of electron trapping also increases, 

simply due to the increasing amount of the reactants. At higher applied potentials, the amount 

of electron trapping decreases because of enhanced band bending114. As the built-in potential 

within the semiconductor increases it gets energetically less feasible for the photogenerated 

electrons to get trapped at the surface. Electron trapping at the surface states is a spontaneous 

process, as the electrons decay from the higher energy conduction band towards the surface 

states at the mid-band energy levels. This phenomenon at the BiVO4 surface was also 

confirmed by Trzesniewski et al. as they observe an increase in the composition of the V4+ 

species at the surface with photocharging process without any external bias115 

 

Figure 3.2. TPC measurements done with 50.0 ms white light LED pulse in 0.1 M KPi buffer solution 

for (a) bare BiVO4 (inset shows the zoomed-in TPC when the light is turned on), (b) BiVO4/1.3 nm TiO2, (c) 

BiVO4/5.8 nm TiO2, and (d) simple schematic for electron trapping/de-trapping process on BiVO4 surface and 

the effect of TiO2 overlayer where red traces are the dark conditions, black traces are the illuminated conditions 

for band bending and Fermi levels, EF,n and EF,p are the quasi-Fermi levels for electrons and holes, respectively. 
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For BiVO4/1.3 nm TiO2 photoanode in the light-on moment, we do not observe a 

cathodic peak at any applied potential. However, in the applied potentials between 0.45 and 

0.60 VRHE, the anodic peak intensity decreases with potential. This indicates that the 

photogenerated electron trapping process is still present in these photoanodes but severely 

suppressed with the TiO2 overlayer. After the trapping event, the photocurrent density 

reaches an anodic maximum. For BiVO4/5.8 nm TiO2 photoanode, we do not observe any 

cathodic peak at the moment when the light is turned on. Moreover, the anodic peak intensity 

increases monotonously with the increased potential, indicating that the electron trapping 

process at the surface is eliminated completely. For bare BiVO4 at potentials higher than 

0.60 VRHE, the anodic maxima increase with potential, due to the increased band bending. 

For BiVO4/1.3 nm TiO2 and BiVO4/5.8 nm TiO2 photoanodes, the anodic maxima also 

increase with potential. Moreover, the anodic maxima that are achieved with this photoanode 

are much higher than of bare BiVO4. We observe that the extent of the anodic pulse in the 

TPC measurement enhances with 1.3 nm TiO2 overlayer, from 0.14 to 0.41 mA.cm-2 

suggesting that the amount of hole accumulation at the surface increases almost 3-fold. This 

is a result of enhanced charge separation and band bending in the semiconductor due to the 

TiO2 overlayer. We propose that TiO2 passivates the surface states, and therefore facilitates 

band bending by unpinning the Fermi level. Surface state passivation can also be evidenced 

by the reduced photogenerated electron trapping process at the surface. The anodic pulse 

increases further to 0.59 mA.cm-2 with the 5.8 nm TiO2 overlayer. This increase is a result 

of a completely diminishing photogenerated electron trapping process with a thicker TiO2 

overlayer. 

After the trapping event, photocurrent density decays to a steady-state value. For all 

three photoanodes, the steady-state photocurrent increases with increased potential due to 

enhanced charge transfer kinetics with applied potential. The photocurrent decay from the 

anodic spike to the steady-state value is much more significant for BiVO4/1.3 nm TiO2. This 

is a result of enhanced charge separation, in the absence of any catalytic improvement 

towards OER. The hole accumulation in the space-charge layer of BiVO4/1.3 nm TiO2 

photoanode is much more significant than of bare BiVO4. However, TiO2 overlayer 

suppresses electron trapping and charge recombination at the semiconductor surface, thus a 
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higher steady-state photocurrent is achieved for this photoanode. For a thicker TiO2 

overlayer of 5.8 nm, the decay to a steady-state photocurrent is much faster. This is a direct 

result of the increased charge transfer resistance at the surface due to the insulating effect of 

the thick TiO2. Thus, the photogenerated holes can not react with water molecules and 

accumulate at the photoanode surface. 

At the moment the light is turned off, we observe the anodic spike for bare BiVO4 at 

each applied potential, which corresponds to the electron de-trapping process at the surface. 

Previously trapped photogenerated electrons de-trap when the light is off. Thus, the extent 

of electron trapping and de-trapping is correlated. The intensity of the anodic peak 

maximizes at 0.80 VRHE, which is expected since at that potential the trapping intensity is 

maximized. For BiVO4/1.3 nm TiO2, the intensity of the anodic peak is less than that of bare 

BiVO4 at each applied potential. This is consistent with our hypothesis that TiO2 overlayer 

passivates the photogenerated electron trapping process. As the intensity of trapped electrons 

is decreased with the passivation layer, the intensity attributed to the electron de-trapping 

process should also decrease significantly. For BiVO4/5.8 nm TiO2, we do not observe an 

anodic peak when the light is turned off. Since the trapping event is eliminated in this 

photoanode, we do not observe any de-trapping as well. We also observe a cathodic 

overshoot when we turn the light off for BiVO4/1.3 nm TiO2, which is the evidence for the 

recombination of the electrons with the surface accumulated holes116. The cathodic 

overshoot is even more profound for BiVO4/5.8 nm TiO2. As thicker TiO2 impedes the 

transfer of holes to the electrolyte radically, there is a significant amount of hole 

accumulation at the surface. Thus, when we turn off the light source, electrons recombine 

with these holes, leading to a substantial cathodic overshoot. It can be said that there is a 

trade-off between decreasing the electron trapping event and increasing the charge transfer 

resistance with the TiO2 overlayer. Thus, the thickness of the passivation layer needs to be 

carefully optimized. 

For the TPC measurement done in buffer with 0.5 M Na2SO3 as hole scavenger, we do 

not observe the cathodic/anodic peaks corresponding to the electron trapping/de-trapping as 

shown in Figure A1.10. Also, the anodic photocurrent jumps when the light is turned on is 

higher for BiVO4/1.3 nm TiO2 than for bare BiVO4 photoanode. This further confirms that 

the charge separation, thus the band bending is enhanced with the TiO2 overlayer. However, 
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for BiVO4/5.8 nm TiO2 photoanode, the photocurrent does not saturate at a steady-state 

value, instead, after reaching a maximum, it decays to lower values at each applied potential. 

