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Abstract 
Harvesting sunlight, the ultimate renewable power source, in a cost-effective way has been long 

recognized as a necessary route to meet the global energy challenges. Solar energy can be transformed into 
electricity by means of photovoltaic devices to supply the electricity grid or alternatively it can be stored in 
batteries. However, given the limitation of current battery technology, methods to store sunlight for long 
duration and at large scale are still under development. Instead, solar energy can be directly converted into 
chemical fuels, for instance hydrogen from water splitting or carbon-based products from carbon dioxide 
reduction, using a semiconductor–liquid junction (SCLJ) in a photoelectrochemical (PEC) cell. PEC water split-
ting for sustainable hydrogen production has garnered growing attention ever since the first demonstration 
of photocatalytic water splitting on semiconductor surface. However, light harvesting through a single-ab-
sorber system is limited by the large semiconductor band gap energy required to afford overall water split-
ting. In contrast, a dual absorber PEC tandem cell consists of photoanode and photocathode with different 
band gaps that can complementarily utilize a wide range of solar spectrum. Despite considerable efforts to 
boost the solar-to-hydrogen (STH) conversion efficiency for unassisted solar water splitting, the performance 
and stability of PEC tandem cell devices are still insufficient for commercialization. To further improve the 
performance of a PEC tandem cell, it is of great importance to have rational design of photoelectrodes and 
comprehensive understanding of the SCLJ where the photosynthetic reaction is happening. The work pre-
sented in this thesis aims at developing and utilizing novel operando spectroelectrochemistry to characterize 
the semiconductor/electrolyte interface. These interfacial characterization techniques provide fundamental 
understanding of the SCLJ and identify the performance bottleneck of the photoelectrodes, which establish 
the roadmap for optimizing the solar fuel production process. Taking hematite as a model photoanode ma-
terial, we first explore the potential of intensity-modulated photovoltage spectroscopy (IMVS) for character-
ization surface recombination process in Chapter 2. Then in Chapter 3 we study the effect of electrolyte pH 
on the performance of metal oxide photoanode by a set of operando spectroelectrochemical tools. In Chap-
ter 4 we evaluate the charge carrier behavior of the emerging spinel copper ferrite photoanode whose fea-
tures limiting the solar water oxidation response are revealed for the first time. In addition, to deal with the 
late onset potential that restrain spinel zinc ferrite photoanodes for tandem cell application, we demonstrate 
that a sub-nanometer aluminum oxide layer operates as an efficient surface passivation agent improving the 
onset potential by 100 mV in Chapter 5. Likewise, guided by spectroelectrochemical measurements, we es-
tablish a new benchmark on lanthanum iron oxide photoanode by rational surface and bulk engineering in 
Chapter 6. Finally, combining computational methods and operando spectroelectrochemistry, we identify for 
the first time the catalytic active sites and surface trap states on chalcopyrite photocathodes in Chapter 7. 

Keywords 

Photoelectrochemistry, operando spectroelectrochemistry, catalysis, solar water splitting, metal oxide, chal-
cogenide, solution-processed thin film 
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Résumé 
Capter la lumière du soleil, la source d'énergie renouvelable par excellence, de manière rentable 

est depuis longtemps reconnu comme une voie nécessaire pour relever les défis énergétiques mondiaux. 
L'énergie solaire peut être transformée en électricité au moyen de dispositifs photovoltaïques pour alimenter 
le réseau électrique ou bien elle peut être stockée dans des batteries. Cependant, étant donné la limitation 
de la technologie actuelle des batteries, des méthodes pour stocker la lumière du soleil pendant une longue 
durée et à grande échelle sont encore en cours de développement. Au lieu de cela, l'énergie solaire peut être 
directement convertie en combustibles chimiques, par exemple en hydrogène provenant de la séparation de 
l'eau ou des produits à base de carbone provenant de la réduction du dioxyde de carbone, en utilisant une 
jonction semi-conducteur-liquide (SCLJ) dans une cellule photoélectrochimique (PEC). La séparation de l'eau 
PEC pour la production durable d'hydrogène a suscité une attention croissante depuis la première démon-
stration de la séparation photocatalytique de l'eau sur la surface des semi-conducteurs. Cependant, la récu-
pération de la lumière à travers un système à un seul absorbeur est limitée par l’énergie de bande interdite 
des semi-conducteurs requise pour permettre une séparation globale de l'eau. En revanche, une cellule tan-
dem PEC à double absorbeur se compose d'une photoanode et d'une photocathode avec des bandes in-
terdites différentes qui peuvent utiliser de manière complémentaire une large gamme du spectre solaire. 
Malgré des efforts considérables pour augmenter l'efficacité de la conversion solaire en hydrogène (STH), 
pour la séparation de l'eau solaire sans assistance, les performances et la stabilité des dispositifs à cellules 
tandem PEC sont encore insuffisantes pour la commercialisation. Pour améliorer encore les performances 
d'une cellule tandem PEC, il est d'une grande importance d'avoir une conception rationnelle des photoélec-
trodes et une compréhension globale du SCLJ où se produit la réaction photo-synthétique. Le travail présenté 
dans cette thèse vise à développer et à utiliser une nouvelle méthode de spectroélectrochimie operando 
pour caractériser l'interface semi-conducteur/électrolyte. Ces techniques de caractérisation interfaciale 
fournissent une compréhension fondamentale du SCLJ et identifient les limites en termes de performances 
des photoélectrodes, qui établissent la feuille de route pour optimiser le processus de production de com-
bustible solaire. En prenant l'hématite comme matériau de photoanode modèle, nous explorons d'abord le 
potentiel de la spectroscopie photovoltaïque à modulation d'intensité (IMVS) pour la caractérisation du pro-
cessus de recombinaison de surface, au chapitre 2. Ensuite, au chapitre 3, nous étudions l'effet du pH de 
l'électrolyte sur les performances de la photoanode d'oxyde métallique par un ensemble d'outils spectroélec-
trochimiques operando. Dans le chapitre 4, nous évaluons le comportement des porteurs de charge de 
l’emergente photoanode de ferrite de cuivre spinelle, dont les caractéristiques limitant la réponse solaire à 
l'oxydation de l'eau sont révélées pour la première fois. De plus, pour faire face au potentiel d'apparition 
tardif qui limite l’utilisation des photoanodes en ferrite de zinc spinelle pour l'application de cellules en tan-
dem, nous démontrons qu'une couche d'oxyde d'aluminium sub-nanométrique fonctionne comme un agent 
de passivation de surface efficace, améliorant le potentiel d'apparition de 100 mV, dans le chapitre 5. De 
même, guidés par des mesures spectroélectrochimiques, nous établissons une nouvelle référence sur la pho-
toanode d'oxyde de fer au lanthane par ingénierie rationnelle de surface et de masse, au chapitre 6. Enfin, 
en combinant des méthodes de calcul et de spectroélectrochimie operando, nous identifions pour la 
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première fois les sites actifs catalytiques et états des pièges de surface sur les photocathodes à chalcopyrite, 
au chapitre 7. 

Mots-clés 

Photoélectrochimie, spectroélectrochimie operando, catalyse, séparation de l'eau solaire, oxyde métallique, 
chalcogénure, couche mince traitée en solution 
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 Introduction 
1.1 World energy consumption and renewable energy 
Driven by the global population growth and modernization of society, the global energy demand has reached 
583.9 exajoules in 2019.1 Currently, the majority of the world energy consumption (84.3 % in 2019) is supplied 
by fossil fuels, more specifically, coal, oil and natural gas. The usage of fossil fuels revolutionized the world in 
many ways such as electricity generation, industrial process and transportation, owing to their cost-effec-
tiveness, reliability and useful by-product. However, there are limitations of fossil fuels. Firstly, fossil fuels 
are formed by a natural process in the time span of millions of years, in other words, their reserves are lim-
ited, and thus questions their ability to meet the growing energy demand. Secondly, the geographical distri-
bution of fossil fuels is uneven, which brings up the issue of exploration, extraction, transportation and even 
armed conflicts. Finally, the usage of fossil fuels has cumulative negative impact to the environment. The 
combustion of fossil fuels releases various harmful substances such as carbon dioxide, sulfur dioxide and 
nitrogen oxide (acid rain), and smoke fog (air pollution). Notably, the emission of greenhouse gas (carbon 
dioxide) leads to an unprecedented impact on the climate change, known as global warming. International 
efforts have been made to achieve long-term low greenhouse gas emission development towards a climate 
neutral world. In 2016, 196 state parties adopted the Paris Agreement on climate change mitigation. In April 
2021, 40 world leaders gathered in the Leaders Summit on Climate to discuss strategies for carbon-neutrality. 

One key strategy to deal with climate change is to shift fossil fuel-based economy towards a net-zero econ-
omy by finding alternative energy sources. Figure 1:1 displays the world energy consumption and shares of 
global primary energy from 1994 to 2019, from which we can have a hint of progress and challenges on 
alternative energy development.1 In the past decades, the usage of fossil fuels has dominated the world en-
ergy consumption, indicating the necessity of planning long-term strategy for energy transition. Three alter-
native energy sources are listed in Figure 1:1, that are, renewables, hydroelectricity, and nuclear energy. 
Hydroelectricity and nuclear energy both shared around 7% of the global primary energy in 1994. The share 
of hydroelectricity has been stable for more than two decades, while the share of nuclear energy has been 
decreased ever since 2004 and reached a value of 4.3% in 2019 due to the global nuclear power phase-out. 
Encouragingly, renewable energy exhibits a strong growth for the past decade and contributed a record 
breaking 3.2 exajoules (5% share in world energy consumption) in 2019. Among various renewable energy 
sources, wind (1.4 exajoules) and solar (1.2 exajoules) make the most significant contributions. 
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Figure 1:1 World energy consumption and shares of global primary energy from 1994 to 2019. Adapted from BP’s Sta-
tistical Review of World Energy 2020.1 

1.2 Solar energy conversion 
Solar energy has been long considered as one of the most promising renewable energy source to meet the 
growing energy demand. The unique advantage of solar energy is that its abundance is greater than any other 
energy sources on Earth. The continuous solar flux towards the Earth leads to more than 3 million exajoule 
of energy reaching the Earth’s surface every year.2 The tremendous amount of solar energy is thousands of 
times larger than the annual world energy consumption (583.9 exajoules in 2019, Figure 1).1 As an example, 
if we could convert only 0.1% of solar energy into electricity with efficiency of 10%, it would generate around 
100,000 terawatt hour (TWh) electricity, which is 4.5 times higher than the global electricity final consump-
tion in 2018 (22,315 TWh).3 One commercialized approach to achieve solar-to-electricity conversion is to use 
solar cells. Significant progress has been made in industrial production of solar cells. As a result, current solar 
panels can effectively convert solar energy into electricity with an average efficiency of 15%–20%. However, 
the usage of solar cells is partially limited by the intermittent nature of sunlight which is caused by the 
day/night cycle, the uneven sunshine duration due to geographic distribution (Figure 1:2a), and the atmos-
pheric conditions. Since solar generated electricity is directly linked to the solar photon flux, such intermit-
tency will introduce difficulties of integrating solar panels into electrical grid. In addition, there is a mismatch 
between sunshine duration and peak electricity demand on the daily basis (Figure 1:2b), which brings up the 
need for energy storage. Various commercially available solar energy storage solutions for household have 
been offered by different companies using integrated solar panel and lithium-ion battery. However, the rel-
atively small storage capacity, short discharge time and high cost limits solar-battery configuration towards 
industrial applications. Besides solar to electricity conversion, solar energy can be stored in chemical bonds, 
that is, in the form of energy-rich molecules such as hydrogen for long term use and high storage capacity. 
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Figure 1:2 (a) Annual sunshine hours map of the world.4 (b) Average hourly energy consumption and solar power gen-
eration during a typical day. Adapted from Wikimedia CC BY-SA 3.0. 

1.3 Hydrogen economy and photoelectrochemical water splitting 
Hydrogen is not only one of the most demanded chemical feedstock in industry with a global consumption 
around 60 million tons per year,5 but also has one of the highest energy density among common energy 
storage materials (except for nuclear fusion materials). The combustion of hydrogen release only water as a 
by-product, which makes it an ideal energy source for developing carbon-neutral economy. Hydrogen is also 
widely used in fuel cells to generate electricity. As an emerging technology, hydrogen fuel cell vehicles have 
received increased attention recently. It has been predicted that by 2030 the total market of hydrogen fuel 
cell will reach 3 billion USD.6 However, more than 90% of modern hydrogen production rely on steam-me-
thane reforming which is energy intensive and has high emission of carbon dioxide greenhouse gas.7 This 
method set up a hydrogen cost around $1 per kilogram without considering the cost of offsetting the carbon 
dioxide emission.8 So far, hydrogen economy cannot sustain a net-zero economy unless we find a renewable 
approach to upscale at a competitive cost the hydrogen production. Electrolysis of water to produce hydro-
gen has been considered a promising alternative approach owing to its high energy efficiency. Considerable 
investment has been made in upscaling electrolysis, for example, European Union aims for producing hydro-
gen with a cost of € 3 per kilogram by 2030 via electrolysis.9 In September 2020, the Minister for Energy and 
Emissions Reduction of Australia has announced the Low Emissions Technology Statement,10 which targets a 
cost of $ 2 per kilogram by electrolysis. One challenge faced by the development of electrolysis is the elec-
tricity production. Currently, the electricity used to split water is predominantly generated by burning fossil 
fuels such as coal and natural gas,11 which questions the carbon-neutrality of the electrolysis process. It is 
therefore essential to develop a technique capable of producing hydrogen in a fully renewable way. Among 
various emerging technologies, photoelectrochemical (PEC) water splitting has the potential of carbon-free 
hydrogen production with input of only sunlight and water. A stand-alone PEC water splitting device com-
prises an n-type semiconducting photoanode and p-type semiconducting photocathode that are optically 
and electronically complementary. Under illumination, the PEC device generates a photovoltage high enough 
to cause the electrolysis of water, with the evolution of hydrogen and oxygen occurring at the surface of the 
photocathode and photoanode, respectively (Figure 1:3a). PEC water splitting leverages the abundance of 
both solar energy (unlimited energy source) and water (cover around 70% of the Earth). A conceptual hydro-
gen economy based on a combination of PEC water splitting and electrolysis powered by tides and wind has 
been envisaged in Figure 1:3b where the hydrogen power plant can be constructed near the sea. Despite 
research interest in developing PEC water splitting devices, there is no demonstration so far for low-cost, 
efficient and stable solar-to-hydrogen (STH) conversion. 
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Figure 1:3 (a) Sketch of PEC tandem cell architecture. (b) Vision of a sustainable hydrogen fuel community based on 
PEC water splitting. Adapted from ref.12,13 with the permission of © 2013 American Chemical Society and © 2012 Na-

ture Publishing Group. 

1.4 Photoelectrochemical tandem cell 
The realization of photoelectrochemical (PEC) water splitting is based on the overall electrochemical reaction 
whereby two molecules of water is split into two molecules of hydrogen and one molecule of oxygen: 

2H2O → 2H2 + O2; ∆E= − 1.23V (1: 1) 

In acidic conditions, the half-reaction for oxidation and reaction are: 

2H2O → 4H+ + 4e− + O2; ∆Eox
0 = −1.23VRHE (1: 2) 

2H+ + 2e− → H2; ∆Ered
0 = 0VRHE (1: 3) 

In neutral and basic conditions, the half-reaction for oxidation and reaction are: 

4OH− → 2H2O + 4e− + O2; ∆Eox
0 = −1.23VRHE (1: 4) 

2H2O + 2e− → H2 + 2OH−; ∆Ered
0 = 0VRHE (1: 5) 

Given the fact that the overall process is not spontaneous, that is, it has a negative standard potential, the 
idea of PEC water splitting is to utilize solar energy as the external energy input to drive this reaction. Note 
that in addition to the thermodynamically determined ∆𝐸𝐸, practical water splitting devices require additional 
potential to operate. These overpotentials linked to the anodic and cathodic reaction typically originate from 
kinetic barriers for the chemical reaction, mass transfer limitations in the electrolyte, ohmic losses, etc.14–16 
The solar-to-hydrogen efficiency (STH) is calculated by the photocurrent density produced by the PEC de-
vice:17,18 
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𝜂𝜂𝑆𝑆𝑆𝑆𝐻𝐻 =
1.23[𝑉𝑉] × 𝑗𝑗𝑝𝑝ℎ � 𝑚𝑚𝐴𝐴

𝑐𝑐𝑚𝑚2� × 𝐹𝐹𝐸𝐸

𝑆𝑆 �𝑚𝑚𝑊𝑊
𝑐𝑐𝑚𝑚2�

(1: 6) 

where 𝑗𝑗𝑝𝑝ℎ is operating photocurrent and 𝐹𝐹𝐸𝐸 is the Faradaic efficiency (described the conversion efficiency of 
charges transferred into the system that contribute to the electrochemical reaction), and 𝑆𝑆 is the incident 
irradiance. 

One immediate approach for PEC water splitting is to connect multiple photovoltaics (PV) in series to provide 
sufficient photovoltage to perform electrolysis of water (PV + electrolyzer configuration).19,20 PV + electro-
lyzer represents an indirect solar-to-hydrogen conversion approach where the light absorber is in wired con-
nection to the electrocatalysis for water splitting. State-of-the-art devices used a InGaP/GaAs/GaInNAsSb 
trip-junction solar cell to drive two electrolyzers with a record STH of 30%.21 However, the high cost of III-V 
semiconductor based solar cells would be a challenge for scaling-up. In addition, the configuration of PV + 
electrolyzer unavoidably requires multiple components to be functional where the use of encapsulation, 
glass, electrical connections, and frames further increase the cost of the device. For example, significant en-
gineering efforts need to be put in to minimizing the electrical mismatch in PV modules as well as in between 
photoabsorber and electrocatalysis. It is therefore of great interest to have a direct PEC device where pho-
toabsorber and electrocatalyst are integrated for the sake of device simplicity. Technoeconomic analysis 
shows that a direct PEC device with STH 10% (in some cases 15%) will have acceptable competitiveness for 
large scale hydrogen production.22,23 

PEC water splitting using dual-absorber tandem cell architecture represents a straightforward strategy for 
direct solar-to-hydrogen conversion. Schematics of a wired PEC tandem cell configuration with the corre-
sponding energy diagram is shown in Figure 1:4. A PEC tandem cell consists of a n-type photoanode and a p-
type photocathode which can be directly immersed into electrolyte and possibly separated by a membrane 
to facilitate gas separation and prevent leakage or contamination between catholyte and anolyte. Ideally, 
instead of encapsulating the semiconductors to avoid corrosion, as it is commonly required in a solar cell 
powered electrolyzer approach, the PEC tandem cell relies on the formation of the semiconductor–liquid 
junction (SCLJ) to generate sufficient photovoltage and control the charge separation across the interface. As 
shown in Figure 1:4, an optimal PEC tandem cell contains a larger band gap photoanode on top of a narrower 
band gap photocathode to achieve complementary absorption of solar spectrum. Similar to metal–semicon-
ductor junction, the immersion of photoelectrodes into electrolyte creates SCLJ where the Fermi level of 
semiconductor equilibrates with the redox potential in the electrolyte while the band edges remained 
pinned.24 The working principal of photoelectrodes in a PEC tandem cell is based on the physics of semicon-
ductors.25,26 Taking the photoanode as an example, upon illumination, incident photon with energy greater 
than the band gap can excite an electron from valence band to conduction band and leave a hole in the 
valence band (charge generation). Then, the build-in electric field inside the space charge region will drive 
the photogenerated holes towards the SCLJ and photogenerated electrons towards the back electrical con-
tact (charge separation and collection). The photogenerated holes are transferred into water oxidation ca-
talysis (WOC) at the photoanode surface to drive oxygen evolution reaction (OER). Likewise, the photogen-
erated electrons are collected by the external circuit and recombine with the photogenerated holes in pho-
tocathode. Note that the presence of energy traps at the SCLJ will drastically affect the dynamics of photo-
generated charge carriers.26,27 This will be described in detail along the thesis for specific examples. 
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Figure 1:4 Schematic of a ’wired’ type PEC tandem cell for water splitting. The tandem cell consists of a photoanode 
with a band gap energy of Eg,1 and a photocathode with a band gap energy of Eg,2, where Eg,1 is greater than Eg,2 for 
complementary light absorption. Upon illumination, an electron (e–) in the valence band (VB) is excited by a photon 
and then is promoted to the conduction band (CB) while leaving a positively charged hole (h+) in the VB. The photo-
generated electron-hole pair is separated by the depletion layer. In the photoanode, h+ with energy higher than the 

water oxidation overpotential (ηO) is transferred to the water oxidation catalysis (WOC) to promote oxygen evolution 
reaction. Similarly, e– in the photocathode with high enough energy to overcome the water reduction overpotential 
(ηR) is transferred to the water reduction catalysis (WRC) to perform hydrogen evolution reaction. Likewise, e– in the 
photoanode is recombined with h+ from photocathode through the external circuit. Adapted from ref.28 with the per-

mission of © 2016 Nature Publishing Group. 