Thick TiO2 acts as an insulating layer, impeding the transfer of holes to the electrolyte, 

independent of the superior kinetics of sulfite oxidation. Therefore, the holes accumulate at 

the surface and the photocurrent can not saturate. Also, we observe a cathodic overshoot 

when the light is turned off, which is also evidence for hole accumulation at the surface. 

We also carried out LSV measurements in the scavenger solution to assess the activity 

of the photoanodes in the absence of any kinetic limitation at the surface (Figure A1.11). 

With the deposition of 1.3 nm TiO2, the photocurrent density increased while it decreased 

dramatically for BiVO4/5.8 nm TiO2, demonstrating a similar trend with the water oxidation 

activity. To assess the origin of the effect of TiO2 overlayer on BiVO4 activity, we calculated 

the charge injection (ηinj) and charge separation (ηsep) efficiencies for the photoanodes. The 

details for the calculations can be found in the Supporting Information. As shown in Figure 

3.3, the ηinj decreases for both BiVO4/1.3 nm TiO2 and BiVO4/5.8 nm TiO2 within the whole 

potential regime. As this parameter is related to the water oxidation kinetics at the surface, 

1.3 nm TiO2 overlayer does not improve this efficiency since it does not act as a cocatalyst. 

The efficiency decreases even further with 5.8 nm TiO2 as the charge transfer resistance is 

extensively increased with this modification. However, a significant increase in ηsep is 

observed for BiVO4/1.3 nm TiO2. This result confirms that the optimum thickness of TiO2 

increases band bending by passivating V5+/V4+ surface states thus improving charge 

separation. Even though charge separation increases for BiVO4/5.8 nm TiO2 photoanode, 

according to TPC measurements given in Figure 3.2, we observe that the charge separation 

efficiency decreases in Figure 3.3. Since 5.8 nm TiO2 decreases the photocurrent in 

scavenger solution by increasing the charge transfer resistance at the surface, we observe a 

decrease in ηsep values. 
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Figure 3.3. (a) Charge injection and (b) charge separation efficiencies for bare BiVO4, BiVO4/1.3 nm 

TiO2, and BiVO4/5.8 nm TiO2. 

 

The difference in the photocurrent of BiVO4 under back and front illumination is 

generally attributed to the poor electron transport of the semiconductor. It is demonstrated 

that electron transport can be improved as a result of enhanced electronic conductivity by 

the incorporation of an n-type dopant, such as Mo or W117,118. Similarly, we propose that the 

passivation of the electron trapping process at the BiVO4 surface enhances the electronic 

photoconductivity in the space-charge region. The electrons that are trapped at bare BiVO4 

surface can be utilized and contribute to the n-type conductivity of the material in BiVO4/1.3 

nm TiO2 photoanodes. Therefore, the photocurrent increase with the TiO2 deposition under 

front illumination is higher than of back illumination. 

We have also conducted transient photovoltage measurements using short-light pulses to 

determine the effect of the electron trapping/de-trapping process at the surface on the Fermi 

level of the photoanodes. For a typical photovoltage measurement, as the photoanode is 

illuminated, the electrons are photoexcited to the conduction band of the semiconductor, 

generating electron-hole pairs. The accumulation of the majority carriers results in a decrease 

in the open-circuit potential (OCP). When the light source is turned off the electrons 

recombine with the photogenerated holes in the valence band and the holes that are 

accumulated at the BiVO4 surface, thus the open-circuit potential increases119. Interestingly, 

for bare BiVO4 we observe that the OCP momentarily goes to more positive values as the 

light is turned on, as shown in Figure 3.4a inset and when the light is turned off, OCP builds 

up. This process is attributed to the electron trapping/de-trapping phenomenon at the BiVO4 

surface114. When the light is turned on, the photogenerated electrons get trapped at the 
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surface states. As these electrons are now lost from the bulk, we observe an infinitesimal 

decay in the OCP. Similarly, as we turn the light off the surface trapped electrons de-trap 

and move towards the bulk. These electrons increase the Fermi level of BiVO4, as we observe 

that OCP decreases120. This result also supports our hypothesis that photogenerated electron 

trapping at the BiVO4 surface is a spontaneous process, which is independent of the applied 

potential. 

3.  

Figure 3.4. (a) TPV measurements done with 50.0 ms white light LED pulse (inset shows zoomed-in 

OCP change for bare BiVO4 when the light is turned on). (b) The OCP measurement under dark and 

illumination with 1.0 Sun AM1.5G in 0.1 M KPi solution. 

 

For the BiVO4/1.3 nm TiO2 photoanode, we do not observe these features, as the OCP 

decreases when the light is turned on and it increases when the light is turned off. This is 

consistent with the TPC results since TiO2 overlayer passivates the surface states thus we do 

not observe the trapping/de-trapping behavior. Also, the OCP build-up occurs much faster 

for this photoanode. This can be related to a decrease in electron trapping and charge 

recombination at the surface. As the light is turned on, the electrons are excited to the 

conduction band. However, simultaneously charge recombination occurs which impedes the 

OCP build-up. Since TiO2 at the surface decreases this recombination factor, OCP can 

decrease under illumination much faster. This effect is more apparent for the 5.8 nm TiO2 

overlayer as the surface recombination is suppressed even more. Furthermore, we performed 

the OCP measurements under steady-state conditions to investigate the role of the surface 

states on the photovoltage values of the photoanodes. As shown in Figure 3.4b, the 

photovoltage for bare BiVO4 is 0.29 VRHE whereas it is 0.39 VRHE for BiVO4/1.3 nm TiO2. 
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Notice that the OCP values are the same for both photoanodes under illumination, and the 

deviation in the photovoltage results from the different Fermi levels in the absence of 

illumination. When the photoanode is immersed in the electrolyte the Fermi level of the 

semiconductor equilibrates with the potential of the redox couple present in the 

electrolyte121. Ideally, the OCP in the absence of illumination should be equal to 1.23 VRHE, 

as the redox couple in the electrolyte is O2/H2O
19. For bare BiVO4 the OCP value is at around 

0.8 VRHE whereas it is closer to 1.23 VRHE for BiVO4/1.3 nm TiO2. We attribute this feature 

to the high concentration of surface states present in the bare BiVO4, as these surface states 

may result in Fermi level pinning resulting in an offset between the Fermi level of the 

photoanode and the electrochemical potential of the redox couple in the electrolyte122. 