Currently the hydrogen production is dominated by the steam methane reforming with a cost of around $ 1 
per kilogram.8 Therefore, for the solar water splitting to succeed as a technology for hydrogen production it 
must not only afford large scale production but also a competitive price for hydrogen in the market. The cost 
of hydrogen production through PEC water splitting has been analyzed by several groups. For PV + electro-
lyzer configuration, the estimated cost is around $ 5–8 per kilogram.29,30 For PEC tandem cell architecture, 
the cost is estimated to be around $ 3–10 per kilogram.31,32 To achieve a sustainable hydrogen production 
with cost lower than $ 3 per kilogram using PEC tandem cells, a 10% STH, a system cost of $ 160 per square 
meter, and a durability of 15 years have been estimate to be required as to reach the threshold to make the 
technology competitive in the current market landscape.31,32 Despite considerable efforts, there is no PEC 
tandem cell device that fulfill all these three requirements. State-of-the-art tandem cell shows a STH greater 
than 7% using transparent Ta3N5 as the photoanode and CuInSe2 as the photocathode.33 However, both high-
performing Ta3N5 and CuInSe2 were fabricated by vacuum techniques which rise the cost and limit large scale 
production. In contrast, solution-processed photoelectrodes open up the possibility for scaling up at a rea-
sonable price. Metal oxides have been long considered as promising candidate for photoelectrodes owing to 
their abundance, stability, and low toxicity. Decades of research has led to a significant advancement of metal 
oxide photoelectrodes. As photoanode materials, benchmarking α-Fe2O3 can deliver ~6 mA/cm2 photocur-
rent density with stability greater than 100 hours.34 Likewise, high-performing BiVO4 photoanodes shown a 
photocurrent density around 6 mA/cm2.35 In terms of photocathodes, the best-performing oxide photocath-
ode is Cu2O, which can perform stable water reduction at +0.5 V vs RHE for 100 hours and can reach 10 
mA/cm2 photocurrent density at 0 V vs RHE.35 However, even coupling both state-of-the-art metal oxide 
photoanode and photocathode, the benchmarking 3% STH is still far below the 10% requirements towards 
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commercialization, which indicates the need for further optimization.35 As illustrated in Figure 1:5, the effi-
ciency of a PEC tandem cell device depends on the photocurrent overlap between the photoanode and the 
photocathode. Ideally, one would want a large photocurrent overlap to achieve a STH of 10%. Compared 
with the ideal photocurrent that derived from the Gärtner model,36 the photocurrent of current photoelec-
trodes is limited by severe bulk and surface recombination. It is, therefore, essential to first clearly identify 
the performance bottleneck and then carry out rational surface and bulk engineering for device optimization. 

 

Figure 1:5 Photocurrent-voltage characteristics of photocathodes (blue) and photoanodes (red) recorded separately in 
a three electrode setup in two extreme situations, that is, when the photocurrent/photovoltage delivered is poor 

(solid line, labelled as reality) and high (dashed line, labelled as ideality). photoelectrodes for a PEC tandem cell. The 
intersection point indicates the maximum photocurrent (short circuit current) that could be delivered by the PEC cell 
constructed with these two photoelectrodes, assuming no ohmic losses or changes in the illumination conditions for 

both electrodes occur. 

1.5 Methods and theory 
In the following section we will introduce the basic theory and applications of the main spectroelectrochem-
ical tools that will be further developed during the thesis. 

1.5.1 Photoelectrochemical characterization and lamp calibration 

PEC measurements are carried out in a Cappuccino-type electrochemical cell with 3-electrode configuration 
(Figure 1:6a). The active geometric area for the working electrode is 0.238 cm2. The 3-electrode configuration 
is connected to a Bio-Logic potentiostat. The lamp is calibrated to the air mass 1.5 global (AM 1.5G) terrestrial 
solar spectral irradiance by ensuring the same number of photon flux in the wavelength range between 300 
nm to 800 nm (Figure 1:6b): 
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� 𝑁𝑁𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜
𝐴𝐴𝐴𝐴1.5𝐺𝐺 (λ)

800

300
𝑑𝑑λ = � 𝑁𝑁𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜

𝐿𝐿𝑡𝑡𝐿𝐿𝑝𝑝 (λ)
800

300
𝑑𝑑𝑑𝑑 (1: 7) 

The lamp spectrum is recorded by a spectrometer (Ocean Optics USB2000+XR1-ES) coupled with a cosine 
corrector (Ocean Optics CC-3-UV-S). The light intensity is measured by a Si photodiode (Thorlabs FDS015) 
that placed in the sample position. The AM 1.5G is adapted from the American Society for Testing and Ma-
terials (ASTM) G-173 spectra that were modelled using the Simple Model for Atmospheric Radiative Trans-
mission of Sunshine (SMARTS, version 2.9.2) of Gueymard.37 

 

Figure 1:6 (a) Schematic of a Cappuccino electrochemical cell. (b) Xenon arc lamp irradiation spectrum calibrated with 
the AM 1.5G spectrum for the same number of photons in the wavelength between 300 to 800 nm. 

1.5.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a frequency-domain technique where a small sinusoidal 
voltage perturbation is applied to the electrode at a range of frequencies. EIS has been widely used in all 
aspects of modern electrochemistry,38–40 for example, corrosion,41,42 battery,43,44 fuel cell,45,46 solar cell,47,48 
electrocatalyst,49,50 PEC cell,51–53 photocatalyst.54,55 The small voltage modulation (𝑉𝑉1𝑒𝑒𝑖𝑖𝑖𝑖𝑡𝑡) is typically added 
to a fixed applied potential (𝐸𝐸0) on an electrode. The overall applied potential (𝑉𝑉� ) on the electrode can be 
expressed as: 

𝑉𝑉� = 𝑉𝑉0 + 𝑉𝑉1𝑒𝑒𝑖𝑖𝑖𝑖𝑡𝑡 (1: 8) 

The electrode current (𝐼𝐼) induced by 𝑉𝑉�  will have a complex representation with a phase shift (𝜑𝜑) to 𝑉𝑉� : 

𝐼𝐼 = 𝐼𝐼0 + 𝐼𝐼1𝑒𝑒𝑖𝑖(𝑖𝑖𝑡𝑡−𝜑𝜑) (1: 9) 

According to the Ohm’s law, the electrical impedance (�̂�𝑍) of the electrochemical system can be described as: 

�̂�𝑍 =
𝑉𝑉1𝑒𝑒𝑖𝑖𝑖𝑖𝑡𝑡

𝐼𝐼1𝑒𝑒𝑖𝑖(𝑖𝑖𝑡𝑡−𝜑𝜑) =
𝑉𝑉1

𝐼𝐼1
𝑒𝑒𝑖𝑖𝜑𝜑 = ��̂�𝑍�𝑒𝑒𝑖𝑖𝜑𝜑 (1: 10) 

CE WE REa b
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One parametric plot to visualize impedance response is Nyquist plot where the imaginary part of impedance 
(𝑍𝑍′′) is plotted as a function of the real part of the impedance (𝑍𝑍′) based on the following expression: 

�̂�𝑍 = 𝑍𝑍′ + 𝑖𝑖𝑍𝑍′′ (1: 11) 

where 

𝑍𝑍′ = ��̂�𝑍� cos 𝜑𝜑 (1: 12) 

𝑍𝑍′′ = ��̂�𝑍� sin 𝜑𝜑 (1: 13) 

Broadly speaking, Nyquist plot obtained for electrode under working condition display a series of semicircles. 
Qualitatively, the number of these semicircles reveals the number of ongoing electrochemical processes, at 
least those we are able to resolve for that particular range of frequencies. Quantitative analysis can be per-
formed by fitting the impedance response with equivalent circuits. With properly assigned physical meanings 
on each electrical component of the equivalent circuit, impedance fitting allows us to resolve key parameters 
in each electrochemical process. In addition to Nyquist plot, another widely used approach to display imped-
ance response is the so-called Bode plot. The x-axis of Bode plot is the standard logarithm of 𝜔𝜔 and the y-
axis can either be ��̂�𝑍� for Bode magnitude plot or 𝜑𝜑 for Bode phase plot. 

EIS has been extensively used in all aspects of modern electrochemistry such as corrosion science, battery, 
fuel cell and solar cell.56 In the field of PEC water splitting, EIS stands out as a powerful tool to characterize 
the electronic properties of electrode and interfaces. An important characteristic of semiconducting photo-
electrode is flat band potential (𝑉𝑉𝑓𝑓𝑏𝑏), defined as the Fermi level position where the band bending is zero. 𝑉𝑉𝑓𝑓𝑏𝑏 
can be calculated through Mott–Schottky analysis by performing EIS in the dark. Taking a p-type semicon-
ductor as an example, the inverse of the square value of the space charge capacitance (𝐶𝐶𝑆𝑆𝑆𝑆) can be expressed 
as a function of the applied potential, that is, the Mott–Schottky equation: 

𝐶𝐶𝑆𝑆𝑆𝑆
−2 =

2
𝑞𝑞εε0𝐴𝐴2𝑁𝑁𝐴𝐴

�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏 −
𝑘𝑘𝑘𝑘
𝑞𝑞

� (1: 14) 

where 𝑞𝑞 is elementary charge, ε is relative permittivity, ε0 is vacuum permittivity, 𝐴𝐴 is surface area, 𝑁𝑁𝐴𝐴 is ac-
ceptor density, 𝑉𝑉 is applied potential, 𝑉𝑉𝑓𝑓𝑏𝑏 is flat-band potential, 𝑘𝑘 is Boltzmann constant and 𝑘𝑘 is absolute 
temperature. 𝑁𝑁𝐴𝐴 can be used to estimate the depletion width (𝑊𝑊): 

𝑊𝑊 = �
2𝜀𝜀𝜀𝜀0

𝑞𝑞𝑁𝑁𝐴𝐴
�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏� (1: 15) 

EIS analysis can be further used to construct the band diagram of semiconductor by estimating the energy 
difference between the Fermi level and the valence band edge. The effective density of states in the valence 
band (𝑁𝑁𝑉𝑉) is given by: 

𝑁𝑁𝑉𝑉 ≡ 2 �
2π𝑚𝑚𝑑𝑑ℎ𝑘𝑘𝑘𝑘

ℎ2 �
3
2

(1: 16) 

where ℎ is Planck constant and 𝑚𝑚𝑑𝑑ℎ  is the density-of-state effective mass for holes. If the ratio of 𝑁𝑁𝐴𝐴
𝑁𝑁𝑉𝑉

 is 

smaller than 0.05, the p-type semiconductor is nondegenerate where the Boltzmann statistics is applied: 
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𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑉𝑉 = 𝑘𝑘𝑘𝑘 ln �
𝑁𝑁𝑉𝑉

𝑁𝑁𝐴𝐴
� (1: 17) 

where 𝐸𝐸𝑉𝑉  is valence band edge. If the ration of 𝑁𝑁𝐴𝐴
𝑁𝑁𝑉𝑉

 is greater than 0.05, the p-type semiconductor is degener-

ated where the value of Fermi–Dirac integral is applied: 

𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑉𝑉 = 𝑘𝑘𝑘𝑘 �ln �
𝑁𝑁𝐴𝐴

𝑁𝑁𝑉𝑉
� + 2−3

2 �
𝑁𝑁𝐴𝐴

𝑁𝑁𝑉𝑉
�� (1: 18) 

Abovementioned rules also applied to the case of n-type semiconductor once 𝑁𝑁𝐴𝐴, 𝑁𝑁𝑉𝑉, 𝑚𝑚𝑑𝑑ℎ are replaced with 
𝑁𝑁𝐷𝐷, 𝑁𝑁𝑆𝑆 , 𝑚𝑚𝑑𝑑𝑒𝑒, respectively. 

𝐶𝐶𝑆𝑆𝑆𝑆 represents amount of charges accumulated at interface under operation and it can be converted to den-
sity of surface states (DOSS): 

𝐶𝐶𝑆𝑆𝑆𝑆 = 𝑞𝑞 × 𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆 (1: 19) 

DOSS is a proxy for the accumulated charge at the electrolyte interface under illumination, which is known 
to be linked to the surface recombination phenomena. 

1.5.3 Intensity-modulated photocurrent/photovoltage spectroscopy 

Similar to EIS, both intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photo-
voltage spectroscopy (IMVS) are frequency-domain techniques where the incident light intensity is sinusoi-
dally modulated.57–60 In contrast, EIS and IMPS are rather different on how the PEC system is perturbed and 
what information we can extract. In EIS, the modulation of applied potential will mostly drop across the space 
charge region of the semiconductor while the electrical double layer remains unaltered. In IMPS, the small 
modulation of incident light intensity will directly affect the surface concentration of photogenerated charge 
carrier while the space charge region remains unchanged. The generalized theory has been developed by 
Peter and co-workers where the complex photocurrent response 𝑗𝑗(𝜔𝜔) induced by light modulation is ex-
pressed:61 

𝑗𝑗(ω) = 𝑗𝑗ℎ ×
𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 + 𝑖𝑖ω � 𝐶𝐶𝐻𝐻

1 + 𝐶𝐶𝐻𝐻/𝐶𝐶𝑆𝑆𝑆𝑆
�

𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 + 𝑖𝑖ω
× �

1
1 + (𝑖𝑖ωτ𝑑𝑑)α� (1: 20) 

where 𝑗𝑗ℎ is hole current towards surface (for a n-type semiconductor), 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 are pseudo-first order 
rate constants for charge transfer and recombination, 𝐶𝐶𝐻𝐻 and 𝐶𝐶𝑆𝑆𝑆𝑆  are capacitance of the Helmholtz layer and 
the space charge region, 𝜏𝜏𝑑𝑑 denotes mean transit time of photogenerated electrons and α (0< α ≤1) is in-
troduced as a non-ideality factor. When α = 1, the last term of the equation 1/(1 + 𝑖𝑖𝜔𝜔𝜏𝜏𝑑𝑑) corresponds to 
an ideal Debye relaxation model with a signal time constant of 𝜏𝜏𝑑𝑑. In the case when α < 1, it represent a 
Cole–Cole relaxation model where a dispersion of relaxation time constant is close to the value of 𝜏𝜏𝑑𝑑.62,63 This 
non-ideality induced time constant relaxation is originated from surface inhomogeneity and frequency de-
pendent dielectric constant.64 Compared to an ideal planar surface, most of the photoelectrode has surface 
roughness that can introduce complex charge carrier behaviors, for example, by having small portion of fully 
depleted features.65 The dependency between dielectric constant and frequency can be attributed to the 
Maxwell–Wagner–Sillars polarization.66–68 IMPS response can be visualized by plotting the imaginary part of 
𝑗𝑗(ω) as a function of the real part of 𝑗𝑗(ω). As an emerging spectroelectrochemical tool, IMPS has been used 
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to perform kinetic analysis for extracting reaction rate constant for charge transfer and recombination at the 
interface, by fitting the IMPS response with the generalized theory. 

Compared with IMPS that is performed at a fixed applied potential, IMVS is performed in open circuit condi-
tion where all the photogenerated charge carriers will recombine and the net photocurrent is zero. IMVS 
grants access to charge recombination processes of illuminated photoelectrodes. In response to the sinusoi-
dal light modulation, a complex photovoltage response consisting of a response amplitude and a phase shift 
with respect to the incident light is induced. Since recombination process occur with characteristic time con-
stants, these processes can be screened out by sweeping the modulation frequency of the incident light. Such 
recombination time constants are linked to the first-order electron lifetime 𝜏𝜏𝑡𝑡, which is the inverse of the 
pseudo-first-order rate constant for photogenerated charge recombination in the bulk.69 IMVS response can 
be input into a Nyquist plot with the imaginary part as the Y-axis and the real part as the X-axis. Based on the 
theory that was previously developed for dye-sensitized solar cells,69 𝜏𝜏𝑡𝑡 can be estimated by the character-
istic frequency at the minimal point (𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡) of the Nyquist plot: 

𝜏𝜏𝑡𝑡 = (2𝜋𝜋𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡)−1 (1: 21) 

In a PEC water splitting system, the formation of the SCLJ introduces an additional interface where interfacial 
charge recombination (in addition to bulk recombination) can occur. In Chapter 2 we will attempt to resolve 
the effect of such interfacial process on the IMVS response. 

Illustration of our light modulation setup is displayed in Figure 1:7 where a white LED is used as the light 
source. The light intensity of LED controlled by supplying DC background current and is additionally modu-
lated by a function generator. Two Si photodiodes, one locates next to the electrochemical cell and the other 
one posts right at the sample position (before and after experiments), are used as real-time monitors for 
calibrating the incident photon flux towards the sample. 

 

Figure 1:7 Schematic of IMPS/IMVS setup. 
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1.5.4 Operando UV–Vis spectroscopy 

Ultraviolet–visible (UV–Vis) spectroscopy analyzes the light absorbed/reflected by a sample in the wave-
length range from ultraviolet to visible region.70 In a single beam measurement, a monochromator is used to 
split the light beam into specific wavelength. The sample is positioned on the optical path of the light beam 
and the difference in light intensity before and after passing though the sample can be distinguished by a 
detector. The ideal of operando UV–Vis spectroscopy is to couple a electrochemical cell with a conventional 
UV–Vis spectroscopy. If the intermediate species during water splitting are optically active due to electronic 
transitions such as d–d transition and charge-transfer bands, operando UV–Vis spectroscopy can monitor the 
change in absorbance during the electrochemical reaction, and thus, it provides information regarding reac-
tion intermediates.71,72 Illustration of our operando UV–Vis spectroscopy setup is shown in Figure 1:8 where 
the 3-electrode configuration electrochemical cell is integrated in a UV–Vis cuvette including a 3D printed 
cuvette extender to position all the electrodes. Note that a 405 nm laser diode, used as an external illumina-
tion source, is position in front of the electrochemical cell to simulate PEC water splitting working conditions. 
To prevent the saturation of the UV–Vis detector, a 450 nm longpass filter is position after the electrochem-
ical cell. 

 

Figure 1:8 Schematic of operando UV–Vis spectroscopy setup. 

1.5.5 Operando Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopy that provides chemical and structural information of sam-
ples.73 When a light beam interacts with a molecule, incident photons are absorbed or scattered. These inci-
dent photons can excite electrons into a higher virtual energy state temporally and then the electrons will 
decay back to a lower energy state with emitted photons. Majority of the photons are elastically scattered 
so that they have the same energy (wavelength) as the incident photons so called Rayleigh scattering. Mean-
while, only around 1 in 107 of the scattered photons have wavelength different from the incident light beam. 
These inelastic scattering, termed as Raman scattering or Raman effect, arise when the incident photons 
interact with the electric dipole of the molecule. In Raman spectroscopy, the energy difference between the 
incident photon and the scattered photon is called Raman shift (∆𝜈𝜈). This is typically reported in wave-
numbers (cm–1), which is directly related to energy: 
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∆𝜈𝜈 =
1

𝑑𝑑𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑏𝑏
−

1
𝑑𝑑𝑜𝑜𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑟𝑟𝑒𝑒𝑑𝑑

(1: 22) 

where 𝑑𝑑𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑏𝑏 and 𝑑𝑑𝑜𝑜𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑟𝑟𝑒𝑒𝑑𝑑 are the wavelength of the initial and scattered photons, respectively. The idea 
of operando Raman spectroscopy is similar to operando UV–Vis spectroscopy. By coupling a 3-electrode con-
figuration electrochemical cell with a confocal Raman microscope, the chemical nature of surface bonded 
intermediate species can be identified. Note that in the field of water splitting, most of the reported oper-
ando Raman study is performed in the dark for electrocatalyst.74,75 The introduction of external light source 
will significantly influence the Raman scattering signal thus there is no report so far that simulate PEC water 
splitting working condition. In Chapter 7, we performed the first operando Raman study on a photoelectrode 
under PEC water reduction condition where we found that the 532 nm Raman laser can act as the light source 
for charge generation. Our operando Raman setup is illustrated in Figure 1:9. 

 

Figure 1:9 Schematic of operando Raman spectroscopy setup. 

1.6 Motivation and objectives 
The PEC tandem cell technology is still far from commercialization because of the limited efficiency and sta-
bility. Gathering a better understanding on how the photosynthetic reactions occur at the SCLJ is essential to 
guide the fabrication of a new generation of photoelectrodes that could meet the market needs. With all this 
in mind, the work compiled in this thesis aims at expanding our knowledge on the SCLJ and at developing 
new strategies to improve the performance of emerging photoelectrodes.  

The main objectives are: 

 Adapt and develop operando spectroelectrochemical tools to explore the charge carrier behavior of the 
SCLJ during PEC water splitting. 

 Identify the photoelectrode’s features that limit the performance.  

 Unveil the atomic nature of the surface catalytic sites, reaction intermediates and trap states. 