Moreover, the pinned position of the Fermi level coincides with the maximum electron-

trapping potential, which is 0.8 VRHE as shown in Figure 3.2a. Thus, it can be suggested that 

both of these observations are related to the same surface state, namely V5+/V4+. It is also 

shown that the presence of surface states and Fermi level pinning can result in an anodic 

shift in the onset potential123. Thus, the 0.1 VRHE cathodic shift observed with the TiO2 

overlayer shown in Figure 3.1a can be also attributed to the surface state passivation. The 

Fermi level unpinning can facilitate band bending at more cathodic potentials, hence the 

onset potential can also shift cathodically. For BiVO4/5.8 nm TiO2, the OCP at dark does not 

reach the same value as BiVO4/1.3 nm. The surface state is diminished in this photoanode, 

however, the increased charge transfer resistance at the surface hinders the electron flow 

from BiVO4 to the electrolyte, thus the dark OCP does not become closer to 1.23 VRHE. 

Under illumination, the OCP reaches higher values than the other photoanodes because of 

the decreased surface recombination. As a result, the photovoltage achieved for this 

photoanode is 0.36 V, however, it is not utilized efficiently because of the insulating effect 

of 5.8 nm TiO2. 

To elucidate the effect of the TiO2 overlayer on the charge transfer at the 

semiconductor/electrolyte interface, we performed EIS measurements in the potential range 

of 0.45-1.00 VRHE. Figure 3.5 demonstrates the variation of the charge transfer resistance 

(Rct) and capacitance (Cint) at the interface as a function of applied potential to the 

photoanode. The details of the calculation and the Nyquist plot fittings are given in Figure 

A1.12. For all of the photoanodes, the Rct decreases with the applied potential. The Rct values 
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for bare BiVO4 and BiVO4/1.3 nm TiO2 are very similar at potentials between 0.45 and 0.55 

VRHE. Only at potentials higher than 0.60 VRHE the charge transfer resistance significantly 

decreases with TiO2 overlayer. Such behavior is correlated with the passivation of surface 

states. At potentials higher than 0.60 VRHE the extent of electron trapping is much more 

significant than that at lower potentials, as shown in the TPC measurements in Figure 3.2. 

Since TiO2 passivates the electron trapping/de-trapping process, the improvement in the 

charge transfer resistance due to the overlayer is more profound in this potential regime. For 

BiVO4/5.8 nm TiO2 the charge transfer resistance is higher than the other photoanodes, since 

thick TiO2 acts as an insulating material and confirming the hindrance of the transfer of 

charges for water oxidation. Figure 3.5b shows the capacitance development at the 

semiconductor/electrolyte interface with applied potential. For bare BiVO4, the capacitive 

build-up is present at between 0.7-0.8 VRHE whereas this feature is not present for BiVO4/1.3 

nm TiO2 photoanode as Cint vs. VRHE at this regime is almost linear. The increase in the 

capacitance is related to the electrochemical conversion of V4+ to V5+ surface states. The 

capacitive build-up is smoothened via TiO2 overlayer as a result of the passivation of the 

surface states. This effect is even more apparent for the 5.8 nm TiO2 overlayer, as the 

capacitance with respect to potential seems nearly flat. However, overall the capacitance 

values do not change significantly with the TiO2 overlayer. Thus, the agreement with the 

ECSA measurements based on capacitive buildup is profound. 

4.  

Figure 3.5. Fitting parameters for EIS measurement as a function of applied potential in 0.1 M KPi buffer. 

(a) Rct and (b) Cint. 

 

Mott-Schottky plots for the photoanodes are presented in Figure 3.6. The Mott-Schottky 

technique can be utilized to estimate the dopant density and the flat-band potential of the 
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photoanode. As shown in Figure 3.6a, the Cs
-2 vs potential plot has a positive slope, which 

confirms the n-type behavior of BiVO4. The Mott-Schottky equation is given below124: 

𝐶𝑆
−2 =

2

𝜀0𝜀𝑟𝐴2𝑒𝑁𝐷
(𝑉 − 𝑉𝐹𝐵 −

𝑘𝐵𝑇

𝑒
)      Equation 3.1 

where Cs is the capacitance at the space-charge layer, 0 is vacuum permittivity, r is the 

relative permittivity of the material, A is the surface area, e is the charge of an electron, ND 

is the dopant density, V is the applied potential, VFB is the flat-band potential, kB is the 

Boltzmann constant, and T is the absolute temperature. The slope of the plot decreases with 

the deposition of the 1.3 nm TiO2 overlayer. This indicates that an increase in ND for this 

photoanode, relative to the bare BiVO4. Usually, this type of effect is observed when the 

photoanode is n-doped with an atom with a higher number of valence electrons, such as W 

or Mo for BiVO4
125,126. However64, the TiO2 overlayer is not expected to act as an electron 

donor. It is known that the Mott-Schottky equation makes assumptions that do not 

necessarily hold for nanostructured photoanode materials for water oxidation, such as 

ignoring the presence of surface states127. Surface states can impede the band bending due 

to Fermi level pinning. Thus, the dopant atoms can not fully ionize, and the capacitance in 

the space charge layer can not reach its actual value. By modifying the surface with the TiO2 

overlayer, we can diminish this surface state which inhibits the electron flow from the donor 

atoms to the electrolyte. Therefore, the band bending for this photoanode increases. The 

extent of band bending does not change much for the higher TiO2 thickness. 

5.  