 Establish rational approaches to mitigate the voltage and current losses in semiconducting photoelec-
trodes. 
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More specifically, to advance the application of IMVS, a light-modulation technique that was mainly used for 
determining the bulk carrier lifetime on solar cells, in Chapter 2 we establish the direct correlation between 
surface recombination and low frequency IMVS response on a model hematite photoanode through a series 
of control experiments. The formation of the SCLJ requires a direct contact between electrolyte and photoe-
lectrode, which is investigated in Chapter 3 and Chapter 4, respectively. Chapter 3 provides fundamental 
understanding on how electrolyte pH affects the performance of metal oxidate photoanode using EIS, IMPS, 
IMVS and operando UV–Vis spectroscopy. Likewise, Chapter 4 reveals the performance bottleneck of copper 
ferrite photoanode by evaluating the bulk and surface properties. Guided by the valuable insights gained 
from spectroelectrochemical measurements, rational surface/bulk engineering can be performed for opti-
mizing the performance of photoelectrodes. Chapter 5 deals with the severe surface recombination process 
on zinc ferrite photoanodes by introducing a sub-nanometer aluminum oxide passivation layer. The surface 
passivation mechanism is extensively characterized and leads to an improved onset potential that is essential 
for constructing PEC tandem cell. Rational bulk and surface engineering of lanthanum iron oxide pho-
toanodes is demonstrated in Chapter 6 which establishes a new benchmark performance of this material. 
Chapter 7 combines theoretical calculation and spectroelectrochemical measurements to identify the surface 
voltage loss and catalytic active sites on sulfur chalcopyrite photocathodes. 
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 Understanding Surface Recombi-
nation Processes using Intensity-Modulated 
Photovoltage Spectroscopy on Hematite Pho-
toanodes for Solar Water Splitting 
This chapter is adapted from a peer-reviewed article published in Helvetica Chimica Acta: Yongpeng Liu, Nés-
tor Guijarro, Kevin Sivula. Helv. Chim. Acta, 2020, 103, e2000064. This article is dedicated to Prof. Michael 
Grätzel for his outstanding contributions to solar energy conversion using photoelectrochemistry. 

2.1 Introduction 
A fundamental understanding of photogenerated charge recombination processes in semiconducting photo-
electrodes is a key consideration in optimizing solar water splitting cells and intensity-modulated photo-
voltage spectroscopy (IMVS) has recently emerged as a promising technique for gaining new insight. How-
ever, the interpretation of IMVS data under various conditions (that is, when photoelectrodes are in sacrificial 
electrolytes or employ catalytic overlayers) is not complete. 

Hematite (α-Fe2O3) has been extensively studied as one of the most promising candidates for photoanode 
application due to its earth abundance, stability, low-toxicity, suitable band position for water oxidation and 
relatively narrow band gap energy (1.9–2.2 eV) for light harvesting. However, the short hole diffusion length 
and intra-band gap surface states known to be present in hematite prevent its performance to approach the 
theoretical limit of a water oxidation photocurrent density of 12.6 mA/cm2 at a standard 1-Sun illumination. 
To address these issues, Grätzel’s group has pioneered the nanostructuring and surface modification of hem-
atite photoanodes. By implementing atmospheric pressure chemical vapor deposition (APCVD), the perfor-
mance of hematite thin films with a cauliflower-type morphology first reached 2.2 mA/cm2 at 1.23 V vs RHE 
(the Reversible Hydrogen Electrode) in 2006.76 The photocurrent density was further improved to 3 mA/cm2 
in 2010 by incorporating IrO2-based surface catalysis.77 Grätzel’s group has also demonstrated that an ul-
trathin alumina overlayer can passivate surface states, leading to a better photocurrent onset potential.78 

To further boost the performance of hematite photoanodes, comprehensive characterization is required to 
specifically guide bulk and surface engineering in order to reduce the recombination of photogenerated 
charge carriers in the photoanode. However, the processes of recombination and charge transfer occurring 
at the hematite/water interface during operation are still a topic of vigorous debate,79 with the relative roles 
of surface state passivation and charge extraction by catalyst overlayers still being examined in the literature. 
Spectroelectrochemistry stands out as a class of powerful tools that can help to give insight into the processes 
occurring at the photoanode/water interface under operation, given its established ability in characterizing 
the various behaviors of photogenerated charge carriers. Among the available spectroelectrochemistry tech-
niques, voltage and light modulation methods are widely used to track charge transfer and recombination 
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processes.80 Compared with applied voltage modulation methods (i.e. electrochemical impedance spectros-
copy) light modulation techniques such as intensity-modulated photocurrent/photovoltage spectroscopy 
(IMPS/IMVS) offer unique insights into reaction kinetics and recombination lifetime. Numerous IMPS studies 
on hematite photoanodes have revealed charge transfer and recombination rate constants as a function of 
applied potential under operation.59,81 However, detailed IMVS analysis on charge recombination process 
under open circuit conditions has been much less considered in literature reports on hematite photoanodes. 
However, Grätzel and co-workers have demonstrated applying IMVS to other solar energy conversion de-
vices, for instance, Grätzel cells,69 perovskite solar cells82 and organic photocathodes.83 Despite its successful 
application in a number of solar cell systems,69,82–84 the number of reports that employ IMVS in the field of 
solar fuel production is still limited.59,81 With the aim of further advancing the understanding of recombina-
tion processes in the IMVS response, we present herein a focused study using IMVS on hematite pho-
toanodes. By performing IMVS under sacrificial oxidation conditions, a clear correlation has been found be-
tween the observed low frequency response and surface recombination process. In addition, we demon-
strate for the first time an application of IMVS in a co-catalyst modified photoelectrode system, proving the 
usefulness IMVS technique in probing both bulk and surface recombination processes. 

2.2 Result and discussion 

2.2.1 Intensity-modulated photovoltage spectroscopy background 

As a technique that measures the photovoltage of a semiconductor under open circuit conditions, IMVS 
grants access to charge recombination processes of illuminated semiconducting devices. During a typical 
IMVS measurement, the light intensity, 𝐼𝐼𝑏𝑏𝑖𝑖𝑔𝑔ℎ𝑡𝑡, is sinusoidally perturbated over a wide frequency range, as 
shown in Figure 2:1a. In response to the light modulation, a complex photovoltage response is induced con-
sisting of a response amplitude and a phase shift with respect to the incident light. Highlighted points in 
Figure 2:1a are visualized in the form of a schematic semiconductor energy band diagram in Figure 2:1b-c 
where an n-type hematite photoanode is in contact with an electrolyte under open circuit conditions. When 
the incident light intensity is periodically modulated, the position of the Fermi level, 𝐸𝐸𝐹𝐹, as well as the degree 
of band bending will change. In the case of low incident light intensity (Figure 2:1b), a low degree of quasi-
Fermi level splitting together with a high degree of band bending are present, resulting a small photovoltage 
response. In contrast, when 𝐼𝐼𝑏𝑏𝑖𝑖𝑔𝑔ℎ𝑡𝑡 attains a high intensity (Figure 2:1c), a large photovoltage is produced due 
to a high degree of quasi-Fermi level splitting that flattens the energy bands. Since recombination process 
occur with characteristic time constants, these effects can be screened out by sweeping the modulation fre-
quency of the incident light. According to the theory developed by Peter and Grätzel for solar cell systems, 
such recombination time constants are linked to the first-order electron lifetime 𝜏𝜏𝑡𝑡, which is the inverse of 
the pseudo-first-order rate constant for photogenerated charge recombination in the bulk.69 In the case of 
photoelectrochemical (PEC) water splitting system, the formation of a semiconductor–liquid junction (SCLJ) 
introduces an additional interface where interfacial charge recombination (in addition to bulk recombination) 
can occur. However, the effect of such interfacial process on the IMVS response remains unclear. In addition, 
how functional overlayers such as co-catalyst, passivation layer, heterojunction and protection layer influ-
ence charge recombination process has not yet been evaluated by IMVS. 
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Figure 2:1 (a) Schematic diagram of sinusoidally modulated light intensity and corresponding photovoltage response. 
Band diagram of α-Fe2O3 in open circuit condition under (b) low and (c) high incident light intensity. (d) Schematic of 
light intensity modulation on a nanostructured α-Fe2O3 photoanode. Ilight = incident light intensity, VOC = open circuit 
voltage, ECB = conduction band edge, EF = Fermi level, EVB = valence band edge and EH2O/O2 water oxidation potential. 

2.2.2 Hematite as a model photoanode material 

In this work, hematite, prepared by a hydrothermal/annealing technique72 has been taken as a model pho-
toanode material to perform IMVS study. Basic material characterization of the nanostructured hematite thin 
films is given in Figure 2:2. Scanning electron microscope (SEM) images in Figure 2:2a clearly indicate that 
the hematite photoanode has nanorod structure with feature size around 100 nm in diameter. Such a 
nanostructure can facilitate minority carrier transport to the semiconductor/water interface, thus signifi-
cantly enhance the PEC performance compared with planar structure.85 The Raman spectrum of the freshly 
prepared hematite thin film is shown in Figure 2:2b where six spectral signatures can be resolved as fol-
lows:86,87 the Raman peaks at 219 cm–1 and 492 cm–1 are assigned to the A1g modes, the peaks at 287 cm–1, 
406 cm–1 and 603 cm–1 can be assigned to the Eg modes, and the peak at 1306 cm–1 is assigned to the 2LO 
mode. The UV–Vis absorption spectrum and corresponding Tauc plot for indirect optical band gap determi-
nation are displayed in Figure 2:2c and Figure 2:2d, respectively. A direct band gap of 2.05 eV and an indirect 
band gap of 1.79 eV are estimated from the Tauc plot in Figure 2:2d,e, respectively. The band gap of hematite 
has been extensively studied with both experimental techniques and computational methods.88,89 Previously 
reported optical measurements yield a direct band gap ranges from 2.14 eV to 2.70 eV and an indirect band 
gap ranges from 1.70 eV to 2.01 eV,90–93 which is in good agreement with our results. 

 

Figure 2:2 (a) SEM images (scale bar: 500 nm), (b) Raman spectrum, (c) UV–Vis absorption spectrum and Tauc plot for 
(d) direct and (e) indirect band gap of hematite thin film. 
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2.2.3 Photoelectrochemical characterization and intensity-modulated photovoltage spec-
troscopy 

Next, PEC measurements including linear sweep voltammetry (LSV), open circuit (photo)potential and IMVS 
were carried out on the nanostructured hematite photoanode. In order to better understand the recombi-
nation process through IMVS, experiments containing sacrificial redox agent (Na2SO3 or H2O2) that can be 
easily oxidized were performed. Figure 2:3a shows LSV curves recorded under intermittent light illumination 
(1 Sun) on hematite photoanode in 1 M NaOH aqueous electrolyte. As we observed, the photocurrent density 
for water oxidation rose to 1 mA/cm2 at 1.23 V vs RHE, which is close to state-of-the-art performance for 
hydrothermal-based hematite nanorod arrays.34 The addition of 0.5 M Na2SO3 into the 1 M NaOH electrolyte 
causes a cathodic shift of the photocurrent onset potential by around 160 mV. In the case of 0.5 M H2O2+1 
M NaOH, the photocurrent density is significantly enhanced while the dark current onset potential is located 
around 1.3 V vs RHE. Open circuit potential measurements in Figure 2:3b determine the photovoltage that 
can be generated from our hematite photoanodes in the three different electrolytes. Upon simulated 1 Sun 
irradiation, photovoltages of 200 mV, 275 mV and 312 mV are estimated from NaOH, Na2SO3 and H2O2, re-
spectively. The IMVS response is depicted in Figure 2:3c in the form of Nyquist plot. In 1 M NaOH electrolyte, 
IMVS response features 2 semicircles that consist of one high frequency semicircle in quadrant IV and one 
low frequency semicircle in quadrant I of the plot. The high frequency semicircle has been extensively re-
ported in various of solar cell systems,69,82,84 and is related to the recombination processes occurring in the 
bulk of the semiconductor film. The characteristic frequency at the minimal point of the Nyquist plot (𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡) 
corresponds to the time constant of bulk recombination and can be converted into 𝜏𝜏𝑡𝑡 by the following equa-
tion:69 

𝜏𝜏𝑡𝑡 = (2𝜋𝜋𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡)−1 (2: 1) 

As highlighted in Figure 2:3c, a 𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡 of 48.8 Hz results in a 𝜏𝜏𝑡𝑡 of 3.26 ms. The physical meaning of low fre-
quency semicircle, however, is still under debate in the field of PEC water splitting.81 To clarify its correspond-
ing recombination processes, IMVS measurements were performed in sacrificial oxidation conditions. Inter-
estingly, the existence of sacrificial agent (both Na2SO3 and H2O2) fully eliminates the low frequency semicir-
cle. Since it is generally accepted that surface accumulated charges can be drastically suppressed by intro-
ducing a sacrificial agent, we propose herein that the low frequency semicircle is a result of surface recom-
bination process. In the absence of a sacrificial agent, even though a net exchange of current through the 
semiconductor/electrolyte interface is not established under open circuit conditions, surface intermediate 
states can apparently still be formed (e.g. due to the adsorption/desorption of hydroxide).94 Such states can 
act as surface recombination centers and have previously been characterized by electrochemical impedance 
spectroscopy, operando UV–Vis spectroscopy, and operando infrared spectroscopy.72,94,95 Thus we consider 
that the characteristic frequency at the maximum point of the Nyquist plot (𝑓𝑓𝐿𝐿𝑡𝑡𝑚𝑚) links to the time constant 
that associates to surface intermediate states (𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡): 

𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 = (2𝜋𝜋𝑓𝑓𝐿𝐿𝑡𝑡𝑚𝑚)−1 (2: 2) 

For the case of our hematite photoanode in 1 M NaOH electrolyte, a value of 228.7 ms for 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 is estimated 
from a 𝑓𝑓𝐿𝐿𝑡𝑡𝑚𝑚 of 0.696 Hz. Such “long-lived” intermediates, on the order of hundreds of milliseconds, have also 
been observed in hematite photoanodes by transient absorption spectroscopy.96 On the other hand, in the 
presence of a sacrificial agent, where a value of 𝑓𝑓𝐿𝐿𝑡𝑡𝑚𝑚 cannot be determined due to the absence of the low 
frequency semicircle, the value of 𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡 slightly drops compared to the non-sacrificial case leading to a 𝜏𝜏𝑡𝑡 of 
3.78 ms and 4.03 ms for Na2SO3 and H2O2, respectively. The fact that the addition of sacrificial agent barely 
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alters 𝜏𝜏𝑡𝑡 is additional evidence that only surface recombination processes have been altered by introducing 
the sacrificial agents. It should be noted that 𝜏𝜏𝑡𝑡 is a representation of electron-hole recombination inside the 
space charge region, and that sub-picosecond polaron self-localization induced bulk carrier recombination is 
out of scope of IMVS technique.97 In fact, the value of 𝜏𝜏𝑡𝑡 on the order of milliseconds has been widely re-
ported in other metal oxide photoelectrodes.59,69,98 Another essential parameter in the Nyquist plot of the 
IMVS response is the diameter (x- axis intercept from extrapolation) of the high frequency semicircle, which 
is directly proportional to the steady-state photovoltage. As we observed, the semicircle diameter in Figure 
2:3c is in accordance with the photovoltage determined from steady-state measurements shown in Figure 
2:3b, further corroborating our IMVS results. 

 

Figure 2:3 (a) Current–voltage characteristic curves of hematite photoanode measured in 3 different electrolytes un-
der intermittent simulated 1 sun irradiation. (b) Open circuit potential measured at 3 different electrolytes. (c) Nyquist 

plot of IMVS response measured at 3 different electrolytes with highlighted characteristic frequency at minimal and 
maximal points. 

The aforementioned IMVS analysis using sacrificial oxidation agents confirms the direct correlation between 
surface recombination processes and the low frequency semicircle. Since “catalytic” overlayers are often 
used on hematite photoanodes to reduce the overpotential for the water oxidation reaction,77 to gain more 
insights into the effect of overlayers on the IMVS response, a layer of NiFeOx

99 was deposited on hematite 
photoanode. Upon deposition of NiFeOx, both the photocurrent (Figure 2:4a) and photovoltage (Figure 2:4b) 
are greatly improved. On the one hand, NiFeOx boosts photocurrent onset potential with a 133 mV cathodic 
shift. On the other hand, photovoltage increases from 200 mV to 355 mV, suggesting the suppression of 
surface recombination. In fact, the role of NiFeOx on hematite photoanode has long been a subject of debate. 
Recently, Wang and co-workers have probed the water oxidation surface kinetics on hematite photoanode 
through intensity-modulated photocurrent spectroscopy (IMPS), and revealed that NiFeOx can significantly 
reduce the surface recombination rate constant while maintaining the charge transfer rate constant.59 De-
spite various studies on the effect of surface modification on hematite, recombination process characterized 
by IMVS has not yet been reported with surface modified hematite. The Nyquist plot of the IMVS response 
of NiFeOx modified hematite is shown in Figure 2:4c. Interestingly, similar to the case of sacrificial oxidation, 
the surface recombination semicircle is eliminated upon deposition of NiFeOx. This is a sign that surface 
charge accumulation has been suppressed by NiFeOx, further confirming that NiFeOx acts as a surface pas-
sivation layer on hematite photoanode (in addition to its known ability to store photogenerated holes and 
facilitate the complex 4-hole water oxidation reaction).100,101 It is worth noting that spectroelectrochemical 
tools such as operando Raman or transient absorption spectroscopy have evidenced the accumulation of 
holes and formation of high-valent Ni species, which actively drive the water oxidation reaction. Since the 
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recombination processes probed by IMVS are acquired under open circuit conditions, we propose herein two 
potential mechanisms on how NiFeOx influences surface accumulated charges. Bear in mind that the surface 
recombination semicircle is most commonly thought to be induced by localized intra-band gap intermediate 
states at the semiconductor/electrolyte interface, the following explanations will focus on these states. First, 
surface accumulated holes are delocalized in NiFeOx when the light is on, which prevents the formation of 
intermediate states. Second, NiFeOx interfaces with hematite act as a “sacrificial-like” redox couple, which 
can readily remove surface holes from hematite into its structure, effective oxidizing the NiFeOx first before 
oxidizing water. Notably, a broadened high frequency semicircle is presented in the α-Fe2O3/NiFeOx system 
compared to the hematite alone, suggesting a Cole–Cole relaxation.62 In such non-ideal process, a dispersion 
of relaxation time constants is considered around the value of 𝜏𝜏𝑡𝑡 (5.10 ms for α-Fe2O3/NiFeOx), which could 
be attributed to multiple bulk recombination processes. These processes happen at similar timescales so that 
their IMVS response merge into one deformed semicircle in Nyquist plot. The addition of a solid–solid inter-
face (α-Fe2O3/NiFeOx) is likely responsible for the introduction of multiple additional recombination pro-
cesses, and represents an intriguing point for continued study. 

 

Figure 2:4 (a) Current–voltage characteristic curves, (b) open circuit potential and (c) Nyquist plot of IMVS response 
measured with α-Fe2O3 and α-Fe2O3/NiFeOx in 1 M NaOH. 

2.3 Conclusion 
In this chapter we presented PEC characterizations and a focused IMVS analysis on a model nanostructured 
hematite photoanode. We showed that IMVS can not only characterize bulk electron lifetime by extracting a 
time constant of the high frequency semicircle, similar to previously-reported solar cell systems, but also 
probe surface recombination processes through the low frequency semicircle. A 𝜏𝜏𝑡𝑡 value around 3 ms, ex-
tracted from high frequency semicircle, remains roughly constant despite changing the electrolyte redox spe-
cies, suggesting this time constant is characteristic of the hematite used for our study. Moreover, the ex-
tracted 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 that we associate to the surface recombination semicircle shows a value of 229 ms, in line with 
the lifetime of “long-lived” holes from transient absorption measurements. Likewise, both Na2SO3 and H2O2 
sacrificial agents are found to eliminate the low frequency semicircle, suggesting these agents are removing 
the accumulation of surface intermediates despite the absence of a net current transfer at the semiconduc-
tor/liquid interface under IMVS conditions. Finally, we present the first demonstration of implementing IMVS 
in a surface modified photoanode system, which confirms the passivation effect of NiFeOx overlayer on hem-
atite. Overall, this work explores the applicability of IMVS in characterizing surface recombination processes, 
providing a better understanding for optimizing solar water splitting cells. 
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2.4 Experimental 

2.4.1 Synthesis of hematite photoanode 

Hematite thin films were prepared by chemical bath deposition (CBD).72 Fluorine doped tin oxide (FTO) 
coated glass substrates (Solaronix TCO10−10, 8 Ω/sq) were vertically positioned in a sealed glass bottle con-
taining 1 M sodium nitrate (NaNO3, 99+%, Acros) and 0.15 M iron chloride hexahydrate (FeCl3·6H2O, 99+%, 
Acros) aqueous solution. The glass bottle was put into a universal oven (Memmert UF 30 plus) to perform 
CBD at 100 °C for 3 hours so that a precursor film of β-FeOOH nanorods was formed on the FTO. These β-
FeOOH films were rinsed with deionized water (18.2 MΩ·cm, Synergy) then introduced into a preheated tube 
furnace (MTI OTF-1200X-S) at 800 °C for 15 minutes to be transformed into hematite nanorods. 

2.4.2 NiFeOx deposition 

NiFeOx was deposited by following the procedure reported previously.102 In brief, nickel(II) 2-ethylhexanoate 
([CH3(CH2)3CH(C2H5)CO2]2Ni, 78% in 2-ethylhexanoic acid, 10-15% Ni, Strem Chemicals) and iron(III) 2-
ethylhexanoate ([CH3(CH2)3CH(C2H5)CO2]3Fe, 6% Fe in mineral spirits, 99.998+%-Fe, PURATREM, Strem Chem-
icals) were dissolved in hexane (96+%, Extra Dry, AcroSeal) with a Ni:Fe molar ration of 1:1. This precursor 
solution was diluted ten times with hexane and then was drop-casted onto the hematite electrode with 
around 10 µL/cm2. The electrode was first treated by UV irradiation from an ultraviolet lamp (Atlantic Ultra-
violet G18T5VH/U) for 60 minutes and was then annealed in air at 100 °C for 60 minutes. 