Figure 3.6. (a) Mott-Schottky plots for bare BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2 at 1 

kHz in 0.1 M KPi buffer. (b) Derivative of Mott-Schottky plots within the potential range between 0.6 and 1.0 

VRHE. 
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Derivative of the Mott-Schottky plots within between 0.6 and 1.0 VRHE presented in 

Figure 3.6b further justifies that the TiO2 overlayer eliminates the trapping at V5+/V4+ surface 

states. The broad peak present in this potential regime for bare BiVO4 arises due to the 

presence of the surface states and its magnitude is proportional to the density of the surface 

states and also correlates with the degree of Fermi level pinning. For the 1.3 nm TiO2 

overlayer, elimination of the surface states is apparent, almost no surface state is evidenced 

for the 5.8 nm TiO2 overlayer, which are all in full agreement with the TPC and EIS findings. 

3.4.Conclusions 

In this work, we showed that deposition of an ultrathin layer of TiO2 on nanoporous 

BiVO4 by ALD can enhance the water oxidation activity of BiVO4 significantly. EIS results 

show that charge transfer resistance decreases when the optimum amount of TiO2 is 

deposited on BiVO4. Transient photocurrent and transient photovoltage results demonstrate 

that ultrathin TiO2 overlayer suppresses photogenerated electron trapping at the surface 

states. The improvement of the water oxidation photocurrent is attributed to the enhancement 

of band bending, and the passivation of surface states. At higher TiO2 overlayer thickness 

photogenerated electron trapping process is completely diminished, however the charge 

transfer resistance at the photoanode surface increases too much, which leads to diminished 

photocurrent for water oxidation. This trade-off dictates that the thickness of the overlayer 

needs to be optimized for the best photoactivity. These findings show that the limiting factor 

in the BiVO4 activity is mainly the charge recombination at the surface and it can be 

overcome by modification with ultrathin TiO2 overlayer to improve the charge carrier 

utilization, rather than the surface catalysis. 
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Chapter 4. Understanding the Role of Surface States in the CuBi2O4 

Photocathodes  

4.1 Introduction 

PEC water splitting cells require photoelectrodes which can drive HER and OER in an 

efficient manner. Metal oxide based photoelectrodes were extensively studied which can 

drive OER, since it is suggested that 4 electron transfer in OER is the limiting factor for 

water splitting128. Even though that is the case, highly efficient and stable photocathodes 

must be designed to maximize the STH (solar-to-hydrogen) efficiency of the overall process.  

CuBi2O4 is a p-type semiconductor, which is among the materials that can drive HER. It 

is considered as one of the most promising candidates, because its intrinsic properties which 

were listed in Section 1.5.1. It has a maximum theoretical photocurrent density of ~13 

mA.cm-2 129. However, the obtained photocurrent densities for this material are nowhere near 

this value, even when using electron scavengers. Berglund et. al. suggested that the limitation 

factors for the activity of CuBi2O4 are poor hole transport6.  

It is also known that CuBi2O4 suffers significantly from photocorrosion, particularly 

photogenerated electrons reducing the surface Cu2+ species into Cu1+ and Cu130–132. Such 

reduction mechanisms are suggested to deactivate the material, resulting in a decay of 

photocurrent under static potential and illumination conditions. However, Oropeza et. al. 

suggested that reduced Cu species as a result of irradiation can act as a homojunction, 

enhancing the charge separation properties133. Zhang and co-workers previously suggested 

CuBi2O4 suffers from Fermi level pinning due to high number of surface-states near the flat-

band potential, which were attributed to surface defects134. Therefore, it can be said that there 

may be multiple effects of photogenerated electrons on the CuBi2O4 activity. 

In this study, we study the role of photogenerated electron trapping at the CuBi2O4 in a 

systematic manner, as a function of applied potential. We show that near the flat-band 

potential, CuBi2O4 suffers from extensive electron trapping, which inhibits the charge 

transfer. We aimed to passivate this process by utilizing an ultrathin TiO2 overlayer, similar 

to the strategy in the previous chapter.  
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4.2 Experimental Procedure 

The CuBi2O4 photocathodes were synthesized as described in Section 2.1.1.2. The PEC 

set-up used to carry out the experiments was also explained in Section 2.2.1. The used 

electrolyte was 0.1 M NaOH (pH= 12.8) which was purged with either N2 or O2 for 30 

minutes. N2 was used to degas the electrolyte, whereas O2 was used as an electron scavenger. 

Electrolyte was purged during the LSV measurements while stirring, in order to remove the 

produced O2 at the counter electrode (N2-purge), or to maintain the dissolved O2 in the 

electrolyte (O2-purge). The sweep rate for the LSV measurements was 10 mV.s-1, and the 

mechanical chopper frequency was set as 0.2 Hz. The EIS measurements were carried out in 

the range of 1.4 VRHE-0.4 VRHE, with frequencies between 100 kHz to 100 mHz, with a 10 

mV potential signal amplitude. The structural characterizations such as XPS, Raman, XRD, 

UV-vis-NIR, and FESEM were also described in Section 2.3. 

4.3 Results and Discussion 

Figure 4.1. below shows the XPS spectra of Bi 4f, Cu 2p, O 1s, and Cu LMM Auger 

spectra for the CuBi2O4 photocathode. Bi 4f7/2 peak located at 159.0 eV indicates presence 

of Bi3+ state, and the Cu 2p spectra shows 2+ valency for Cu, judging from the strong shake-

up satellite peak135, which are consistent with the previous studies on CuBi2O4
55,136. O 1s 

spectra shows multiple features, which are a peak at 529.9 eV, which can be attributed to 

lattice O2-, and a strong high binding energy shoulder at 531.4 eV due to surface -OH species. 

Cu LMM Auger spectra shows a peak at 917.4 eV, which can be attributed to Cu2+, consistent 

with the Cu 2p XPS spectra137,138. 
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Figure 4.1. X-ray photoelectron spectras of (a) Bi 4f, (b) Cu 2p, (c) O 1s, and Auger spectra of Cu LMM 

for CuBi2O4. 