2.4.3 Material characterization 

Scanning electron microscope (SEM) images were taken with a Zeiss Merlin SEM using the following param-
eters: 3 kV electron high tension (EHT), 79 pA probe current, 3 mm working distance (WD) and annular sec-
ondary electrons detector (in-lens). Raman spectroscopy was performed with a Raman microscopy (HORIBA 
Jobin Yvon XploRA PLUS) coupled with an optical microscope (Olympus BX41) and a DPSS 532nm laser. UV–
Vis absorption spectrum was recorded with a UV–Vis spectrophotometer (Shimadzu UV-3600). 

2.4.4 Photoelectrochemical characterization 

A 3-electrode configuration consists of a hematite working electrode, a platinum mesh counter electrode 
and a Ag/AgCl/Sat’d KCl reference electrode was setup in a cappuccino-type electrochemical cell with an 
active geometric area of 0.238 cm2 for the working electrode. The 3-electrode configuration was connected 
to a computer controlled (EC-LAB V11.12) Bio-Logic SP-300 potentiostat to perform photoelectrochemical 
measurements. Linear sweep voltammetry (LSV) was carried out at a scan rate of 20 mV/s. Simulated AM 1.5 
G solar irradiation was provided by a calibrated xenon arc lamp (Newport 66921, 450 W). In all the measure-
ments, the hematite working electrode was illuminated from the substrate side in 1 M sodium hydroxide 
(NaOH) electrolyte (pH 13.6, Reactolab SA). For sacrificial agent oxidation experiments, in the case of 0.5 M 
hydrogen peroxide (H2O2), 0.5 mL of H2O2 (30%, Reactolab SA) was added into 9.5 mL of 1 M NaOH solution. 
On the other hand, 0.5 M sodium sulfite (Na2SO3, anhydrous, 98%, Alfa Aesar) was directly prepared in 1 M 
NaOH solution. The applied potential was converted into the reversible hydrogen electrode (RHE) based on 
the Nernst equation. 
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2.4.5 Intensity-modulated photovoltage spectroscopy 

An array of white LED (Cree XLamp MC-E Color) was used as light source. The background illumination was 
powered by a DC power supply at 600 mA DC current. The additional light perturbation was modulated by 
an arbitrary function generator (Tektronix AFG3021C) with a 50 mA sinusoidal amplitude (ca. 8% modulation 
depth) ranges from 10 kHz to 50 mHz. The above-mentioned 3-electrode configuration was used for light 
modulation measurements. The intensity-modulated photovoltage response was monitored by a digital 
phosphor oscilloscope (Tektronix DPO7254C) through a differential probe (Tektronix TDP3500). The entire 
IMVS setup was covered with blackout materials (Thorlabs) to prevent interference from ambient light. 
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 Spectroelectrochemical Analysis 
on the pH-Dependent Performance of Hematite 
Photoanodes for Solar Water Splitting 
This chapter is adapted from a peer-reviewed article published in ACS Applied Energy Materials: Yongpeng 
Liu, Florian Le Formal, Florent Boudoire, Néstor Guijarro. ACS Appl. Energy Mater., 2019, 2 (9), 6825–6833. 

3.1 Introduction 
Hematite (α-Fe2O3) has been extensively explored as a photoanode for water oxidation leveraging its rela-
tively narrow band gap energy (1.9-2.2 eV), robustness, and low-cost fabrication using solution-processable 
routes.103,104 A wide range of bulk and surface engineering treatments involving doping,105,106 nanostructur-
ing,107,108 surface reconstruction109 and electrocatalyst deposition,110,111 among others, have shown great 
promise at overcoming the relatively poor performance of hematite photoanodes either by improving bulk 
electronic features or by conditioning the semiconductor-liquid junction (SCLJ) characteristics (reducing sur-
face states, adjusting energy bands, enhancing catalytic activities). Alternatively, the electrolyte composition 
also plays an active role on the PEC response, not only by modulating ion transport but also by directly af-
fecting the interfacial characteristics of the photoanode.112,113 For instance, it has been reported that changes 
of the local pH can alter the relative alignment between the semiconductor energy bands and the water 
redox energy levels,113 modify the reaction mechanism114,115 or even change the surface chemistry.116 All 
these aspects affect the crucial kinetic competition between the turnover of the water oxidation reaction 
and the interfacial recombination of photogenerated charge carriers that governs the photoelectrochemical 
(PEC) behavior. 

A deeper understanding of the interplay of these effects was first reported by Klahr et al. using PEC imped-
ance spectroscopy (PEIS), which revealed that the electronic properties of the SCLJ are clearly linked to the 
electrolyte pH.95 Despite the limitations of the study, restricted to two conditions (basic and neutral electro-
lyte), a noticeable mitigation of Fermi level pinning (FLP) and a concurrent decrease of the accumulated sur-
face charges were considered behind the improved response at higher pH. In fact, later studies by operando 
infrared and UV-Vis spectroscopy confirmed that these accumulated charges correspond to reactive inter-
mediate species, high valent iron species, such as –FeIV=O, which are actively involved in the water oxidation 
reaction.71,94 Alternatively, Iandolo et al. combined theoretical calculations with PEIS studies to conclude that 
the FLP that deteriorates the performance with decreasing pH resulted from the accumulation of charges at 
surface trap states generated with the protonation of the metal oxide from where water oxidation reaction 
cannot proceed.116 Aside from this purely electronic view, Zhao and co-workers suggested that pH could af-
fect the mechanism of the oxygen evolution reaction (OER) occurring at the SCLJ in hematite photoanodes.114 
However, although both the phenomena of surface charge accumulation and reaction kinetics have been 
argued to change with pH, to the best of our knowledge no study has systematically explored these compet-
ing factors to construct a clear view on how the electrolyte pH affects the performance, and more 
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importantly, which factor is the dominant. Indeed, insight into this aspect could reframe strategies for pho-
toanode optimization. Therefore, we present herein a set of spectroelectrochemical techniques including 
frequency-domain electrochemical measurements, namely PEIS, intensity-modulated photocurrent/photo-
voltage spectroscopy (IMPS/IMVS) and operando UV-Vis spectroscopy to investigate α-Fe2O3 photoanodes 
over a wide range of pH values. Results clearly evidence an inverse correlation between the steady-state 
surface accumulated charge and the rate of water oxidation reaction, as well as a progressive suppression of 
FLP with increasing pH. 

3.2 Result and discussion 

3.2.1 Materials characterization 

SEM images of hematite nanorods are shown in the left panel of Figure 3:1 where a 550 nm film thickness 
with feature size around 80 nm can be seen clearly. SEM setup (Zeiss Merlin) for these images were 3 kV 
electron high tension (EHT), 79 pA probe current, 3 mm working distance (WD) and annular secondary elec-
trons detector (In-Lens). Raman spectroscopy was performed with a Raman microscopy (HORIBA Jobin Yvon 
XploRA PLUS) coupled with an optical microscope (Olympus BX41). The Raman peaks in Raman spectrum 
(Figure 3:1, right panel) are assigned to the vibration modes as follows: 218, 489 cm–1 – A1g;86,87,117 282, 398, 
600 cm–1 – Eg;86,87,117 1300 cm–1 – 2LO.118 

 

Figure 3:1 Top-view and cross-sectional SEM images of nanostructured hematite thin films with corresponding Raman 
spectrum. 

3.2.2 Photoelectrochemical characterization 

Figure 3:2a displays the linear sweep voltammetry of nanostructured hematite photoanodes at different 
electrolyte pH and intermittent solar illumination. Note that in all cases a high concentration of electrolyte, 
1 M potassium phosphate buffer (pH 7-12.7) or 1 M NaOH (pH 13.6), was employed to prevent dynamic 
changes of pH in the electrical double layer during water oxidation. At first glance, the photoanode response 
certainly displays a progressive enhancement with increasing pH, which is similar to that shown in previous 
reports.114,116 Likewise, the dynamic potential–pH diagram (DPPD, Figure 3:2b) developed by Bard and co-
workers as an extended version of the Pourbaix diagram further evidences the evolution of the j–V profile 
with a noticeable change in photocurrent value and onset potential.119 On the one hand, increasing the elec-
trolyte pH from 7.0 to 13.6 causes the photocurrent values to increase from 0.15 to 1.13 mA/cm2 at 1.23 V 
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vs RHE. Note that the highest photocurrent is close to the state-of-the-art value reported for this kind of 
nanostructured hematite electrode.34 On the other hand, this same increase in pH shifts the photocurrent 
onset cathodically from 1.1 V to 0.7 V vs RHE (when the onset potential is defined as where photocurrent 
density reaches 10 µA/cm2). This decrease of the onset potential has been reported to be linked to the grad-
ual mitigation of the FLP with pH.95 This phenomenon, whose origin remain unclear, will be subject of scrutiny 
in this study. It is worth mentioning that whereas Iandolo et al. reported a linear relationship between the 
onset and pH (quasi-Nernstian behavior with a slope of 49 mV/pH),116 Zhang et al. observed two regimes, viz. 
the onset potential remains constant below pH 12 and decreased in a Nernstian fashion above pH 12.114 
Likewise, we observe two regimes in our experiments albeit different from that previously reported. From 
pH 7 to 10, the onset potential increases in a Nernstian fashion (59 mV/pH) but at higher pH this increase 
turned quasi-Nernstian (36 mV/pH, Figure 3:2c). We hypothesize that minor changes in the reactive interface 
(surface chemistry and exposed facets) among differently-prepared hematite electrodes could account for 
the different trends on the onset potential–pH dependency.120,121 Overall, although the j–V curves support 
the known view of the impact of the pH on the performance they lack specificity when it comes to identify 
the parameters, either energetic or kinetic, controlling both the photocurrent values and the onset potential. 

 

Figure 3:2 (a) Linear sweep voltammetry (LSV) curves of hematite photoanode under intermittent AM 1.5G illumina-
tion in different pH. The gray solid line represents zero current at each pH. (b) Dynamic potential–pH diagram (DPPD) 

of hematite photoanode under AM 1.5G illumination. (c) Onset potential (Von) as a function of pH. 
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3.2.3 Electrochemical impedance spectroscopy 

To elucidate the impact of the pH on the interfacial energetic characteristics under operation conditions PEIS 
experiments were performed under illumination. Figure 3:3 displays a representative Nyquist plot, which 
features two semicircles: one at high frequency assigned to the electrical response of the space charge region 
and a second at low frequency attributed to the interfacial charge transfer processes. A quantitative descrip-
tion of the electrical properties of this system is obtained by fitting the impedance spectra to a two-time-
constant equivalent circuit.122,123 The equivalent circuit employed,95 contains a system series resistance (𝑅𝑅𝑆𝑆), 
the bulk capacitance of the semiconductor electrode (𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) due to the space charge region and the re-
sistance associated with hole transport and trapping at surface states (𝑅𝑅𝑡𝑡𝑟𝑟𝑡𝑡𝑝𝑝) as well as the built-up capaci-
tance due to the accumulation of charges at the interface (𝐶𝐶𝑆𝑆𝑆𝑆) and the charge transfer resistance corre-
sponding to the water oxidation reaction considered to occur from the surface states (𝑅𝑅𝑟𝑟𝑡𝑡,𝑜𝑜𝑜𝑜). 

 

Figure 3:3 Representative Nyquist plot of PEIS (black sphere) with corresponding fitting curves (dark green solid line) 
and equivalent circuit (inset). 

Figure 3:4a shows the Mott–Schottky plots constructed with the values of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 obtained from the imped-
ance spectra at different pH. From 0.6 V to 0.9 V vs RHE the MS plots are similar for all pH showing the 
expected linear behavior. The extrapolated flat band potential (𝑉𝑉𝑓𝑓𝑏𝑏 = 0.57 ± 0.02 V vs RHE) shifts in a Nern-
stian fashion with pH,95,116 hence remaining unchanged with respect to the RHE. We note that the extracted 
donor density 𝑁𝑁𝐷𝐷 of (2.90 ± 0.14) × 1018 cm–3 under illumination (considering a dielectric constant of 32,95 
and a roughness factor of 20) is similar to values reported in literature.95 Interestingly, decreasing the pH 
disrupts the linearity of the Mott–Schottky plot causing the appearance of a plateau at intermediate poten-
tials, wherein 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 remains constant over a range of applied bias. The drastic decrease of the slope indicates 
that band bending barely develops in this potential range, a sign of severe FLP.27 We note that Klahr et al. 
briefly advanced the impact of pH on the FLP reporting the transition from a single- to a multiple-slope Mott–
Schottky plot when comparing measurements at pH 13.3 and pH 6.9.95 
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Figure 3:4 (a) Mott–Schottky plots. (b) Energetic distribution of density of surface states (DOSS) and surface states ca-
pacitance (CSS) extracted from the impedance response measured at different pH conditions under 1 sun illumination. 
After the removal of the background capacitance, DOSS profiles were fitted with Gaussian functions. A roughness fac-
tor of 20 ± 4 (estimated from dye absorption experiments) is used for correcting the real surface area. (c) Vpeak (black 

sphere) and NSS (red sphere) determined from Gaussian fit as a function of pH. 

Continuing the method of Klahr et al., the steady-state surface accumulated charge, expressed in the form 
of density of surface states (DOSS) calculated by the expression95,98 𝐶𝐶𝑆𝑆𝑆𝑆(𝐸𝐸) = 𝑞𝑞 × 𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆, is plotted as a func-
tion of the applied potential at different pH conditions (Figure 3:4b). The DOS can be fit to gaussian functions 
whose integration gives the total density of surface states (𝑁𝑁𝑆𝑆𝑆𝑆) and the peak position (𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏) defines their 
energetic location.95,98 Figure 3:4c provides an overview on how the pH affects both 𝑁𝑁𝑆𝑆𝑆𝑆 and 𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏. As ob-
served, 𝑁𝑁𝑆𝑆𝑆𝑆 drops with increasing pH which is consistent with FLP mitigation and the shortening of the plat-
eau region in the Mott–Schottky plot. Note that although 𝑁𝑁𝑆𝑆𝑆𝑆 values are in all the cases above 1013 cm–2 (the 
threshold above which FLP would manifest based on the doping density of the bulk),27 the pinning is barely 
visible in the Mott–Schottky plot at high pH. Likewise, 𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏 shifts towards more negative potentials with 
increasing pH, which agrees with the observed changes in the photocurrent onset potential. Identifying the 
underlying phenomena whereby the pH dictates the 𝑁𝑁𝑆𝑆𝑆𝑆 and 𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏 values is key to rationalize the pH-de-
pendence performance. 

It is well accepted that the DOSS extracted from PEIS corresponds to the intermediate species involved in the 
water oxidation reaction, rather than surface trap states,124 and that their location, just before the onset of 
photocurrent, unequivocally demonstrates the build-up of surface holes required to trigger the rather slug-
gish interfacial charge transfer.95,98,116 Note that the applied potential at which DOSS are observed (Figure 
3:4b) does not correspond to their actual energetic location. Given the photovoltage generated at the SCLJ 
(due to quasi-Fermi levels splitting) the DOS will certainly be more oxidizing and obviously below the redox 
potential for water oxidation (>1.23 V vs RHE). 

3.2.4 Operando UV–Vis spectroscopy 

To further corroborate the identity of DOSS, operando UV–Vis spectroscopy measurements were performed 
as a function of the pH. As shown in Figure 3:5, a distinct broad absorption band centered at around 570 nm 
was observed in all cases. This has been previously ascribed to the formation of –FeIV=O, which is actively 
involved in the water oxidation reaction.71,125 These results suggests that the surface accumulated holes 
tracked by PEIS correspond to reactive intermediates, and thus, the surface concentration of these interfacial 
active species dictate the FLP. It is worth noting that Iandolo et al. explained the pH-dependent performance 
of hematite photoanodes by invoking a gradual increase of the density of surface trap states with decreasing 
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pH.116 However, in that study, the authors did not observe any evolution in 𝑁𝑁𝑆𝑆𝑆𝑆 nor in the Mott–Schottky plot 
but a shift in 𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏, which indeed does not directly support FLP mitigation since charge accumulation still 
occurs. Alternatively to the purely energetic proposition of Iandolo et al.,116 changes in the relative kinetics 
of surface recombination and charge transfer triggered by the electrolyte pH could possibly alter the balance 
between these competitive processes rendering higher or lower surface accumulated charges that in turn 
would govern the FLP. However, to support this view it is necessary decouple the kinetics of the surface 
recombination and charge transfer, which can be accomplished with IMPS measurements. 

 

Figure 3:5 Normalized operando UV–Vis spectrum measured at 1.6 V vs RHE. 

3.2.5 Intensity-modulated photocurrent/photovoltage spectroscopy 

The IMPS response 𝑗𝑗(𝜔𝜔) of a photoelectrode can be expressed within the theoretical framework constructed 
by Peter and co-coworkers61 and considering a small modulation depth regime (7%) where: 

𝑗𝑗(𝜔𝜔) = 𝑗𝑗ℎ
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where 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 are the pseudo-first order charge transfer and recombination rate constant, respec-
tively. 𝐶𝐶𝑆𝑆𝑆𝑆  and 𝐶𝐶𝐻𝐻 represent capacitance of the space charge region and the Helmholtz layer, 𝑗𝑗ℎ denotes the 
hole current towards the SCLJ, and 𝜏𝜏 corresponds to the RC time constant of the high frequency attenuation 
by the electrochemical cell. 
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The IMPS spectra of a hematite photoanode recorded at 1.4 V vs RHE where the effect of FLP is minimized 
(Figure 3:4b) under different pH conditions is displayed in Figure 3:6a. As observed, the IMPS response con-
sists of two well-defined semicircles with characteristic high- and low-frequency intersects (HFI and LFI, re-
spectively) with the real axis. It is commonly accepted that the HFI directly relates to the flux of holes arriving 
at the SCLJ while the LFI accounts for those holes transferred to the electrolyte.58,59,61 Interestingly, as shown 
in Figure 3:6b, the current corresponding to the HFI barely changes under neutral and moderately alkaline 
conditions, whereas the LFI increases steadily with pH. On the one hand, the sluggish shift of the HFI reflects 
that the built-in electric field within the hematite photoanode, which controls the collection of holes at the 
interface, barely changes over a wide range of pH. Note that the HFI slightly increases under strongly alkaline 
conditions. This could originate from the mitigation of the FLP as previously discussed. On the other hand, 
the direct relation between LFI and pH clearly shows the gradual suppression of surface recombination with 
increasing pH. Thus the IMPS data are consistent with the view that the suppression of surface recombination 
with increasing pH does not result from an enlarged band bending, as commonly accepted,58,126 but rather 
from changes in the delicate balance between the surface recombination and charge transfer. 

 

Figure 3:6 (a) Representative Nyquist plots of IMPS response measured at 1.4 V vs RHE at 7 different pH conditions. 
Corresponding dash lines represent the fitting results. (b) Low- and high- frequency intersects (LFI and HFI) and HFI–

LFI as a function of pH. (c) Charge transfer (ktran) and (d) surface recombination (krec) rate constant as a function of pH 
recorded at 1.0 V (magenta), 1.2 V (olive) and 1.4 V vs RHE (cyan). 

The development of the extracted rate constants 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 as a function of pH (Figure 3:6c,d) at 1.4 V 
vs RHE further support this view. Firstly, 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 increases with the applied bias regardless of the pH. This is 
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commonly assumed to be a sign of FLP98,126, but it could also be the result of changes in the reaction mecha-
nism. When examining the evolution of 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 with the applied potential, it is evident that it displays a larger 
increase at high pH (>10). Interestingly, this behavior contradicts the one expected from the pH-dependence 
of the FLP described before, wherein the progressive mitigation of FLP with pH would lead to a constant 
𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 value. However, this unexpected behavior of 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 can be explained by invoking changes in the reac-
tion mechanism, which would plausibly affect 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡. In fact, Zhang et al. reported a gradual change in the 
reaction mechanism (from first- to second-order) for the OER on hematite photoanodes when the pH in-
creased above 10, although the effect of the pH on the rate constant of the interfacial reaction was not 
discussed.114,115 Secondly, 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 displays a much less obvious dependence with applied bias and pH compared 
to 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡. Regardless of the pH, 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 decreases with increasing applied potential although the magnitude of 
the decrease becomes more significant at high pH (>10). Bearing in mind that 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 is governed by the built-
in electric field at the space charge region, it is not unexpected that increasing the applied bias would drive 
electrons away from the interface mitigating the surface recombination and hence reducing 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟. Interest-
ingly, the decrease in 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 observed at pH>10 is directly correlated with the drastic suppression of the FLP 
that allows building a larger band bending for the same applied potential. 