 

Raman spectroscopy was utilized to confirm the phase of CuBi2O4 as shown in Figure 

4.2. below. The high intensity peak located at 129 cm-1 corresponds to the translational 

vibration of CuO4 plane along the c axis with A1g mode. The small peak at 188 cm-1 

corresponds to Eg mode of Cu-Cu vibration. The feature at 259 cm-1 was assigned to 

rotational vibrational mode of CuO4 planes in the opposite direction with A1g mode, and the 

peak at 583 cm-1 was assigned to the A1g mode of in-plane breathing of the CuO4 planes. 

The peak at 400 cm-1 corresponds to the A1g mode of Bi-O bond stretching139,140. No 

additional peaks were observed for phases other than CuBi2O4. 

 

 

Figure 4.2. Raman spectra of CuBi2O4. 
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X-ray diffraction pattern is given in Figure 4.3. below. The assigned crystal planes for 

CuBi2O4 are also indicated in the figure, which confirms the CuBi2O4 phase. However, we 

observe a peak corresponding to Bi2O3 phase at 31.76°, suggesting that the CuBi2O4 films 

are not phase pure. The inconsistency with the Raman spectra may be due to the small spot 

size of the laser used in Raman (40 µm) and slightly inhomogeneous sample. While 

achieving pure phase is important to evaluate the materials photoelectrochemical properties, 

given that the small amount of Bi2O3 phase, and the fact that Bi2O3 does not exhibit HER 

activity, we do not expect to observe a significant effect. 

 

 

Figure 4.3. Powder XRD pattern of CuBi2O4. The diffraction peaks from the FTO substrate are indicated 

with an asterisk (*) sign. The signals from CuBi2O4 crystal planes are referenced to COD 1539608. 

 

In order to evaluate the optical properties of CuBi2O4 films, UV-vis-NIR and Tauc 

analysis were performed, which are given in Figure 4.4. below. Figure 4.4.(a) shows the 

absorbance, which shows a slow increase in the absorbance with decreasing wavelength, as 

a result of its indirect band gap and low absorption coefficient55. The Tauc analysis in Figure 

4.4.(b) indicates an indirect band gap of 1.8 eV, consistent with the previous reports for this 

material141,142.  

 



 

46 

 

 

Figure 4.4. (a)UV-vis-NIR absorbance spectra, and (b) Tauc analysis for CuBi2O4 films. 

 

FESEM images shown in Figure 4.5. exhibits highly nanoporous morphology. This 

feature of the electrodeposited CuBi2O4 enables high surface area for charge transfer to 

occur, while also enhancing charge transport143. 

 

Figure 4.5. FESEM images for CuBi2O4 with different magnifications, (a), (b), (c) from on top, and (d) 

from cross-section.  

 

In order to evaluate the PEC activity of CuBi2O4 photocathodes, we performed LSV 

measurements with chopped illumination in the presence of O2 gas in the electrolyte, as 

shown in Figure 4.6. below. Photocurrent under back illumination shows ~-0.4 mA.cm-2, 

whereas under front illumination it is ~-0.2 mA.cm-2 at 0.5 VRHE. Such significant difference 

in front and back illumination in photocurrent is common in photoelectrodes, which is 

indicative of poor charge transport properties. CuBi2O4 is known to suffer from poor hole 

transport properties, which is consistent with our LSV results6. The potential regime of 1.4 

VRHE-1.0 VRHE the observed photocurrent is very low (around -0.01 mA.cm-2). Interestingly, 
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in this potential regime the photocurrent under front and back illumination are very similar, 

suggesting there are other limitations than the charge transport for this material.  

 

 

Figure 4.6. LSV measurements for CuBi2O4 under front and back illumination in 0.1 M NaOH solution 

(pH=12.8) with O2 purging. 

 

Figure 4.7. shows the Mott-Schottky analysis for CuBi2O4. The negative slope of the 

linear fit line confirms the p-type character. The flat-band potential can be determined from 

the intercept of the potential axis, which is 1.3 VRHE, that is consistent with the previous 

reports6,56. 

 

Figure 4.7. Mott-Schottky measurement for CuBi2O4 done in 0.1 M NaOH (pH=12.8) without 

illumination.  

 

To assess the stability of the CuBi2O4 photocathodes, CA measurements were carried 

out as shown in Figure 4.8. In the N2-purged electrolyte where there is no electron scavenger, 

the photocurrent decays rapidly, which goes from -0.15 mA.cm-2 to -0.02 mA.cm-2 in only 

10 minutes. This indicates severe photocorrosion and deactivation for this material. In the 
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presence of O2 in the electrolyte however, the photocurrent is relatively more stable. Since 

O2 reduction kinetics is more facile than of HER kinetics, photogenerated electrons can react 

with less photogenerated electron accumulation and result in less photocorrosion. However, 

the decay in the photocurrent in the presence of O2 indicate that there is still photocorrosion, 

since O2 can not capture all of the electrons reaching to the surface, which is also evident 

from the transient spikes in the LSV measurements given in Figure 4.6. 

 

Figure 4.8. Chronoamperometry (CA) measurement under front illumination at 0.5 VRHE in 0.1 M NaOH 

(pH=12.8) with (a) N2-purged, and (b) O2-purged electrolyte. 

 

In order to assess the charge transfer resistance and the capacitive behavior of the 

CuBi2O4 photocathodes, EIS analysis was performed under illumination. An equivalent 

circuit with 2 RC elements were used to fit the Nyquist plots, which is a commonly used 

circuit to model PEC systems when surface-states are present120,144,145. The equivalent circuit 

is given as an inset in Figure 4.9.(a). Rseries correspond to the resistance due to the electrolyte, 

and the external connections in the electrochemical cell. Rbulk and Cbulk are the resistance and 

the capacitance associated with the bulk of the semiconductor. Rsurface-state and Csurface-state are 

are the resistance and the capacitance associated with charge carrier trapping at the surface-

states. The Nyquist plot is given in the Appendix B. The Rsurface-state as shown in Figure 4.9.(a) 

increases from 1.4 VRHE to 1.2 VRHE, and then starts to decrease with increasing cathodic 

potential. The resistance is lower after 1.0 VRHE, where it steadily decreases with increasing 

cathodic potential. This result is consistent with the LSV measurement given in Figure 4.6. 

as in the potential region of 1.4 VRHE-1.0 VRHE there is no significant photocurrent. Only 

after 1.0 VRHE the photocurrent shows a take-off. The Csurface-state also shows a peaking type 

of behavior in the 1.4 VRHE-1.0 VRHE region, going through a minimum at 1.0 VRHE. After 
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this potential it increases steadily. This result suggests that there is significant amount of 

surface-states which are near the flat-band potential of CuBi2O4.  