Having decoupled the surface-related processes of charge recombination and transfer using IMPS, we can 
now rationalize the evolution of 𝑁𝑁𝑆𝑆𝑆𝑆 with pH. Under illumination and at the photocurrent onset potential, 
the quasi-Fermi level of holes is sufficiently oxidizing to form the high valence iron species (reactive sites) 
tracked by PEIS. The surface concentration of these intermediates, 𝑁𝑁𝑆𝑆𝑆𝑆, in steady-state conditions will de-
pend upon the balance between the rate constants of surface charging, recombination (𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟) and interfacial 
reaction (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡). Given that the surface charging rate remains unaltered by changes in pH (according to the 
IMPS data and the extracted HFI), the changing accumulation of holes at the SCLJ must be controlled by the 
active competition between recombination and charge transfer. On one hand, the reduction of 𝑁𝑁𝑆𝑆𝑆𝑆 with in-
creasing pH clearly is correlated to the increase in 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 with constant 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟, especially with a drastic change 
at around pH 9-10. On the other hand, the shift of 𝑉𝑉𝑝𝑝𝑒𝑒𝑡𝑡𝑏𝑏 and therefore, of the apparent location of the inter-
mediate species would result from the unbalanced surface kinetics. At low pH, the large build-up of surface 
charges as the potential is scanned anodically causes the potential to drop across the Helmholtz layer, shifting 
the bands, instead of across the space charge region, delaying the development of band bending and there-
fore the photocurrent onset. At high pH, the favorable kinetics for water oxidation prevents the large accu-
mulation of holes at the interface, minimizing the potential region wherein band bending is not developed, 
and shifting, therefore, the photocurrent onset. 

Results provided so far unveiled the effect of the pH on the kinetics of water oxidation as the prime agent 
programming the photoanodic response but could not elucidate whether the pH impacted as well the inter-
facial electronic structure of the hematite electrodes. We note that this specific information is important 
when considering other PEC reactions different from water oxidation performed in aqueous solutions.127 
With the aim of the resolving specifically the impact of pH on the photogenerated charge carrier behavior in 
the absence of the water oxidation reaction, IMVS measurements were performed. One of the distinct fea-
tures of this technique is that it is only sensitive to the recombination processes occurring within the photo-
electrode since, undertaken at open circuit conditions, the ultimate fate of all photogenerated carries is re-
combination. Therefore, IMVS not only uncovers the characteristic time constants associated with recombi-
nation processes, but more importantly, untangles recombination pathways that occur at different timescale. 
Contrarily to the vast literature on IMVS measurements to characterize photovoltaic devices such as dye-
sensitized solar cells (DSSCs)128 and organic solar cells,84 the use of this technique for PEC water splitting is 
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relatively novel and its interpretation remains, to some extent, unclear.129 In fact, Wang and co-workers uti-
lized this technique to qualitatively analyze the effect of a series of surface treatments on the response of 
hematite photoanodes,59 whereas Rothschild and co-workers demonstrated its advantages over conven-
tional PEIS.81 Nyquist plots of IMVS spectra for hematite photoanodes at different pH conditions are shown 
in Figure 3:7a, whereas those including H2O2 as sacrificial hole scavenger are displayed in Figure 3:8a. Inter-
estingly, the IMVS response features two distinct semicircles in the quadrant I (low-frequency) and quadrant 
IV (high-frequency), albeit the latter appears to be noticeably flattened as a consequence of the RC attenua-
tion. Note as well that the low-frequency response does not appear in the presence of H2O2, suggesting that 
one of the recombination pathways is drastically suppressed in these measurement conditions. Likewise, in 
the Bode magnitude plots (Figure 3:7b and Figure 3:8b), two processes are clearly resolved in the absence of 
H2O2, i.e. a slow process in the frequency range of 0.1-1 Hz) and a fast process at around 1-1000 Hz, although 
in the presence of the sacrificial reagent only the faster remains. Generally speaking, three main recombina-
tion pathways coexist in the illuminated photoelectrode under open circuit conditions, namely, bulk, space 
charge region recombination (recombination of holes at the SCLJ with electrons at the edge of the space 
charge region) and interfacial recombination (involving long-lived reactive intermediate species).59 In the 
specific case of hematite photoanodes, transient absorption spectroscopy measurements have revealed that 
the bulk recombination extends over a wide range of timescales, from picoseconds to milliseconds, whereas 
the space charge region recombination, occurs in the millisecond to second timescale.96 With all this in mind, 
and taking into account that the bulk recombination is likely out of the scope of our technique (sub-micro-
second timescale), it would not be unreasonable to propose that the faster component is associated to the 
space charge region recombination, and therefore, present regardless of the electrolyte conditions whereas 
the slower one would be linked to the interfacial recombination involving water oxidation intermediates. It 
is worth noting that similar observations have been reported on a recent impedance study by Klotz et al., 
wherein the disappearance of the slow process in the presence of H2O2 was ascribed to the suppression of 
surface recombination.130 
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Figure 3:7 (a) Nyquist plots and (b) Bode magnitude plots of IMVS response with the corresponding fitting curves 
(solid line). (c) 7% (modulation depth) of steady-state photovoltage and M1 – M2 as a function of pH. (d) Characteristic 
lifetimes τSCR (violet) and τint (orange) as a function of the pH. It worth noting that a strong Fermi level pinning at pH 7 
and 8 prevents the photovoltage modulation to occur to a noticeable extent, therefore IMVS response at these two 

pH conditions are not included. 

 

Figure 3:8 (a) Nyquist plots and (b) Bode magnitude plots of IMVS response with the corresponding fitting curves 
(solid line). (c) 7% (modulation depth) of steady-state photovoltage and M1 – M2 as a function of pH. (d) τSCR with re-

spect to pH. 

To further advance a more quantitative study of the IMVS spectra, we undertake a phenomenological anal-
ysis by using the analytical expression previously reported by Frank and co-workers:131 

𝑅𝑅𝑒𝑒[𝑉𝑉𝑂𝑂𝑆𝑆](𝜔𝜔) =
𝑀𝑀1

1 + 𝜔𝜔2𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡
2 −

𝑀𝑀2

1 + 𝜔𝜔2𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆
2 (3: 2) 

𝐼𝐼𝑚𝑚[𝑉𝑉𝑂𝑂𝑆𝑆](𝜔𝜔) =
−𝑀𝑀1𝜔𝜔𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡

1 + 𝜔𝜔2𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡
2 +

𝑀𝑀2𝜔𝜔𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆

1 + 𝜔𝜔2𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆
2 (3: 3) 

where 𝑀𝑀1 and 𝑀𝑀2 are scaling factors while 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 and 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 correspond to the time constant associated to the 
recombination occurring at the space charge region and involving surface intermediate species, respectively. 
Regarding the physical meaning of the scaling factors, we note that after normalizing the steady-state pho-
tovoltage (𝑉𝑉𝑝𝑝ℎ) by the modulation depth (7%), the values obtained match with the low-frequency intersect 
(𝑀𝑀1 − 𝑀𝑀2) (Figure 3:7c and Figure 3:8c) unveiling their direct link to the photovoltage developed by the elec-
trode. As shown in Figure 3:7a,b and Figure 3:8a,b these expressions describe quite well the IMVS spectra 
allowing for the extraction of the characteristic time constants, plotted in Figure 3:7d and Figure 3:8d as a 
function of the pH. 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 is observed to increase with pH from about 8 ms to approximately 16 ms, which is 
in the order of magnitude of that reported for other iron-based metal oxide photoanodes.98 Surprisingly, 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 
exhibit much longer characteristic times and a different behavior, since it drops from 525 ms to 300 ms with 
increasing pH. Interestingly, the charge carrier behavior changes in the presence of H2O2, with 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 displaying 
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slightly longer values (around 25 ms) that remain virtually unaltered with pH. To better interpret these trends, 
it is worth including another piece of information, i.e., 𝑉𝑉𝑝𝑝ℎ achieved under standard illumination conditions 
(Figure 3:7c). which ultimately relates to the concentration of electrons within the semiconductor under illu-
mination. As observed, the 𝑉𝑉𝑝𝑝ℎ appears to be mainly controlled by 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 since it increases with pH and further 
ameliorates in the presence of H2O2. 

Intuitively, 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 is expected to remain constant regardless of the pH since it represents the recombination 
behavior of carriers located within the space charge region, and this agrees quite well with the observations 
in the presence of H2O2 (Figure 3:8d). However, the pH-dependent nature of 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 clearly indicates the occur-
rence of a different recombination pathway that is clearly influenced by the pH. Indeed, the increase of 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 
with pH matches well with the decrease of the density of surface traps proposed by Iandolo et al., which 
could act as recombination centers.116 The shortening of 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 reflects a faster recombination between the 
holes accumulated at the interface (in the form of intermediate species of water oxidation) and photogener-
ated electrons at the space charge region. Note that this same recombination pathway is monitored by IMPS 
as 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 although in different experimental conditions, what accounts for the comparable time constants but 
different trend. As described before, 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 is mainly controlled by the degree of band bending at a certain 
applied potential when comparing different pH conditions. Bearing in mind that the increased 𝑉𝑉𝑝𝑝ℎ with pH 
indicates a reduction in the built-in electric field existing in the semiconductor under illumination, i.e. the 
bands are flatten to a larger degree, it would not be unreasonable to observe a faster recombination kinetics 
of the intermediate species with photogenerated electrons. Likewise, 𝜏𝜏𝑖𝑖𝑡𝑡𝑡𝑡 could be also influenced by the 
identity of the intermediate species, being those formed at higher pH more reactive showing faster recom-
bination kinetics. It is worth noting that Wang and co-workers assigned both the fast and slow processes to 
surface-related charge recombination pathways involving adsorbed water molecules and intermediate spe-
cies of the water oxidation reaction, respectively.59 However, our analysis of the IMVS data as a function of 
the pH suggests that surface recombination pathways involving reactive species and trap states could be 
resolved separately. 

3.3 Conclusion 
In this chapter, conventional PEC measurements alongside a series of spectroelectrochemical techniques that 
interrogate the bulk/interfacial electronics and the identity of the surface reactive sites have been deployed 
to shed some light into the long-running debate on which factor, either the semiconductor surface energetics 
or the interfacial reaction kinetics, control the pH-dependent performance on metal oxide photoanodes, par-
ticularly, hematite. Our studies confirmed that the degree of FLP increases with decreasing pH affecting ad-
versely to the performance as reported elsewhere but challenged the current proposition that the changes 
in the interfacial structure are the ones governing the FLP. We observed that the surface accumulation of 
charges, which originates the FLP, links directly to the kinetic balance between surface recombination and 
charge transfer, concluding that changes in the water oxidation mechanism ultimately control the FLP. Like-
wise, we introduced a phenomenological analysis for the IMVS response of photoelectrodes that allowed to 
decouple the recombination pathways involving surface trap states and intermediate reactive species. In a 
more general vein, we pin down the interplay between the pH and the solar water oxidation on hematite 
photoanodes within an electrochemical framework, providing support and complementing recent insights 
gained on the reaction mechanism. We hope that these results will transcend beyond hematite and extend 
over the broad family of metal oxide photoanodes, bringing the attention not only to the delicate relationship 
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that exists between the semiconductor surface and the electrolyte pH but also to the need for specific opti-
mization. 

3.4 Experimental 

3.4.1 Synthesis of hematite (α-Fe2O3) photoanode 

Fluorine doped tin oxide (FTO) coated glass substrates (Solaronix TCO10-10, 8 Ω/sq.) were positioned verti-
cally in an aqueous solution containing 0.15 M iron chloride hexahydrate (FeCl3·6H2O, 99+%, Acros) and 1 M 
sodium nitrate (NaNO3, 99+%, Acros). A precursor film of β-FeOOH nanowires was grown on FTO by chemical 
bath deposition at 100 ℃ for 3 hours in a universal oven (Memmert UF 30 plus). After rinsing with deionized 
water (18.2 MΩ·cm, Synergy), these β-FeOOH thin films were introduced into a tube furnace (MTI OTF-
1200X-S) preheated at 800 ℃ for 15 minutes to be transformed into hematite nanowire. 

3.4.2 Preparation of electrolytes 

1 M NaOH (pH 13.6, Reactolab SA) and 1 M potassium phosphate buffer (pH 7-12.7) were used as electrolyte 
for the electrochemical measurements performed on hematite. The buffer solution consists of potassium 
phosphate tribasic (K3PO4, >98%, Sigma-Aldrich), dibasic trihydrate (K2HPO4·3H2O, 99+%, Acros) and mono-
basic (KH2PO4, 99+%, Acros). The pH of the electrolytes was determined by using a pH meter (VMR pH1000L). 
For experiments performed in the presence of a sacrificial agent, 0.5 mL of hydrogen peroxide (H2O2, 30%, 
Reactolab SA) was added into 9.5 mL of electrolyte. 

3.4.3 Photoelectrochemical characterization 

Photoelectrochemical measurements were carried out with a computer controlled (EC-LAB V11.12) potenti-
ostat (Bio-Logic SP-300) with a 3-electrode configuration: a hematite working electrode, a platinum counter 
electrode (0.25 mm diameter, 99.99%, chemPUR) and a Ag/AgCl reference electrode (ALS RE-1CP). A Cap-
puccino-type cell with an active geometric area of 0.238 cm2 for the working electrode was used. A xenon 
arc lamp (Newport 66921, 450 W), calibrated to provide simulated AM 1.5G solar irradiation. In all cases, the 
working electrodes were illuminated from the substrate side. For linear scanning voltammetry the voltage 
was swept at 20 mV/s. The applied potentials in all the measurements were converted to the reversible 
hydrogen electrode (RHE) using the Nernst equation. For PEIS measurements, the frequency was scanned 
from 100 kHz to 50 mHz with a sinusoidal amplitude of 25 mV. An equivalent circuit modeling software ZView 
(Scribner Associates) was used to fit the PEIS data. All the impedance data were corrected with the actual 
surface area which was determined by adsorption of the organic dye orange II. 

3.4.4 Intensity-modulated photocurrent/photovoltage spectroscopy 

A white LED (Cree XLamp MC-E White) running at a DC background of 2.9 V (100 mA) powered by a triple 
power supply (HAMEG HM8040-2) was employed as light source. The sinusoidal modulation of the light in-
tensity was controlled by an arbitrary/function generator (Tektronix AFG3021C), with a modulation depth of 
7% and a frequency range from 100 kHz to 50 mHz. IMPS/IMVS measurements were performed in the 3-
electrode Cappuccino-type cell described above. In IMPS experiments, the applied potential on working elec-
trode was controlled by a potentiostat (Thompson Electrochem model 251) and the photocurrent response 
was recorded by an oscilloscope (Tektronix DPO7254C) via a 50 Ω series resistor (Velleman E6/E12). In IMVS 
measurements, the open circuit photovoltage response under modulated light intensity was directly probed 
with the oscilloscope through a BNC to banana adapter (Pomona Electronics). IMPS/IMVS data were 
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processed and fitted using a custom program written with the Python programming language. The lmfit pack-
age for Python was used to perform curve fitting with nonlinear regression. 

3.4.5 Operando UV–Vis spectroscopy 

A 3-electrode configuration was set up in a cuvette (Hellma Analytics OS, 10 mm) fixed with a homemade 3D 
printed cuvette extender that provides larger volume to accommodate the counter and reference electrodes. 
For this experiments, hematite thin films were specially cut into a size of 9 × 50 mm to fit the cuvette and 
were positioned in the light path. A mini Ag/AgCl reference electrode (ALS RE-1S) and a platinum counter 
electrode (0.25 mm diameter, 99.99%, chemPUR) were assembled in the cuvette extender. The 3-electrode 
setup was built inside a UV-Vis spectrophotometer (Shimadzu UV-3600) and connected to a Bio-Logic SP-50 
potentiostat. A 405 nm laser diode (Thorlabs L405P150), working at 66.7% of its maximum power (100 mW) 
using a DC power supply (Tektronix PWS2721), was placed in front of the cuvette to photoexcite the sample 
while recording the absorption spectrum. To prevent the saturation of the detector by the laser diode, a 450 
nm longpass filter (Thorlabs FEL0450, 21 mm diameter) was positioned in front of the UV-Vis detector in the 
optical path. The baseline was recorded under open circuit condition with external illumination (laser diode). 
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 Evaluating the Interfacial Charge 
Carrier Behavior of Spinel Copper Ferrite Pho-
toanodes for Solar Water Oxidation 
This chapter is adapted from a peer-reviewed article published in Journal of Materials Chemistry A: Yongpeng 
Liu, Florian Le Formal, Florent Boudoire, Liang Yao, Kevin Sivula, Néstor Guijarro. J. Mater. Chem. A, 2019, 7 
(4), 1669-1677. 

4.1 Introduction 
Semiconducting materials based on metal oxides such as TiO2,132 α-Fe2O3,133 BiVO4

134 and WO3
135 have been 

extensively studied for photoelectrochemical (PEC) tandem cell applications, with BiVO4 recently showing 
benchmark stability (>1000 h) and conversion efficiencies. However, its performance is limited by a relative 
large band gap energy (𝐸𝐸𝑔𝑔  = 2.4 eV).136 Thus new materials are urgently needed. Currently, the family of spinel 
ferrites with a general formula MFe2O4 (M: Cu, Mg, Zn, etc.) is receiving increasing attention for PEC water 
splitting,137–139 leveraging the broad tunability of optoelectronic properties attainable by changing the diva-
lent cation M. 

Spinel copper ferrite (CuFe2O4) has been recently reported as a photoanode for water oxidation, with the 
advantage of displaying a relatively narrow 𝐸𝐸𝑔𝑔 (~1.9 eV) compared to common metal oxides used for this 
application.85 However, the photocurrent displayed by this material (~0.5 mA cm–2 at 1.6 V vs the reversible 
hydrogen electrode, RHE) lies far below that reported for its counterpart, ZnFe2O4 (1.7 mA cm–2 at 1.6 V vs 
RHE).102 However, contrary to the intensive research carried out in past years on ZnFe2O4,85,102 only a couple 
of reports have dealt with CuFe2O4,140 providing a rather vague description of the parameters that govern its 
low photoelectrocatalytic response. In a previous study,85 our group elucidated that surface and, especially, 
bulk recombination were responsible for the poor performance, although information regarding the kinetics 
of the competitive processes occurring in the bulk and at the interface with electrolyte, or the energetics 
across the interface during operation remained unexplored. 

In this chapter, with the aim of providing a complete description of the photogenerated carriers behavior in 
the bulk and at the interface with the electrolyte during operation, a set of frequency-domain electrochem-
ical measurements, viz. photoelectrochemical impedance spectroscopy (PEIS) and intensity-modulated pho-
tocurrent/photovoltage spectroscopy (IMPS/IMVS), were employed to investigate state-of-the-art CuFe2O4 
photoanodes. Results evidenced a strong Fermi level pinning (FLP) during the oxygen evolution that corre-
lates accordingly with the built-up capacitance at the interface and the relatively slow rate of charge transfer. 
More generally, a complete overview of the physico-chemical and (photo)electrocatalytical properties of this 
material is provided, unveiling the intrinsic limitations for solar-to-energy conversion and directing future 
investigations to address them. 
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4.2 Results and discussion 

4.2.1 Materials characterization 

4.2.1.1 Morphology 

Scanning electron microscope (SEM) images of nanostructured CuFe2O4 photoanode are shown in Figure 4:1. 
SEM setup (Zeiss Merlin) for these images were 2 kV electron high tension (EHT), 100 pA probe current, 3 
mm working distance (WD) and annular secondary electrons detector (In-Lens). 

 

Figure 4:1 Top-view and cross-sectional SEM image of CuFe2O4 photoanode.  

4.2.1.2 Raman and UV–Vis spectrum 

Raman spectroscopy (Figure 4:2a) was performed with a Raman microscopy (HORIBA Jobin Yvon XploRA 
PLUS) coupled with an optical microscope (Olympus BX41). The Raman peaks were assigned to the vibration 
modes as follows: 168 cm–1 – Eg;85,141,142 483 cm–1 – F2g;85,141,142 674 cm–1 – A1g.85,141,142 UV–Vis absorption spec-
trum (Figure 4:2b) was recorded by a UV–Vis spectrophotometer (Shimadzu UV-3600). As we observed, the 
onset of absorbance locates around 650 nm that correspond to an optical band gap around 1.9 eV. 
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Figure 4:2 (a) Raman spectrum and (b) UV–Vis absorption spectrum of CuFe2O4 photoanode.  

4.2.2 Photoelectrochemical characterization 

The current-voltage characteristics of a typical CuFe2O4 measured under simulated AM 1.5G irradiation and 
in the dark is shown in Figure 4:3. As expected, a photoanodic current is recorded, with an onset at approxi-
mately 1.0 V vs RHE and reaching values of 35 µA cm–2 and 0.5 mA cm–2 at 1.23 V and 1.6 V vs RHE, respec-
tively. These samples, whose performance matches well with that previously reported,85 will be used as a 
model material in this chapter to study the parameters that limit the performance in CuFe2O4 photoanodes. 

 

Figure 4:3 Current-voltage characteristics of CuFe2O4 photoanode measured at simulated 1 sun condition and dark 
condition in 1 M NaOH electrolyte. 