 

Figure 4.9. Electrochemical impedance spectroscopy (EIS) fitting results of CuBi2O4 for (a) Resistance due to 

the surface-states (Rsurface-state), and (b) Capacitance due to the surface-states (Csurface-state) 

 

TPC measurements using short LED pulses were also carried out, as shown in Figure 

4.10.(a) below. The pulse width was set as 500.0 ms to record the full photocurrent response 

of CuBi2O4. When the light is turned on at t=0.0 ms, the photogenerated electrons migrate 

to the surface, resulting in an increase in cathodic current. At the potentials of 1.4 VRHE-1.3 

VRHE, we do not observe significant electron accumulation at the surface, as there are no 

sharp transient spikes. In fact, the response of the photocathode is slow, such that the time 

to reach the maximum photocurrent in these potentials are ~120 ms. Such behavior is an 

indication of Fermi level pinning. As the potential drop across the space charge layer is 

limited in this condition, charges cannot be separated effectively, and the photocurrent in the 

light-on moment does not reach to higher values. The slow response is an indication of 

photogenerated electron trapping at a state which is close to the valence band. At higher 

potentials of 1.2 VRHE-0.9 VRHE the charges separate more efficiently, as we observe a 

cathodic spike as a result of photogenerated electron accumulation. However, even after 

500.0 ms, the photocurrent does not decay to a steady-state value, which suggests there is 

extensive electron accumulation at the CuBi2O4 surface. We note that the Mott-Schottky 

results given in Figure 4.7. is consistent with these result, as at 1.4 VRHE-1.3 VRHE C s
 -2 does 

not change much, however at 1.2 VRHE-0.9 VRHE C s
 -2 linearly increases, indicating band 

bending. At higher cathodic potentials, we do not observe transient spikes, which indicates 
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that all of the photogenerated electrons that reach to the surface take place in oxygen 

reduction reaction.  

When the light is turned off at t=500.0 ms the photogenerated electrons recombine with 

the valence band holes. Interestingly, we do not observe an anodic overshoot, which is 

expected as a result of electron accumulation at the CuBi2O4 surface. Instead, the 

photocurrent decays slowly to zero. The rate of the decay can be informative in regard to 

charge carrier dynamics, particularly on the trapping and/or detrapping processes. The slow 

decay of photocurrent can be associated with charge carrier detrapping as a result of 

localization146. The transients are fitted with a bi-exponential decay function, given below 

as Equation 4.1.  

𝑗 (𝑡) = 𝑗0 + 𝑒
−

𝑡

𝜏1 + 𝑒
−

𝑡

𝜏2      Equation 4.1 

Where j(t) is the recorded current after the light is turned off, j0 is the background 

current, τ1 and τ2 are the time constants. The fittings are given in Figure 4.10.(b), and the 

extracted time constant values are given in Figure 4.10.(c). Interestingly, τ1 does not change 

much across the whole potential range, whereas τ2 shows a different trend. Thus, τ1 is 

attributed to the recombination of the photogenerated electrons that are delocalized in the 

conduction band in the surface region, which recombines faster. The value of this time 

constant is around ~2.0 ms, which is denoted as τconduction band. The other time constant, τ2 is 

~58.0 ms at 1.4 VRHE, and it decreases steadily until 1.0 VRHE-0.9 VRHE where it shows a 

minima of 24 ms. This behavior coincides with the EIS measurements given in Figure 4.9. 

as CuBi2O4 shows high surface-state capacitance and resistance in this potential regime as 

well. These surface-states can act as electron traps at the surface, in which the trapped 

electron is unable to be transferred to the electrolyte, which may also lead to photocorrosion. 

However, the surface-states can be also reaction intermediates, in which their build-up at the 

surface facilitates the reaction89. As shown in the LSV measurement, the photocurrent starts 

to increase below 1.0 VRHE. The Csurface-state and the time constant for the TPC decays go 

through a minima right at this potential. For the surface intermediates for the reaction 

products, the decrease in the capacitance should coincide with the photocurrent take-off, 

which would indicate intermediate species reacting further to turn into products147. However, 

since the capacitance goes through a minima before the photocurrent take-off, we assign this 

as a recombination state which acts as an electron trap in the surface.  
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At more cathodic potentials than 0.9 VRHE, the photocurrent increases as shown in the 

LSV measurement, as well as the Csurface-state, and the recombination time constant, shown in 

Figure 4.10.(c). It was suggested that CuBi2O4 suffers from photocorrosion, as shown in 

Figure 4.8. under reaction conditions where there is photocurrent. Therefore, we attribute 

this behavior to photogenerated electron trapping at the surface Cu2+ species, which in turn 

reduces to Cu+ and/or Cu0. We also note that trapping (or photocorrosion) is more significant 

with increasing potential, which severely affects the stability of CuBi2O4 photocathodes.  

 

Figure 4.10. (a) TPC measurement done in O2-purged 0.1 M NaOH (pH=12.8) with 500.0 ms white LED 

pulse under front illumination (b) normalized photocurrent decay (symbols), and fittings with bi-exponential 

decay function (white lines), which were offset for clarity, and (c) the calculated time constants for the 

exponential decays. 