4.2.3 Electrochemical impedance spectroscopy 

To begin to separately understand the electrical properties of the bulk CuFe2O4 and the semiconductor-liquid 
junction, electrochemical impedance spectroscopy was first carried out. Figure 4:4 illustrates the Nyquist 
plots obtained at four representative applied potentials in the dark (Figure 4:4a) and under illumination 
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(Figure 4:4b). In the presence of light, the impedance spectra are characterized by two semicircles. The high 
frequency semicircle relates to the electrical response in the space charge region and the low frequency 
semicircle is assigned to the interfacial charge transfer behavior. Qualitatively, the size of the low frequency 
semicircle is observed to decrease with increasing bias. This suggests an amelioration in charge transfer that 
is clearly supported by the increased photocurrent. Indeed, this behavior is consistent with similar studies on 
α-Fe2O3 photoanode reported by Hamann and co-workers.143 A quantitative description of the electrical 
properties can be obtained by fitting the impedance spectra to an equivalent circuit. The proposed equivalent 
circuit, previously used in similar systems,144 consists of series resistance 𝑅𝑅𝑆𝑆 , bulk capacitance 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , re-
sistance of hole trapping to surface states 𝑅𝑅𝑡𝑡𝑟𝑟𝑡𝑡𝑝𝑝, surface state capacitance 𝐶𝐶𝑆𝑆𝑆𝑆 and charge transfer resistance 
from surface states to oxidize water 𝑅𝑅𝑟𝑟𝑡𝑡,𝑜𝑜𝑜𝑜 (Figure 4:4b inset). In the absence of illumination, the impedance 
response displays only one semicircle and can be fit by the Randles circuit that consists of 𝑅𝑅𝑆𝑆 , 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  and 
charge transfer resistance from bulk 𝑅𝑅𝑟𝑟𝑡𝑡,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (Figure 4:4a inset). 

 

Figure 4:4 Electrochemical impedance spectra (open circle) recorded (a) in dark and (b) under 1 sun illumination at 1.0 
V, 1.2 V, 1.4 V and 1.6 V vs RHE including the corresponding fitting curves (solid line) and equivalent circuits.  

Figure 4:5a shows the Mott–Schottky plot constructed with the values of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 extracted from the imped-
ance spectra measured in the dark condition and under illumination. The positive slope in the well-defined 
linear region confirms the n-type character of the CuFe2O4 thin films, whereas its value reveals a donor den-
sity 𝑁𝑁𝐷𝐷 of 3.83×1018 cm–3 under illumination and 3.61×1018 cm–3 in the dark (considering a dielectric con-
stant140 of 20 and the aforementioned roughness factor of 4). The higher 𝑁𝑁𝐷𝐷 under illumination is consistent 
with the addition of light-induced free charge carriers. Similar behavior has also been found in α-Fe2O3 pho-
toanodes.95 The value of 𝑁𝑁𝐷𝐷 is similar to that previously reported for nanoparticulate CuFe2O4.140 Likewise, a 
positive shift in the flat band potential (𝑉𝑉𝑓𝑓𝑏𝑏) from 0.73 V to 0.78 V vs RHE is a sign that surface states charging 
under illumination introduce a downward shift of the band edges.95 It is worth noting that the photocurrent 
onset potential (potential where the photocurrent reaches 10 µA cm–2) is delayed with respect to 𝑉𝑉𝑓𝑓𝑏𝑏 by 
around 175 mV. This is a common feature of semiconductor photoelectrodes where the high degree of sur-
face charge recombination and accumulation prevent efficient charge separation.27 It is worth noting that 
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the slope of Mott–Schottky plot obtained under illumination decreases in the range from 1.3 V to 1.5 V vs 
RHE, suggesting an sluggish development of band bending in this region. This has been typically associated 
with the so-called FLP, whereby in this range of potential operation we could expect that most of the applied 
potential drops across the Helmholtz layer rather than across the space charge region. In the voltage region 
before the FLP, the depletion width 𝑊𝑊 can be estimated by the dielectric constant of CuFe2O4 and 𝑉𝑉𝑓𝑓𝑏𝑏 (Sec-
tion 1.5.2). At 1.3 V vs RHE, 𝑊𝑊 is estimated to be 18 nm. Since 𝑊𝑊 is sufficiently smaller than the feature size 
(ca. 100 nm, Figure 4:1), Mott–Schottky analysis of the CuFe2O4 film is reasonably valid. However, this small 
depletion width caused by the high 𝑁𝑁𝐷𝐷 can prevent an efficient charge separation process if the diffusion 
length of free charges is also small (vide infra). 

 

Figure 4:5 (a) Mott–Schottky plot obtained for CuFe2O4. (b) Energetic distribution of density of surface states (blue 
sphere) superimposed on photocurrent density under chopped light illumination (orange line). DOSS is fitted with 

Gaussian function (cyan dash line). 

Assuming a density-of-state effective mass for electrons 𝑚𝑚𝑑𝑑𝑒𝑒 of 20×10–31 kg,145 the effective density of states 
in the conduction band 𝑁𝑁𝑆𝑆  is given by:25  

𝑁𝑁𝑆𝑆 ≡ 2 �
2𝜋𝜋𝑚𝑚𝑑𝑑𝑒𝑒𝑘𝑘𝑘𝑘

ℎ2 �
3
2

(4: 1) 

where 𝑘𝑘 is Boltzmann constant, 𝑘𝑘 is absolute temperature and ℎ is Planck constant. 𝑁𝑁𝑆𝑆  is estimated to be 
8.07×1019 cm–3. Since 𝑁𝑁𝐷𝐷/𝑁𝑁𝑆𝑆 < 0.05, CuFe2O4 prepared by the method employed in this study is a nondegen-
erate semiconductor.146 The Boltzmann statistics can be applied:25 

𝐸𝐸𝑆𝑆𝐶𝐶 − 𝐸𝐸𝐹𝐹 = 𝑘𝑘𝑘𝑘 ln �
𝑁𝑁𝑆𝑆

𝑁𝑁𝐷𝐷
� (4: 2) 

where 𝐸𝐸𝑆𝑆𝐶𝐶  is conduction band position and 𝐸𝐸𝐹𝐹  is Fermi level. At flat band condition, 𝐸𝐸𝑆𝑆𝐶𝐶  is found to be 
around 78 mV above 𝐸𝐸𝐹𝐹. 

Following the analysis of the parameters extracted from PEIS, 𝐶𝐶𝑆𝑆𝑆𝑆 reveals the build-up of interfacial capaci-
tance caused by the accumulation of charges at the electrode/electrolyte junction during the water oxidation 
reaction. This can be directly converted into a density of surface states (DOSS, Section 1.5.2).95 
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Figure 4:5b shows both DOSS related to the charges accumulated at the interface and the photocurrent rec-
orded under chopped light-illumination. As shown, DOSS are fit with a Gaussian function, whose integration 
reveals a total density of surface states 𝑁𝑁𝑆𝑆𝑆𝑆 of (1.88 ± 0.03) 1014 cm–2. Note that this value of 𝑁𝑁𝑆𝑆𝑆𝑆 is above the 
threshold considered to cause FLP27 in agreement therefore with the fact that this DOS falls within the po-
tential range where the Fermi level was found to occur in the Mott–Schottky plot. In fact, this phenomenon 
of FLP has also been described by Bisquert, Hamann and co-workers on α-Fe2O3 photoanodes.95 Overall, the 
existence of FLP added to the previously discussed small 𝑊𝑊, could further hamper an efficient charge sepa-
ration process. 

Interestingly, the magnitude of the anodic photocurrent transient spikes, as shown on the intermitted pho-
tocurrent response superimposed on Figure 4:5b, typically related to the surface recombination between 
photogenerated electrons and accumulated-holes at the interface, matches quite well with the energetic 
distribution of DOSS, reaching both a maximum at around 1.42 V vs RHE. This result supports the notion that 
𝐶𝐶𝑆𝑆𝑆𝑆 corresponds to accumulated-holes at the electrode/electrolyte interface. We note that the energetic lo-
cation of DOSS lies next to the onset of photocurrent, in agreement with a report on α-Fe2O3 photoanodes95 
and many other metal oxide photoelectrodes.85 These findings suggests that surface charge accumulation is 
a pre-requisite to trigger water oxidation reaction, and that these accumulated-holes correspond to inter-
mediates species of the reaction, likely surface hydroxyl groups and high-valent metal-oxo complexes.94 We 
therefore hypothesize that these DOSS are indeed intermediate states involved in the water oxidation reac-
tion, rather than intrinsic surface traps. In fact, in our previous study,85 we evidenced the presence of the 
latter at 0.75 V vs RHE by using rapid-scan voltammetry. 

4.2.4 Operando UV–Vis spectroscopy 

To further support our hypothesis, operando UV–Vis spectroscopy was utilized to track the high-valent tran-
sition metal intermediates during the oxygen evolution reaction. The operando UV-Vis spectrum displayed 
in Figure 4:6 revealed a broad absorption band centered around 500 nm when CuFe2O4 was held at 1.8 V vs 
RHE to perform water oxidation. Interestingly, this band is very similar to that previously attributed to 
Fe(IV)=O intermediate species on α-Fe2O3 photoanodes,71,125 although it appears to blueshift in CuFe2O4. We 
hypothesize that the band shift is probably caused by the presence of Cu in high proximity to Fe in the lattice, 
which could affect the ligand-field splitting of surface-associated Fe(IV)=0 species. In fact, similar effects have 
been reported in other systems, for instance, the presence of phosphate ions in solution has demonstrated 
to alter the d-d transitions associated to Mn3+ species during water oxidation reaction.147 
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Figure 4:6 Operando UV–Vis absorption spectra of a CuFe2O4 photoanode measured under open circuit conditions and 
during OER under an applied bias of 1.8 V vs RHE. 

4.2.5 Intensity-modulated photocurrent/photovoltage spectroscopy 

In order to gain new insights into the charge carrier dynamics within the bulk and at the interface with the 
electrolyte, IMPS and IMVS measurements were next performed. Based on the generalized IMPS theory pro-
posed by Ponomarev and Peter, intensity-modulated photocurrent response 𝑗𝑗(𝜔𝜔) can be expressed as:61 

𝑗𝑗(𝜔𝜔) = 𝑗𝑗ℎ ×

𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 + 𝑖𝑖𝜔𝜔 � 𝐶𝐶𝐻𝐻

1 + 𝐶𝐶𝐻𝐻
𝐶𝐶𝑆𝑆𝑆𝑆

�

𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 + 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 + 𝑖𝑖𝜔𝜔
× �

1
1 + (𝑖𝑖𝜔𝜔𝜏𝜏𝑑𝑑)𝛼𝛼� (4: 3)

 

where 𝑗𝑗ℎ denotes the hole current towards interface and 𝜏𝜏𝑑𝑑 is the mean transit time for photogenerated 
electrons. 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 are pseudo-first order rate constant for charge transfer and recombination, respec-
tively. 𝐶𝐶𝑆𝑆𝑆𝑆  and 𝐶𝐶𝐻𝐻 represent capacitance of the space charge layer and the Helmholtz layer. Here, α (0 < α ≤
1 ) was introduced as a non-ideality factor. In the case where α = 1 , the last term of the equation: 
1/(1 + 𝑖𝑖𝜔𝜔𝜏𝜏𝑑𝑑) corresponds to an ideal Debye relaxation model with a single time constant (𝜏𝜏𝑑𝑑). The case 
where α < 1 corresponds to a Cole-Cole relaxation model62,63 where a dispersion of relaxation time con-
stants is considered around the value of 𝜏𝜏𝑑𝑑. This dispersion accounts for surface inhomogeneity and fre-
quency dependent dielectric constant.64 First, compared with an ideal planar surface, nanostructured films 
like the ones reported herein, could display a complex carrier behavior induced, for instance, by having a 
small portion of fully depleted features.65 Second, the dependency between dielectric constant of CuFe2O4 
and frequency was reported by Selvan et al.148 and can be attributed to the Maxwell–Wagner–Sillars polari-
zation.66–68 Note, for example, that for an ideal semiconductor-liquid junction, α = 1, an IMPS response 
would display one or several regular semicircles in the Nyquist plot. 

Figure 4:7a shows the Nyquist plots obtained for the IMPS measurements as a function of the applied poten-
tial. Note that the deformation of the semicircles could be accurately described by the generalized IMPS 
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theory with the introduction of an α = 0.9, which accounts for the observed broadening. From the fitting of 
the complex IMPS plot a 𝜏𝜏𝑑𝑑 value of approximately 0.6 ms and independent of the voltage was extracted 
(Figure 4:7b). Commonly, 𝜏𝜏𝑑𝑑 is considered a metric of the bulk transport, i.e., the longer the value the higher 
the degree of trapping/recombination.131,149 Similar values on the order of milliseconds have been reported 
previously in nanostructured thin-film photoanodes of α-Fe2O3

96 and WO3,149 suggesting that processes con-
trolling bulk trapping/recombination are similar among these systems. However, it must be noted that this 
parameter does not contain all the information regarding bulk recombination. Indeed, recombination pro-
cesses are known to occur in the bulk (such as α-Fe2O3)150 at much shorter timescales (<µs), out of the scope 
of this technique. Therefore, we cannot discard that differences in the carrier dynamics at the sub-microsec-
ond time scale after carrier photogeneration could explain the poor yields of charge separation reported for 
CuFe2O4.85,151 

 

Figure 4:7 (a) Nyquist plot of IMPS response measured from 0.7 V to 1.6 V vs RHE, including the corresponding fitting 
curves (solid lines). (b) Mean transit time for photogenerated electrons (τd) as a function of applied potential. (c) Rate 

constants of charge-transfer ktran and surface recombination krec as a function of applied potential. 

The analysis of complex IMPS plots also revealed the charge-transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡) and surface recombination 
(𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟) rate constants, which are presented as a function of the applied potential in Figure 4:7c. Interestingly, 
two distinct regions are noticeable in the plot. One, at low applied potentials (from 0.7 V to 1.1 V vs RHE) 
where 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 remains constant while 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 decreases from 8 s–1 to 5 s–1, and a second region at applied poten-
tials above 1.1 V vs RHE, where 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 increases while 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 remain steady in the range of 3 s–1 to 2 s–1. Within 
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the first region, small photocurrents are recorded although transient spikes are already noticeable, whereas 
in the second region the photocurrent starts to increase steadily. The behavior observed at lower applied 
potentials suggests that no FLP exists, or at least not to a significant degree, and that the poor photocurrent 
development might be related therefore to intrinsic bulk limitations that prevent an efficient charge separa-
tion. At higher applied bias, the steady increase in 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡  but constant 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟  are indicative of FLP. Broadly 
speaking, the accumulation of photogenerated holes at the interface would cause that within this potential 
region, additional applied bias would drop across the Helmholtz layer, rather than across the space charge 
region, leaving unchanged the degree of band bending (𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 remains constant) but causing the band edges 
to shift downwards in energy increasing the driving force for charge transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 increases). These findings 
agree with the build-up of intermediates inferred from the PEIS measurements and suggests that the rela-
tively slow rate of charge transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡~5 s–1) plays a critical role in the occurrence of FLP. Interestingly, the 
region 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 exceeds 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 is where photocurrent starts to increase. This clearly indicates that the competing 
surface recombination will strongly limit the effectiveness of the water oxidation reaction. Note that other 
metal oxides have shown faster charge transfer kinetics, viz. the 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 of BiVO4 and α-Fe2O3 have been re-
ported with an magnitude of 10 s–1 to 100 s–1.58,59,126 

To further advance in the understanding of the bulk electronic properties of this materials, IMVS measure-
ments were carried out. This technique has been widely used for characterizing the electron lifetime in solar 
cells such as perovskite solar cells,152 dye-sensitized solar cells153 and polymer solar cells.154 More recently, a 
few reports have explored the implementation of this tool to interrogate photoelectrochemical systems. The 
advantage of IMVS is that, since it is performed in open circuit conditions (i.e., no current flowing across the 
interface), the extracted information corresponds primarily to the bulk properties without influence of 
charge transfer characteristics.59,113 In brief, the angular frequency at the minimal value, 𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡(𝐼𝐼𝑀𝑀𝑉𝑉𝑆𝑆), of the 
IMVS Nyquist plot is inversely related to the first-order electron lifetime 𝜏𝜏𝑡𝑡: 

𝜏𝜏𝑡𝑡 = �2𝜋𝜋𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡(𝐼𝐼𝑀𝑀𝑉𝑉𝑆𝑆)�−1 (4: 4) 

Figure 4:8 displays the Nyquist plot corresponding to the IMVS response of the CuFe2O4 photoanode, where 
only one semicircle is located in the fourth quadrant. 𝜏𝜏𝑡𝑡, derived from highlighted point in the IMVS response, 
is approximately equal to 2.7 ms. This value represents the lifetime of the majority carriers in the system 
under open circuit conditions, showing good agreement with IMVS measurements of other photoelec-
trodes.155,156 It is worth noting that this value should be taken with caution since, as mentioned above in the 
case of 𝜏𝜏𝑑𝑑, this lifetime suggests a low degree of bulk recombination in the system but leaves aside all re-
combination processes occurring at much shorter timescales that are not accessible by this technique. How-
ever, this value, in context with similar analysis performed in other materials allows to qualitatively compare 
the bulk characteristics and point out that recombination at very short timescales could dictate the overall 
response. 



Evaluating the Interfacial Charge Carrier Behavior of Spinel Copper Ferrite Photoanodes for Solar Water Oxidation 

45 

.  

Figure 4:8 Nyquist plot corresponding to the IMVS response (violet sphere) of CuFe2O4. The minimum value of imagi-
nary IMVS response is highlighted with characteristic frequency (orange sphere). 

Combining both IMPS and IMVS data, bulk electron behavior such as diffusion coefficient 𝐷𝐷𝑡𝑡 and diffusion 
length 𝐿𝐿𝑡𝑡 could be calculated by the following equations:69 

𝐷𝐷𝑡𝑡 =
𝑑𝑑2

4𝜏𝜏𝑑𝑑
(4: 5) 

𝐿𝐿𝑡𝑡 = �𝐷𝐷𝑡𝑡𝜏𝜏𝑡𝑡 (4: 6) 

where 𝑑𝑑 is the film thickness and is estimated to be 300 nm (Figure 4:1). Based on the value 𝜏𝜏𝑡𝑡 and 𝜏𝜏𝑑𝑑 that 
extracted from IMVS and IMPS, 𝐷𝐷𝑡𝑡 and 𝐿𝐿𝑡𝑡 are found to be around 37.5 µm2 s–1 and 318 nm, respectively. 
These values are consistent with those reported by Andrade et al. for α-Fe2O3 photoanodes157 and Krüger et 
al. for nanocrystalline TiO2.69 This confirms that the majority carriers transport characteristics are similar to 
those of other metal oxides. The value of 𝐿𝐿𝑡𝑡 is close to 𝑑𝑑 suggests that the majority carrier diffusion is not 
limiting the charge collection. 

4.2.6 Monochromatic illumination experiment 

To evaluate the charge transport behavior of both minority and majority carriers in the film, photocurrent 
experiments using monochromatic light and in the presence of hole scavenger in solution were performed. 
As depicted in Figure 4:9a, substrate-side (SSI) and electrolyte-side (ESI) monochromatic (452 nm) illumina-
tion allows to selectively photogenerate carriers close to the substrate or to the electrolyte interface, given 
the estimated photon penetration depth of 100 nm in our CuFe2O4 thin film. The ratio of the photocurrent 
density measured using ESI and SSI is shown in Figure 4:9b where a value close to 1 of jESI/jSSI is observed at 
both cases. This further confirms that the majority carrier transport does not limit the photocurrent, in agree-
ment with 𝐿𝐿𝑡𝑡. Based on the Gärtner model,36 the minority carrier diffusion length and doping concentration 
can be estimated with the following equation:89,158 

𝑙𝑙𝑙𝑙(1 − 𝜂𝜂) = −𝛼𝛼 �
2𝜀𝜀𝜀𝜀0

𝑞𝑞𝑁𝑁𝐷𝐷
�

1
2

�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏,𝑒𝑒𝑓𝑓𝑓𝑓�
1
2 − 𝑙𝑙𝑙𝑙�1 + 𝛼𝛼𝐿𝐿𝑝𝑝� (4: 7) 

where 𝜂𝜂 is the external quantum efficiency of the sacrificial photo-oxidation under 452 nm illumination, 𝛼𝛼 is 
the absorption coefficient, 𝑉𝑉𝑓𝑓𝑏𝑏,𝑒𝑒𝑓𝑓𝑓𝑓 is the effective flat band potential estimated from the Gärtner current 
(Figure 4:9g)36,59 and 𝐿𝐿𝑝𝑝 is the minority carrier (hole) diffusion length. Based on absorbance measurement in 
Figure 4:2b, 𝛼𝛼  was estimated to be 99800 cm–1. Figure 4:9b displays the plot of ln(1 − 𝜂𝜂)  versus 
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�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏,𝑒𝑒𝑓𝑓𝑓𝑓�1/2
 where a linear region is obtained at the band bending development voltage range (Figure 

4:5a). Based on the linear fit of this region, 𝑁𝑁𝐷𝐷 and 𝐿𝐿𝑝𝑝 are estimated to be 4.39×1018 cm—3 and 4 nm, respec-
tively. Compared with Mott–Schottky analysis, 𝑁𝑁𝐷𝐷 extracted from the Gärtner model results in a higher value 
that is attributed to more photogenerated charge carriers under monochromatic illumination. The value of 
𝐿𝐿𝑝𝑝, close to α-Fe2O3 photoanodes (2-4 nm),159 points out that the short minority carrier diffusion length could 
play an important role in the poor photocurrent response. This short 𝐿𝐿𝑝𝑝 is characteristic of iron-based n-type 
metal oxide semiconductors due to polaron defect states.160 Combining incident photon flux (𝐼𝐼0) and 𝛼𝛼, the 
absorption profile (𝐼𝐼(𝑑𝑑)) of CuFe2O4 can be determined with the following equation, plotted in Figure 4:9c. 