 

Our results indicate that the photogenerated electron trapping process has two 

detrimental effects, which are (i) leading to late photocurrent onset potential, and (ii) 

facilitating photocorrosion. In order to remove these limiting factors for the CuBi2O4 

activity, we have modified the CuBi2O4 with various thicknesses of TiO2 overlayer. In the 

previous Chapter we have shown that TiO2 overlayer can passivate photogenerated electron 

trapping process at surface-states, to enhance the water oxidation activity of BiVO4
148 which 

indicates that a similar strategy may work for CuBi2O4 as well. Also TiO2 is widely utilized 

for various photocathodes such as p-Si, Cu2O, and CuBi2O4 to inhibit photocorrosion and 

enhance their stability149–151. However, as shown in Figure 4.11. below, various TiO2 

overlayer thicknesses significantly decrease the photocurrent of CuBi2O4. The photocurrent 

decreases with increasing thickness of TiO2. Even with the modification of 2 cycles of TiO2, 

which is very low coverage, the photocurrent decreases from -0.27 mA.cm-2 to -0.01 mA.cm-

2. Such effect of TiO2 overlayer on bare CuBi2O4 was also reported previously in the 
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literature63. This result may be due to the improper interface formation between the CuBi2O4 

and TiO2 layers, which can increase the charge recombination. The XPS spectra for Bi 4f, 

Cu 2p, O 1s, and Ti 2p shows the growth of TiO2 overlayer, which is given in the Appendix 

section. 

 

Figure 4.11. LSV measurement for CuBi2O4 and the effect of TiO2 overlayer with various cycle numbers, 

under back illumination in 0.1 M NaOH solution (pH=12.8) with N2 purging. 

4.4.Conclusions 

In this Chapter, we have synthesized CuBi2O4 photocathodes via electrodeposition 

method, and characterized the CuBi2O4 films using XPS, FESEM, XRD, UV-vis-NIR 

absorption, and Raman spectroscopy. The stability measurements indicate severe 

photocorrosion occurs, in which the photogenerated electrons reduce Cu2+ to Cu+ and/or Cu0. 

Furthermore, the roles of the surface-states of CuBi2O4 were examined. We found that 

surface states near the flat-band potential act as photogenerated electron traps, which delays 

the photocurrent onset to 0.9 VRHE -1.0 VRHE even though photocurrent is observed as early 

as 1.4 VRHE. The CuBi2O4 surface was modified with ALD grown TiO2 with different 

thicknesses to passivate the electron trapping process. However, even with low coverage of 

TiO2, CuBi2O4 activity significantly decreased. These results suggest that interfacial 

dynamics are important for the CuBi2O4 photocathode activity and stability. Thus, the 

surface charge carrier dynamics need to be tuned to passivate the electron trapping process 

to improve the performance of CuBi2O4. 
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Chapter 5. Summary and Conclusions 

In the first part of this study, the effect of TiO2 overlayer on BiVO4 photoanodes for 

OER was investigated. We show that the water oxidation activity of BiVO4 photoanode is 

significantly boosted by the TiO2 overlayer prepared by ALD, with an optimized thickness. 

We attribute this enhancement to improved charge separation and suppression of surface 

recombination due to surface state passivation. We show with TPC measurements that TiO2 

overlayer can modulate the extent of the photogenerated electron-trapping process at the 

BiVO4 surface. Even though the electron trapping process is eliminated completely at higher 

TiO2 overlayer thicknesses, the charge transfer resistance across the interface also increases 

significantly, resulting in a diminished photocurrent. 

 In the second part, the roles of the surface-states were evaluated for the CuBi2O4 

photocathode for HER. Using EIS and TPC measurements, we have identified the presence 

of surface-states, and photogenerated electron trapping process at these states. We show that 

surface-states near the flat-band potential act as photogenerated electron traps, which results 

in a delay in the photocurrent onset potential. The TiO2 overlayer was grown on CuBi2O4 

surface via ALD to tune the charge carrier dynamics at the surface and inhibit the electron 

trapping process with a similar strategy with BiVO4 photoanodes. However, even with low 

coverage of TiO2 overlayer, CuBi2O4 activity significantly decreased. Furthermore, we have 

identified significant photocorrosion, which is detrimental for the stability of the 

photocathode. These results suggest that interfacial dynamics are important for the CuBi2O4 

photocathode activity and stability. Thus, the surface charge carrier dynamics need to be 

tuned by other materials than TiO2 to passivate the electron trapping process to improve the 

performance of CuBi2O4. 

 Investigations done in this study shed light on the roles of the surface states in BiVO4 

and CuBi2O4 for PEC water splitting. As future works, the effect of the surface Cu 

composition will be investigated on the activity and the concentration of surface-states in 

CuBi2O4 photocathode. Furthermore, additional experiment can be designed to evidence 

charge carrier trapping for both BiVO4 and CuBi2O4. LSV and TPC measurements can be 

done using a laser with sub-bandgap energy as the incident light, rather than an LED or a Xe 

lamp. Differential electrochemical mass spectrometry (DEMS) can be utilized to assess the 

effect of surface charge carrier dynamics on the reaction products, by coupling it with TPC 
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measurements. A tandem cell can be constructed using BiVO4/TiO2 photoanodes and 

CuBi2O4 photocathodes, and STH efficiency of the device can be assessed, by measuring H2 

and O2 amounts with gas chromatography.  
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Chapter 7. Appendix 

7.1.Appendix A: Supporting Information for BiVO4 

 

Calculation of jabs for BiVO4 

First, the solar spectrum of 1.5AM G was taken from the literature152. The light 

harvesting efficiency was calculated from the formula given below: 

LHE =  1 −  10−A(λ)       Equation A1.1 

Then, the solar spectra (W.m-2.nm-1) was multiplied by the calculated LHE, at energies 

higher than the band gap of BiVO4, which is 2.55 eV. The result was converted to number 

of photons, and the resulting number was converted to current density, assuming that all of 

the absorbed photons are resulted in electron-hole pairs. The jabs for BiVO4 was calculated 

as 4.41 mA.cm-2. 

XPS analysis 

As shown in Figure A1.1, Bi 4f and V 2p XPS signal intensities drop, as the Ti 2p signal 

intensities increase with the increasing thickness of the TiO2 overlayer. 

 

Figure A1.1. (a) Bi 4f, (b) V 2p, (c) Ti 2p, and (d) O 1s XPS spectra of BiVO4 with increasing TiO2 layer 

thickness. 

Ti 2p peaks were deconvoluted to account for the Bi 4d3/2 signal. The fittings are 

presented in Figure A1.2. Shirley type of background was utilized, and the Gaussian-
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Lorentzian function was used to fit the peaks. The Ti 2p1/2 and Ti 2p3/2 peaks are located at 

464.2 eV and 458.5 eV, respectively. The peak positions suggest that Ti4+ phase for the 

overlayer according to prior XPS studies on TiO2
135,153,154. 