𝐼𝐼(𝑑𝑑) = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝑑𝑑 (4: 8) 

 

Figure 4:9 (a) Illustration of monochromatic illumination experiments with substrate-side illumination (SSI, top) and 
electrolyte-side illumination (ESI, bottom). (b) Ratio of photocurrent density measured at ESI (jESI) and SSI (jSSI) as a 
function of voltage. (c) Determination of ND and Lp for CuFe2O4 photoanode measured under ESI with H2O2. (d) Ab-
sorption profile depth of CuFe2O4 film for 452 nm incident light. The effect of substrate-side illumination (SSI) and 

electrolyte-side illumination (ESI) on the photocurrent of CuFe2O4 photoanode measured under 452 nm monochro-
matic illumination (e) with and (f) without H2O2. (g) Gärtner model fitting of photocurrent. 
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Assuming all the charges generated inside the depletion region can be 100% extracted and photogenerated 
holes within 4 nm outside the depletion region can diffuse into the region, one can expect a maximum pho-
tocurrent density of 3.4 mA cm–2 at 1.3 V vs RHE in the range of 𝑊𝑊 + 𝐿𝐿𝑝𝑝. Therefore, in a planar electrode, a 
significant portion (~93%) of the photogenerated charges cannot be effectively extracted. Additionally, meas-
ured photocurrent (Figure 4:9e) is only around 10% of the predicted maximum photocurrent, despite the 
modest roughness factor of 4, which would be expected to increase the measured photocurrent in the case 
of a minority carrier transport limitation. This result suggests the presence of severe recombination that is 
limiting the overall charge extraction, likely, bulk recombination processes in the sub-microsecond timescales 
that are out of the scope of the techniques employed in this work. 

4.2.7 Semi-quantitative band diagram 

Data extracted from these frequency-resolved electrochemical techniques and monochromatic illumination 
experiments affords the construction of a semi-quantitative band diagram for the n-type CuFe2O4, highlight-
ing the bulk electrical properties and photoelectrochemical characteristics of this material (Figure 4:10). The 
key physical parameters are labelled in the band diagram and their meaning is explained in the Figure caption. 
Briefly, a 𝐸𝐸𝑔𝑔 of around 1.9 eV is considered, on the basis of the direct optical transition determined in our 
previous report.85 Under flat band conditions (Figure 4:10, left), the 𝑉𝑉𝑓𝑓𝑏𝑏 is considered to be around 0.78 V vs 
RHE, and the Fermi level is approximately 80 mV below the conduction band, as dictated by 𝑁𝑁𝐷𝐷. Under op-
eration, the intermediate species possess a suitable energetic position to drive water oxidation. Note that 
although the PEIS measurement revealed these DOSS related to the intermediate species to be centered 
around 1.4 V vs RHE, they are expected to be more oxidative. More specifically, their actual potential will be 
given by this value adding the photovoltage generated (splitting of the Fermi levels) at this particular applied 
bias. Likewise, the rates of charge transfer and recombination evidence rather slow reaction kinetics com-
peting with a relatively fast surface recombination, bringing therefore a scenario where the effective charge 
transfer is certainly limited. Finally, the small values of 𝑊𝑊 and 𝐿𝐿𝑝𝑝 limit the photoactive part of the film to a 
few tens of nm, losing therefore most of the absorbed photons. 

 

Electrolyte CuFe2O4

𝑬𝑽𝑩

𝑬𝑪𝑩

𝑵𝑫~𝟏𝟎𝟏𝟖 𝒄𝒎−𝟑

𝑬𝒈~𝟏. 𝟗 𝒆𝑽

𝑵𝑪~𝟏𝟎𝟏𝟗 𝒄𝒎−𝟑

~𝟖𝟎 𝒎𝑽

𝑬𝑯𝟐𝑶/𝑶𝟐

Electrolyte CuFe2O4

𝑬𝑽𝑩

𝑬𝑪𝑩

𝑵𝑺𝑺~𝟏𝟎𝟏𝟒 𝒄𝒎−𝟐

𝑬𝑭

𝝉𝒏~𝟐. 𝟕 𝒎𝒔
𝝉𝒅~𝟎. 𝟔 𝒎𝒔

𝑫𝒏~𝟒𝟎 𝝁𝒎𝟐𝒔−𝟏

𝑳𝒏~𝟎. 𝟑 𝝁𝒎

𝑉𝑉𝑓𝑓𝑏𝑏

𝟏. 𝟎

𝟏. 𝟓

𝟐. 𝟎

𝟐. 𝟓

V vs. RHE (V)

𝑬𝑭

𝒅~𝟑𝟎𝟎 𝒏𝒎

𝒌𝒓𝒆𝒄~𝟑 𝒔−𝟏

𝒌𝒕𝒓𝒂𝒏~𝟓 𝒔−𝟏

𝑳𝒑~𝟒 𝒏𝒎

𝑾~𝟐𝟎 𝒏𝒎



Evaluating the Interfacial Charge Carrier Behavior of Spinel Copper Ferrite Photoanodes for Solar Water Oxidation 

48 

Figure 4:10 Semiquantitative band diagram of a CuFe2O4 photoanode in contact with electrolyte under illumination at 
flat band condition (left) and at upward band bending condition (right). ECB = conduction band edge, EF = Fermi level, 

EVB = valence band edge, Eg = band gap, EC = effective density of states in the conduction band, ND = donor density, d = 
film thickness, W = depletion width, τn = first-order electron lifetime, τd = mean transit time for photogenerated elec-
trons, Dn = electron diffusion coefficient, Ln = majority carrier (electron) diffusion length, Lp = minority carrier (hole) 

diffusion length, Vfb = flat band potential, EH2O/O2 = water oxidation potential, NSS = total density of surface states, ktran 
= first order charge transfer rate constant and krec = first order recombination rate constant. 

Overall, CuFe2O4 photoanodes exhibit a series of intrinsic limitations both in the bulk and at the surface that 
need to be addressed to advance its performance. From an energetic standpoint, the native 𝑉𝑉𝑓𝑓𝑏𝑏 value is sig-
nificantly more positive than those reported for other metal oxides such as α-Fe2O3 (𝑉𝑉𝑓𝑓𝑏𝑏 around 0.4–0.6 V vs 
RHE)159 or BiVO4 (𝑉𝑉𝑓𝑓𝑏𝑏 around 0.1–0.2 V vs RHE).161 This limits the maximum photovoltage generated by this 
material, and in turn, the performance of a complete device. Approaches directed to engineer the surface 
with dipole molecules or surface charged overlayers could help to readjust the band edge positions.113 Like-
wise, the fact that the strong bulk recombination reported previously85 could be directly related to the short 
𝐿𝐿𝑝𝑝, suggests that constructing nanostructured films with feature size in the order of tens of nanometres is 
necessary to improve charge extraction. The small 𝑊𝑊 together with the short 𝐿𝐿𝑝𝑝 accounts for a very low (be-
low 10%) theoretical charge collection efficiency. However, recombination processes occurring at much 
shorter timescales that could partially contribute to the overall bulk recombination are beyond the scope of 
these frequency-domain techniques. Alternative techniques that could interrogate the carrier dynamics in 
these shorter timescales are necessary to understand this issue, whereas new synthetic routes capable of 
affording a less defective bulk material must be sought.102 From a kinetic point of view, the very unfavorable 
situation of a 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 slower than 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 must be addressed by passivating the recombination centres either us-
ing surface reconstruction approaches59 or electrocatalyst, that could additionally accelerate the rate of 
charge transfer.58 

4.3 Conclusion 
Solution-processable CuFe2O4 thin film photoanodes were investigated by means of a set of frequency-do-
main electrochemical techniques (viz. PEIS, IMPS and IMVS) to provide a complete description of bulk and 
interfacial electrical/photoelectrochemical properties of this material and unveil the parameters limiting 
their performance for photo-water oxidation reaction. PEIS measurements revealed a significantly positive 
𝑉𝑉𝑓𝑓𝑏𝑏 (0.78 V vs RHE) that anticipates a poor photocurrent onset as well as a small 𝑊𝑊 that is responsible for a 
low charge collection efficiency. More importantly, IMPS demonstrated that the rate of charge transfer is 
slower than that of other metal oxide photoanodes, which poses a serious bottleneck for efficient solar water 
oxidation and contributes to the poor photocurrents reported. Data extracted from IMVS brought up a rela-
tively long majority carrier lifetime and majority carrier diffusion length, suggesting that majority carrier 
transport does not limit the photocurrent. Monochromatic illumination experiments further confirmed a 
very short hole diffusion length (~4 nm) that limits the charge collection process. These findings not only 
demonstrate a reliable route to characterize spinel ferrites photoelectrodes but also can help to guide ap-
propriate surface/bulk treatments for optimizing this type of materials. 
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4.4 Experimental 

4.4.1 Synthesis of CuFe2O4 photoanode 

Nanostructured CuFe2O4 photoanodes were synthesized by a solution-based chemical bath deposition (CBD) 
approach, previously reported by our group.85 Fluorine doped tin oxide (FTO) coated glass substrates (Solar-
onix TCO10-10) were positioned vertically and immersed into aqueous solution containing 0.15 M iron(III) 
chloride hexahydrate (FeCl3·6H2O, 99+%, Acros) and 1 M sodium nitrate (NaNO3, 99+%, Acros). The CBD was 
carried out at 100 °C for 5 h to grow β-FeOOH on the FTO. After rinsing with deionized water and drying with 
compressed air, the β-FeOOH thin films were placed on a 100 °C hotplate where a solution of 0.1 M copper(II) 
nitrate hydrate (Cu(NO3)2·3H2O, 99%, Sigma-Aldrich) was drop-cast on top of the β-FeOOH. Samples were 
then introduced into a tube furnace (MTI OTF-1200X-S) preheated at 800 °C for 15 minutes to form spinel 
type CuFe2O4. After cooling to room temperature, samples were soaked in 7 M HNO3 (4 h) to etch away 
excess CuO. Finally, an annealing at 550 °C for 5 hours was performed. A roughness factor of 4, estimated 
from the scanning electron microscopy images (Figure 4:1), was considered for the analysis of the impedance 
measurements and the Gärtner model. 

4.4.2 Photoelectrochemical characterization 

A 3-electrode configuration (CuFe2O4 working electrode, a platinum counter electrode and a Ag/AgCl refer-
ence electrode) was set up in a Cappuccino-type cell with an aperture area of 0.238 cm2. A Xenon arc lamp 
(Newport 66921, 450 W), calibrated to AM 1.5G, was used as light source for photocurrent and impedance 
measurements. Monochromatic illumination at 452 nm was provided from an array of RGBW Star LEDs (Cree) 
with a calibrated incident photon flux of 1.09×1021 m–2 s–1. Unless otherwise stated, the CuFe2O4 photoanode 
was illuminated from the substrate side in 1 M NaOH electrolyte (pH 13.6, Reactolab SA). For experiments 
containing sacrificial agent, 0.5 mL of hydrogen peroxide (H2O2, 30%, Reactolab SA) was added into 9.5 mL of 
1 M NaOH solution. Electrochemical measurements were carried with a Bio-Logic SP-300 potentiostat cou-
pled with the EC-Lab (V11.12) electrochemical platform. For linear sweep voltammetry (LSV), a scan rate of 
20 mV s–1 was used. For PEIS measurements, the voltage perturbation was applied within a frequency range 
from 100 kHz to 50 mHz with a 25 mV sinusoidal amplitude. An equivalent circuit modelling software ZView 
(Scribner Associates) was used to fit the PEIS data. The applied potentials in all the measurements were re-
ferred to the RHE using the Nernst equation. 

4.4.3 Intensity-modulated photocurrent/photovoltage spectroscopy 

For both IMPS and IMVS experiments, a white LED (Cree XLamp MC-E White) running at 3 V (200 mA) DC 
background was used as the light source. The white LED was powered by a triple power supply (HAMEG 
HM8040-2) and its light intensity was sinusoidally perturbated by an arbitrary function generator (Tektronix 
AFG3021C) with a peak amplitude of 200 mV and a modulation frequency range from 100 kHz to 50 mHz. 
The same 3-electrode configuration as described in the previous section was used. In IMPS experiments, the 
applied potential on working electrode was controlled by a potentiostat (Thompson Electrochem model 251) 
and was additionally monitored by a general digital multimeter (UNI-T UT58B). The intensity-modulated pho-
tocurrent response was recorded by a digital phosphor oscilloscope (Tektronix DPO7254C) via a 50 Ω series 
resistor (Velleman E6/E12). In IMVS experiments, the intensity-modulated open-circuit photovoltage re-
sponse was recorded with the oscilloscope. The entire IMPS/IMVS setup was enclosed with blackout materi-
als to prevent interference from ambient light. IMPS data was processed and fitted using a custom program 
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written with the Python programming language. The lmfit package for Python was used to perform curve 
fitting with nonlinear regression. 

4.4.4 Operando UV–Vis spectroscopy 

A 3-electrode setup configuration was set up in a cuvette (Hellma Analytics OS, 10 mm) fixed with a 3D 
printed cuvette extender. A CuFe2O4 thin film was specially cut into a size of 9×50 mm to fit into the cuvette 
as a working electrode. The setup was settled inside a UV–Vis spectrophotometer (Shimadzu UV-3600) and 
controlled with a Bio-Logic SP-50 potentiostat. The baseline was recorded under open circuit conditions. 
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 Spectroelectrochemical and Chem-
ical Evidence of Surface Passivation at Spinel 
Zinc Ferrite Photoanodes for Solar Water Oxi-
dation 
This chapter is adapted from a peer-reviewed article published in Advanced Functional Materials: Yongpeng 
Liu, Meng Xia, Liang Yao, Mounir Mensi, Dan Ren, Michael Grätzel, Kevin Sivula, Néstor Guijarro. Adv. Funct. 
Mater., 2021, 31 (16), 2010081. 

5.1 Introduction 
Metal oxides have been long pursued as candidate materials for solar water oxidation (photoanode) given 
their Earth-abundant composition, and specially, their durability under the harsh oxidative conditions asso-
ciated with the O2 evolution reaction.162–164 However, these materials are prone to a high degree of recom-
bination at the reactive interface,58,165–167 which ultimately limits the photovoltage generated and hence, the 
photocurrent onset potential (𝑉𝑉𝑜𝑜𝑡𝑡) obtained, therefore urgently demanding for new strategies to heal this 
interface. Indeed, several surface passivation routes, involving Ga2O3,59 Al2O3,78 SiO2,168 TiO2

169 coatings, have 
been so far described for well-established photoanode materials such as α-Fe2O3 and BiVO4. 

In recent years, spinel zinc ferrite (ZnFe2O4, ZFO) has gained prominence among the emergent candidate 
materials for solar water splitting, owing to, for instance, its suitable band gap (𝐸𝐸𝑔𝑔~ 2 eV), low-cost pro-
cessing and potential for further adjusting the electronic properties by tuning cation disorder within the lat-
tice.170–172 Advances in the performance of ZFO have primarily originated from fine-tuning the bulk electronic 
properties. For instance, Lee and co-workers demonstrated that introducing oxygen vacancies,173,174 Sn4+ or 
Ti4+ improved the performance by increasing the doping density,175 while showing a circumstantial contribu-
tion to the surface passivation. Likewise, Zhu et al. showed that modulating the inversion degree in this ma-
terial allowed to adjust the bulk transport properties reaching a record-value photocurrent.102 Interestingly, 
the authors noticed that the higher the synthesis temperature the smoother surface (less-defective) and the 
lower the surface recombination, with 𝑉𝑉𝑜𝑜𝑡𝑡 improving from 1.2 V to 0.9 V vs RHE. Obviously, most of these 
reports incorporate a cocatalyst to improve the kinetics of water oxidation which, in turn, alleviate the sur-
face recombination. However, few reports have attempted to selectively passivate the ZFO’s surface with 
non-catalytic overlayers. Ma et al. reported that coating ZFO with SiO2 improved the photocurrent from 0.15 
mA cm–2 to 0.21 mA cm–2 at 1.23 V vs RHE, while 𝑉𝑉𝑜𝑜𝑡𝑡 remained unchanged.176 Similarly, Sahu et al. detected 
an improved photocurrent but an unaltered 𝑉𝑉𝑜𝑜𝑡𝑡 upon coating ZFO with Al2O3.177 However, the numerous un-
controllable factors (e.g. surface coverage, thickness) in the chemical bath deposition of Al2O3 poses severe 
difficulties to elucidate the effect of this overlayer. There is, therefore, a lack of strategies to specifically 
suppress the surface recombination as well as of understanding on how the passivation mechanism operates. 
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In this chapter, we report the passivating effect of a sub-nanometer Al2O3 thin film deposited onto ZFO, evi-
denced by ca. 100 mV shift of 𝑉𝑉𝑜𝑜𝑡𝑡. We found that this coating not only slowed down the surface recombina-
tion, but also enhanced the built-in electric field, reinforcing its passivating role. Detailed characterization of 
the chemical states at reactive interface provided compelling evidence that the passivation mechanism in-
volves both the partial refilling of the oxygen vacancies and the formation of a Zn2+ – Al3+ Lewis adduct at the 
ZFO/Al2O3 interface. 

5.2 Results and discussion 

5.2.1 Materials characterization 

5.2.1.1 Morphology 

Scanning electron microscope (SEM) images of ZFO nanorods are shown in Figure 5:1 where a 500 nm film 
thickness with feature size around 45 nm can be estimated. SEM setup (Zeiss Gemini) for these images were 
2 kV electron high tension (EHT), 150 pA probe current, 3.7 mm working distance (WD), 20 µm aperture size 
and annular secondary electrons detector (In-Lens).  

 

Figure 5:1 (a) Cross-sectional and (b)-(c) top-view SEM images of nanostructured ZFO thin films. 

5.2.1.2 X-ray diffraction pattern and Raman spectrum 

The X-ray diffraction (XRD) pattern of a bare ZFO film was recorded by using an Empyrean (PANanlytical) 
diffractometer in Bragg-Brentano geometry to assess the presence of segregated phases such as ZnO and α-
Fe2O3 and confirm the phase purity of the thin films. As shown in Figure 5:2a, the main phases of the diffrac-
togram can be assigned to ZFO, although the weak peak at 31.3° could indicate the presence of traces of ZnO 
that remained after the etching procedure. Overall, there are no discernible signals for other segregated 
phases in the diffraction pattern. To further confirm the absence of secondary phases in bare ZFO, the film 
was characterized by Raman spectroscopy. Here, a Raman microscope (HORIBA Jobin Yvon XploRA PLUS) 
coupled with an optical microscope (Olympus BX41) and a DPSS 532 nm laser. As observed in Figure 5:2b, 
the Raman spectrum shows four characteristic bands which are in good agreement with the Raman signature 
reported for ZFO.85,178 The absence of the characteristic signals of α-Fe2O3 and ZnO confirms the fabrication 
of monophasic ZFO thin films.86,179 
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Figure 5:2 (a) XRD pattern of bare ZFO thin film. Representative reference diffraction patterns were also included for 
the sake of evaluation. (b) Raman spectrum of bare ZFO thin film with assignment of Raman peaks. 

5.2.1.3 Roughness factor determination 

The roughness factor of nanostructured ZFO was determined by an organic dye adsorption experiment de-
veloped by Kay et al.76 ZFO samples were immersed into an aqueous solution containing 1.5 mM Orange II 
(>97%, TCI) for 15 minutes in order to form a monolayer of Orange II molecules on ZFO surface.180 The ad-
sorbed dye molecules were then desorbed into 2 mL 1 M NaOH and its concentration was determined by the 
optical absorption at 450 nm using a UV–Vis spectrophotometer (Shimadzu UV-3600). Considering each Or-
ange II molecule occupied 0.4 nm2 area, the roughness factor can be calculated from the ration between real 
surface area and geometric area. The geometric area of each sample was determined by an image processing 
program (ImageJ 1.8.0).181 An average roughness factor of 18 ± 2 was obtained by measuring 3 different 
samples. Figure 5:3 shows the absorbance of the dye that desorbed from 3 ZFO samples respectively. The 
absorbance of the 3 dye solutions with known concentration acted as reference to calculate the concentra-
tion. The optical absorption at 450 nm of these 6 solutions were plotted in Figure 5:3b where we can see that 
the concentration of all 3 samples is located at the linear region. According to the Beer–Lambert law, the 
linear relationship between absorbance (𝐴𝐴) and concentration of dye solution can be written as:182,183 

𝐴𝐴 = 𝜀𝜀𝐶𝐶𝐿𝐿 (5: 1) 
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where is 𝜀𝜀 the molar attenuation coefficient, 𝐶𝐶 is the solution concentration, and 𝐿𝐿 is the path length. For a 
fixed 𝜀𝜀 (Orange II) and 𝐿𝐿 (same cuvette), absorbance is proportional to 𝐶𝐶. After measuring the absorbance of 
the 6 solutions, 𝐶𝐶 and more importantly the amount of dye desorbed from ZFO samples can be calculated. 