 

Figure A1.2. Deconvoluted Ti 2p XPS spectra for (a) BiVO4/0.6 nm TiO2, (b) BiVO4/0.9 nm TiO2, (c) 

BiVO4/1.3 nm TiO2, (d) BiVO4/1.4 nm TiO2, and (e) BiVO4/5.8 nm TiO2. 

For the quantification of the TiO2 overlayer thickness, which was assumed uniform over 

BiVO4, the photoelectron mean free path was calculated using Equation S1 given below8: 

𝜆 = 0.096 × √𝐸       Equation A1.2 

where E is the kinetic energy (in eV), λ is the mean free path (in nm) of the 

photoelectron.  

The overlayer thickness was calculated using Equation S2155: 

𝑑 = 𝜆 × ln[
𝐼𝑜𝑣𝑒𝑟𝑙𝑎𝑦𝑒𝑟

𝐼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
×

𝑆𝐹𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑆𝐹𝑜𝑣𝑒𝑟𝑙𝑎𝑦𝑒𝑟
×

𝜌𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝜌𝑜𝑣𝑒𝑟𝑙𝑎𝑦𝑒𝑟
+ 1]   Equation A1.3 



 

76 

 

where d is the calculated thickness, Ioverlayer and Isubstrate are the elemental peak intensities 

of the overlayer and the substrate, respectively. SF refers to the elemental sensitivity factors 

and ρ is the density of the atoms. 

 

Figure A1.3. FESEM images of (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) BiVO4/5.8 nm TiO2. 

 

Figure A1.4. Raman spectra for bare BiVO4 and BiVO4/1.3 nm TiO2. 

 

 

Figure A1.5. Tauc plots for bare BiVO4, BiVO4/1.3 nm TiO2, and BiVO4/5.8 nm TiO2. 
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Figure A1.6. Electrochemically active surface area (ECSA) calculation done via CV measurement in 

dark at various scan rates for (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) BiVO4/5.8 nm TiO2. (d) Measured 

capacitive current density with respect to the scan rate for the photoanodes. 

 

 

Figure A1.7. CV measurement of bare FTO, FTO/1.3 nm TiO2 in dark and under illumination in 0.1 M 

KPi buffer with pH=7.4. 
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Figure A1.8. LSV measurements under back illumination in 0.1 M KPi buffer with pH=7.4. 

 

As shown in Figure S8, when the light is turned on we observe an anodic spike, 

corresponding to hole accumulation at the space-charge region113. The anodic spike is larger 

for BiVO4/1.3 nm TiO2 which is in accordance with the TPC measurements presented in the 

main text, is attributed to enhanced charge separation. However, at higher thickness, the 

steady-state photocurrent drops, which is in agreement with the LSV and the EIS results. 

 

Figure A1.9. TPC measurements at 0.6 VRHE under AM1.5G illumination in 0.1 M KPi buffer with 

pH=7.4. 
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Figure A1.10. Transient Photocurrent (TPC) measurements done with 50.0 ms white light LED pulse in 

0.1 M KPi buffer with 0.5 M Na2SO3 solution for (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) BiVO4/5.8 

nm TiO2 

 

Figure A1.11. LSV measurement under front illumination in 0.1 M KPi buffer with 0.5 M Na2SO3 with 

pH=7.8. 

For the charge injection efficiency (ηinj) and charge separation efficiency (ηsep) 

calculations, the formulas given below were used156: 

𝜂𝑠𝑒𝑝 =
𝑗𝑠𝑐𝑎

𝑗𝑎𝑏𝑠
      Equation A1.3 

𝜂𝑖𝑛𝑗 =
𝑗𝑏𝑢𝑓𝑓

𝑗𝑠𝑐𝑎
      Equation A1.4 

where jsca is the photocurrent density in scavenger solution, where ηinj is 100%, jabs is 

the photon absorption rate in the units of current density, and jbuff is the photocurrent density 

in buffer solution. jabs was calculated as 4.4 mA.cm-2, where the details of the calculation can 

be found elsewhere37. 
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Figure A1.12. Fittings for the Nyquist plots in 0.1 M KPi buffer pH=7.4 under illumination between 

0.45-1.0 VRHE for (a) bare BiVO4, (b) BiVO4/1.3 nm TiO2, and (c) BiVO4/5.8 nm TiO2. 

The Nyquist plot fittings were done using Randle’s model with a constant phase element 

(CPE) as shown in Figure 1b inset. CPE is commonly used instead of capacitors for the metal 

oxide electrodes to model the capacitive behavior at the interface since the surface of the 

electrode contains heterogeneities resulting from roughness, the porosity of the electrode 

surface, and the complexity of the double-layer structure157. The capacitance (C) associated 

with the CPE is given by equation S3158: 

𝐶 = 𝑄
1

𝛼 × 𝑅
1

𝛼
−1       Equation A1.5 

where C is the capacitance, Q is the constant phase element, R is the resistance, and α 

is an empirical factor between 0 and 1. 

Long-term activities of the photoanodes were also tested by performing consecutive 

LSV scans under chopped light illumination. Both bare BiVO4 and BiVO4/1.3 nm TiO2 

maintained their activities and 1.3 nm TiO2 layer outperforms the activity of bare BiVO4. 

 

Figure A1.13. 40 consecutive LSV scans performed by using (a) bare BiVO4 and (b) BiVO4/1.3 nm TiO2. 

The measurements were performed in 0.1 M KPi buffer with pH=7.4 under chopped-light illumination. 
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7.2.Appendix B: Supporting information for CuBi2O4 

 

 

Figure B1.1. Fittings for the Nyquist plots for measured in O2-purged 0.1 M NaOH under front 

illumination between 1.4 VRHE-0.4 VRHE. 

 

 

 

Figure B1.2. (a) Bi 4f, (b) Cu 2p, (c) Ti 2p, and (d) O 1s XPS spectra for CuBi2O4 and CuBi2O4/10TiO2.  

 

 