 

Figure 5:3 (a) UV–Vis spectra of Orange II desorbed from 3 different ZFO samples and 3 known concentration of Or-
ange II solution. The dark grey dash line indicates the absorbance measured at 450 nm. (b) Concentration of Orange II 
solution as a function of optical absorbance measured at 450 nm. The grey dash line is the linear fit of the reference 

solution. 

5.2.1.4 Absorption coefficient and band gap determination 

The absorption coefficient (𝛼𝛼) of ZFO was estimated by means of reflectance (𝑅𝑅) and transmittance (𝑘𝑘): 

It = (I0 − Ir) × e−αd (5: 2) 

T(%) = �100 − R(%)� × e−αd (5: 3) 

α = −
1
d

ln
T(%)

100 − R(%)
(5: 4) 

where 𝑑𝑑 is the film thickness, 𝐼𝐼0, 𝐼𝐼𝑟𝑟, and 𝐼𝐼𝑡𝑡 represent the intensity of incident light, reflected light, and trans-
mitted light, respectively. 𝑅𝑅 and 𝑘𝑘 are determined by a UV–Vis spectrophotometer (Shimadzu UV-3600). In 
addition, 𝛼𝛼  is corrected due to nanostructure by estimating the void percentage of the nanostructured 
film:102 

Vn = 𝑑𝑑 × 𝑁𝑁 × π × r2 (5: 5) 

where 𝑉𝑉𝑡𝑡 is the occupied volume by nanorods, 𝑁𝑁 is the average number of nanorods counted in SEM images, 
and 𝑟𝑟 is average radius of nanorods. Therefore, 𝛼𝛼 can be corrected by the following expression:102 

αcorrected = α ×
V0

Vn
(5: 6) 

where 𝑉𝑉0 is the hypothetical absorption volume of a compact film. 
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Corrected 𝛼𝛼 as a function of wavelength is displayed in Figure 5:4a. Figure 5:4b shows the Tauc plot of ZFO 
where a direct optical band gap of 2.3 eV is obtained at the x-intercept. 

 

Figure 5:4 (a) Corrected absorption coefficient (α) as a function of wavelength. (b) Tauc plot for direct allowed transi-
tions. 

5.2.2 Photoelectrochemical characterization 

Figure 5:5 shows the linear sweep voltammetry under chopped-light illumination recorded for bare ZFO. At 
first sight, the 0.9 V vs RHE 𝑉𝑉𝑜𝑜𝑡𝑡 resembles those reported previously in literature (𝑉𝑉𝑜𝑜𝑡𝑡 is defined as the po-
tential where the photocurrent density equals 10 µA cm–2), whereas the 0.56 mA cm–2 photocurrent density 
at 1.23 V vs RHE is amongst the highest reported for cocatalyst-free ZFO photoanodes.102,174–177 It is worth 
noting that the saturation photocurrent is mostly limited by the short hole diffusion length (ca. 3 nm, Section 
5.2.3) as it is commonplace among ferrites.98 Note that the transient photocurrent spikes detected in the 
voltage range spanning from 0.6 – 1.2 V vs RHE provide evidence of the surface recombination.126,184 

 

Figure 5:5 Linear sweep voltammetry of ZFO recorded under intermittent illumination. 
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5.2.3 Monochromatic illumination experiment 

To provide further information on the minority carrier diffusion, 452 nm monochromatic illumination exper-
iment was performed under sacrificial agent (H2O2) oxidation condition (Figure 5:6a). The minority carrier 
diffusion length 𝐿𝐿𝑝𝑝 can be estimated by the Gärtner model:89 

ln(1 − η) = −α �
2εε0

𝑞𝑞𝑁𝑁𝐷𝐷
�

1
2

�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏�
1
2 − ln�1 + α𝐿𝐿𝑝𝑝� (5: 7) 

where η is the external quantum efficiency of the sacrificial photo-oxidation under 452 nm illumination and 
𝛼𝛼  is the absorption coefficient (42086 cm–1, Figure 5:4a). A linear relationship was found between 

ln(1 − η) 𝑎𝑎𝑙𝑙𝑑𝑑�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑏𝑏�
1
2 in Figure 5:6b. We applied a simple linear regression based on the Gärtner model 

so that a 𝐿𝐿𝑝𝑝 around 3 nm is extracted. 

 

Figure 5:6 (a) j-V characteristics of ZFO photoanode measured at electrolyte-side monochromatic (452 nm) illumina-
tion condition and dark condition. (b) Hole diffusion length (Lp) estimation based on the Gärtner model. (c) Absorption 

profile of ZFO under monochromatic illumination condition. 

The absorption profile 𝐼𝐼(𝑑𝑑) can be determined with the following equation based on incident photon flux 𝐼𝐼0 
and α, plotted in Figure 5:6c. 

 

𝐼𝐼(𝑑𝑑) = 𝐼𝐼0 × 𝑒𝑒−α𝑑𝑑 (5: 8) 

Considering all the free carriers in the depletion region can be fully extracted, under monochromatic illumi-
nation with 𝐼𝐼0 of 1.01 × 1021 m–2 s–1 and at 1.3 V vs RHE applied potential, carriers that generated inside the 
depletion region can deliver a theoretical photocurrent density 𝑗𝑗𝑊𝑊 around 2.1 mA/cm2. Likewise, assuming 
photogenerated holes outside the depletion region can diffuse back to the depletion region, a 3 nm 𝐿𝐿𝑝𝑝 will 
contribute additional 0.4 mA/cm2. In total, one can expect a theoretical photocurrent density of 2.5 mA/cm2 
within the range of 𝑊𝑊 + 𝐿𝐿𝑝𝑝. Since 𝐼𝐼0 is equivalent to 16.2 mA/cm2, absorption profile shows majority of the 
photogenerated carriers (85%) cannot be effectively collected. 
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5.2.4 Electrochemical impedance spectroscopy 

To assess the degree and origin of the voltage losses occurring under operation, EIS experiments were per-
formed both in dark and light conditions. Figure 5:7 shows representative Nyquist plots of impedance re-
sponse measured at 5 different applied potentials in the dark (Figure 5:7a) and under illumination (Figure 
5:7b). Qualitatively, the diameter of the impedance response correlates with the charge transfer resistance, 
the larger the diameter the higher the resistance. In both cases, the higher applied potential leads to a smaller 
diameter of the impedance response and thus to a lower charge transfer resistance. Likewise, ZFO exhibits 
an order of magnitude lower charge transfer resistance under illumination than in the dark. To quantitatively 
extract the electronic parameters of ZFO, an equivalent circuit is employed to fit the impedance response. 
As shown in Figure 5:7a, ZFO in the dark displays only one semicircle, which can be fit to the Randles circuit 
(Figure 5:7a inset) which consists of series resistance 𝑅𝑅𝑆𝑆 , bulk capacitance 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, and charge transfer re-
sistance from bulk 𝑅𝑅𝑟𝑟𝑡𝑡,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. Likewise, impedance measured under illumination is characterized by two semi-
circles. The low frequency semicircle is assigned to the interfacial charge transfer process while the high fre-
quency semicircle is related to the depletion layer behavior. The equivalent circuit (Figure 5:7b inset) con-
sisting of 𝑅𝑅𝑆𝑆, 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, hole trapping resistance from bulk to surface states 𝑅𝑅𝑡𝑡𝑟𝑟𝑡𝑡𝑝𝑝, surface states capacitance 
𝐶𝐶𝑆𝑆𝑆𝑆, and charge transfer resistance from surface states to water oxidation 𝑅𝑅𝑟𝑟𝑡𝑡,𝑆𝑆𝑆𝑆, is employed to fit the im-
pedance response measured under illumination. As shown in representative Nyquist plots, proposed equiv-
alent circuits describe well the impedance response of ZFO, allowing us to accurately extract fitting values. 
Mott–Schottky plots constructed from 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are displayed in Figure 5:7c where a positive slope in the linear 
region unambiguously indicates the n-type semiconducting behavior of ZFO. In the linear region of Mott–
Schottky plot, a simple linear regression model was applied to perform Mott–Schottky analysis (Section 
1.5.2). Taking a relative permittivity (ε) of 100 for ZFO,170,185 Mott–Schottky analysis reveals a 𝑉𝑉𝑓𝑓𝑏𝑏 of 0.6 V vs 
RHE, that is, 300 mV earlier than 𝑉𝑉𝑜𝑜𝑡𝑡 (Figure 5:5). This late onset correlates well with the existence of surface 
recombination.186 Likewise, a relatively high 𝑁𝑁𝐷𝐷 of 3.0 × 1019 cm–3 could results in a short depletion width 𝑊𝑊 
that hampers charge separation in space charge region. 

 

Figure 5:7 Nyquist plot of impedance response (open circle) measured (a) in the dark and (b) under illumination at five 
representative voltage (0.8 V, 1.0 V, 1.2 V, 1.4 V and 1.6 V vs. RHE) including the corresponding fitting curves (solid 
line) and equivalent circuits. (c) Mott–Schottky plot (cyan sphere) and corresponding linear fitting (royal dash line). 

At 1.3 V vs RHE, 𝑊𝑊 is estimated (Section 1.5.2) to be 16 nm. Since 𝑊𝑊 is sufficiently smaller than the feature 
size (around 45 nm, Figure 5:1) of nanostructured ZFO, impedance analysis is reasonably valid on ZFO thin 
films. Depending on carrier diffusion length, such a short 𝑊𝑊 could potentially limit charge separation. To 
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verify the impact of a high 𝑁𝑁𝐷𝐷 on the semiconducting properties of ZFO, Fermi level position is estimated as 
follows. Assuming the density-of-state effective mass for electrons 𝑚𝑚𝑑𝑑𝑒𝑒 of ZFO is 24.6 × 10–31 kg,187,188 the 
effective density of states in the conduction band (𝑁𝑁𝑆𝑆) is given by:25 

𝑁𝑁𝑆𝑆 ≡ 2 �
2π𝑚𝑚𝑑𝑑𝑒𝑒𝑘𝑘𝑘𝑘

ℎ2 �
3
2

(5: 9) 

where ℎ is Planck constant and 𝑁𝑁𝑆𝑆  is estimated to be 1.1 × 1020 cm–3. Since 𝑁𝑁𝐷𝐷
𝑁𝑁𝐶𝐶

 > 0.05, our ZFO is a degenerate 

semiconductor. In this case where the Fermi level (𝐸𝐸𝐹𝐹) is near or beyond the conduction band (𝐸𝐸𝑆𝑆), the value 
of Fermi–Dirac integral needs to be applied to estimate the Fermi level position:25 

𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑆𝑆 = 𝑘𝑘𝑘𝑘 �ln �
𝑁𝑁𝐷𝐷

𝑁𝑁𝑆𝑆
� + 2−3

2 �
𝑁𝑁𝐷𝐷

𝑁𝑁𝑆𝑆
�� (5: 10) 

At flat-band condition, 𝐸𝐸𝐹𝐹 was found to be 31 mV below 𝐸𝐸𝑆𝑆. 

𝐶𝐶𝑆𝑆𝑆𝑆 represents amount of charges accumulated at interface under operation and it can be converted to den-
sity of surface states (DOSS, Section 1.5.2). DOSS is a proxy for the accumulated charge at the electrolyte 
interface under illumination, which is known to be linked to the surface recombination phenomena.95,98 As 
shown in Figure 5:8, DOSS seemingly extends from 0.5 – 1.3 V vs RHE. It must be, however, borne in mind 
that the splitting of the quasi-Fermi levels at ZFO’s surface should be added if the actual position of the DOSS 
needs to be estimated. It is commonly accepted that the surface accumulated charge detected nearby the 
photocurrent onset corresponds to highly-oxidized intermediate species involved in the water oxidation re-
action, although it cannot be discarded the participation of surface-trapped holes in the signal of DOSS.60,94,95 
Either way, the buildup of holes at the interface will promote the surface recombination phenomena with 
photogenerated electrons. 

 

Figure 5:8 Energetic distribution of density of surface states (DOSS) on ZFO. 

The DOSS was fit to a Gaussian function, leading to an estimate total density of surface states (𝑁𝑁𝑆𝑆𝑆𝑆) of 7.2 × 
1013 cm–2. Note that this value is above the threshold considered to cause Fermi level pinning (FLP).27 In other 
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words, FLP is expected to occur in the potential region wherein DOSS are detected. Since FLP is known to 
retard the development of band bending, it will limit the surface hole concentration, and thus, the surface 
potential that drives the water oxidation reaction which accounts for the late 𝑉𝑉𝑜𝑜𝑡𝑡 of bare ZFO. Note that 
catalytic overlayers have shown to shift 𝑉𝑉𝑜𝑜𝑡𝑡 earlier owing to the reduced surface overpotential demanded 
for the oxygen evolution reaction, rather than by altering the FLP.189 

5.2.5 Operando UV–Vis spectroscopy 

To cast some light into the identity of the DOSS, operando UV–Vis spectroscopy measurements were per-
formed as a function of the applied potential, both in the absence and presence of an external bias light. 
Under monochromatic bias illumination (405 nm), a broad absorption band extending from 450 nm up to ca. 
760 nm and whose intensity exhibits a direct correlation with the applied potential was detected (Figure 
5:9a). Similar optical signatures have been previously reported for other metal oxide (e.g. α-Fe2O3,71,72,125 
IrOX

190 and MnOX
191) and concluded to be related primarily to reaction intermediates at the electrodes’ sur-

face. These experiments were repeated in the absence of external illumination to access a wider spectral 
range, since a longpass filter was used to protect the detector against the bias light. Figure 5:9b shows the 
operando UV–Vis spectra recorded in the absence of bias light, exhibiting a broad band spanning from 350 – 
750 nm and centered at around 455 nm. Note that higher applied potentials were required to trigger the 
water oxidation reaction and detect the buildup of surface holes given the lack of the energy input provided 
by light. It is worth highlighting that this optical signature is similar to that attributed to high-valent iron 
reaction intermediates (–FeIV=O) in α-Fe2O3 photoanodes located at around 580 nm,71,192 although it appears 
to blueshift in ZFO, as it has been previously shown for CuFe2O4.98 Note that similar studies performed on 
MnO2 electrocatalysts under OER conditions revealed that the corresponding d-d transition shifted towards 
lower wavelengths, when the high-valent Mn center was coordinated to electron-donating species, and in 
the opposite direction when the center was coordinated to electron-accepting species.193 Bearing in mind 
that iron adopts and octahedral coordination geometry in both Fe2O3 and ZFO, that is, each iron is connected 
to six oxygen ligands, it is not unreasonable to propose that changes in the chemical environment of high-
valent iron centers could be responsible for the shift in the d-d transition. We hypothesize that given the 
reduced electronegativity of Zn compared to Fe, the oxygen ligands that are connected to Zn will exhibit a 
higher electron density and therefore, act as electron-donating ligands for the nearby high-valent Fe species. 
This could account for the changes in the ligand field splitting of the high-valent iron species that result in the 
observed shift in the d-d transition. 
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Figure 5:9 Operando UV–Vis spectra recorded under different applied potential (a) with and (b) without external illu-
mination. 

5.2.6 Suppressing surface recombination using sub-nanometer Al2O3 

With the aim of suppressing the surface recombination and hence, tackle the late 𝑉𝑉𝑜𝑜𝑡𝑡, a sub-nanometer Al2O3 
thin film was deposited onto ZFO. Angle-resolved X-ray photoelectron spectroscopy (ARXPS) was first used 
to evaluate the conformal coating of Al2O3 as well as the nanostructure nature of ZFO (Figure 5:10). In the 
case of an ultra-thin and flat film, ARXPS signal recorded at different emission angles should have significant 
difference. One could expect bulk signal is more intense at near-normal collection angle, and surface signal 
is more intense at near-grazing collection angle. This is not the case of our ARXPS analysis, therefore, it proves 
two key points. First, in accordance with SEM characterization (Figure 5:1), ZFO is a thick enough film. Second, 
the Al2O3 coating deposited by ALD onto nanostructured ZFO is conformal. 

 

Figure 5:10 Angle-resolved XPS (ARXPS) spectrum of ZFO. 
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Figure 5:11a shows the linear sweep voltammetry recorded under illumination for bare and Al2O3-coated 
ZFO, as well as the DOSS. Surprisingly, the incorporation of Al2O3 triggers a 100 mV earlier 𝑉𝑉𝑜𝑜𝑡𝑡, i.e., from 900 
mV to 800 mV vs RHE, thus leading to a 4-fold enhancement of the photocurrent at 1.0 V vs RHE albeit both 
photocurrent profiles virtually overlap from 1.4 V onwards. Note that Sahu et al. did not detect any change 
in 𝑉𝑉𝑜𝑜𝑡𝑡 after coating ZFO with Al2O3 deposited by chemical bath deposition (CBD).177 Likely, the incomplete 
surface coverage obtained by CBD could reduce the effectiveness of the passivation effect.194 EIS analyses 
were performed to find out the mechanisms whereby Al2O3 improves ZFO’s performance. First, Mott–
Schottky plot demonstrated that the flat band potential barely changed with the incorporation of Al2O3 (Fig-
ure 5:11b), therefore discarding a shift of the electronic bands induced by the overlayer, which could account 
for the earlier 𝑉𝑉𝑜𝑜𝑡𝑡.195 Second, 𝑁𝑁𝑆𝑆𝑆𝑆 decreased by 26 % down to 5.3 × 1013 cm–2, which evidences a partial sup-
pression of the FLP. Broadly speaking, the incorporation of Al2O3 caused the surface accumulated charge to 
drop which certainly contributed to mitigate the surface recombination. Note that the reduced 𝑁𝑁𝑆𝑆𝑆𝑆 could 
originate from either a decrease of the surface traps or an accelerated water oxidation reaction. 

 

Figure 5:11 Comparison between the PEC of ZFO (orange) and ZFO/Al2O3 (blue). (a) Linear sweep voltammetry under 
constant illumination and DOSS. (b) Mott–Schottky plot recorded in the dark. 

5.2.7 Intensity-modulated photocurrent spectroscopy 

Intensity-modulated photocurrent spectroscopy (IMPS) was next implemented to decode the surface carrier 
dynamics, and estimate the changes that the rate constants for charge transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡) and surface recombi-
nation (𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟) suffer with the incorporation of Al2O3. Figure 5:12 display the Nyquist plots associated to the 
IMPS response for both bare and Al2O3-coated ZFO at different applied bias. IMPS response was fitted by the 
following equation. In accordance with the generalized theory developed by Ponomarev and Peter, photo-
current response 𝑗𝑗(𝜔𝜔) with respect to small light perturbation can be expressed by:61 

𝑗𝑗(ω) = 𝑗𝑗ℎ ×
𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 + 𝑖𝑖ω � 𝐶𝐶𝐻𝐻
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× �

1
1 + (𝑖𝑖ωτ𝑑𝑑)α� (5: 11) 

where 𝑗𝑗ℎ  is hole current towards surface, 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡  and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟  are pseudo-first order rate constants for charge 
transfer and recombination, 𝐶𝐶𝐻𝐻 and 𝐶𝐶𝑆𝑆𝑆𝑆  are capacitance of the Helmholtz layer and the space charge region, 
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𝜏𝜏𝑑𝑑 denotes mean transit time of photogenerated electrons and α (0< α ≤1) is introduced as a non-ideality 
factor. In the case of 𝛼𝛼 is equal to 1, an ideal Debye relaxation model is presented in the last term of the 
equation such that regular semicircles are displayed in Nyquist plot of IMPS response. In the case where 𝛼𝛼 
<1, a Cole–Cole relaxation model is presented so that a dispersion of relaxation time constant is considered 
around the value of 𝜏𝜏𝑑𝑑 and broadened semicircles are observed in Nyquist plot of IMPS response. This non-
ideality behaviors could be attributed to two factors, that are, surface inhomogeneity and frequency-depend-
ent dielectric constant. First, under applied potential, nanostructured thin films can induce a small portion of 
fully depleted features which are able to complex carrier behaviors. Second, as reported by Cvejić et al.,196 
dielectric constant of ZFO shows a clear frequency dependency because of Maxwell–Wagner–Sillars polari-
zation.66–68 

 

Figure 5:12 Nyquist plot of IMPS response of ZFO and ZFO/Al2O3. 

Figure 5:12a,b shows the characteristic high- and low-frequency intersects (HFI and LFI, respectively) with 
the real axis. It is generally accepted that the HFI is directly proportional to the flux of holes arriving at the 
electrolyte interface, whereas LFI correlates with the flux of holes transferred to the electrolyte.197 First, the 
HFI increased slightly upon Al2O3 deposition especially in the 0.9 – 1.4 V vs RHE range suggesting that the 
band bending that drives holes towards the surface got strengthened with the coating. Second, the LFI 
showed a much drastic increase with Al2O3 in the same voltage range, supporting the notion that this over-
layer suppressed the surface recombination. Both results hint at the role of the Al2O3 overlayer as FLP miti-
gator. Decoupling both 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 by fitting the Nyquist plot will further clarify the effects of Al2O3. As 
shown in Figure 5:12c, 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 decreases with increasing applied bias. This is not unexpected, since the increase 
of the band bending will slow down the recombination.126 Interestingly, Al2O3 caused 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 to drop in all the 
voltage range and steepened the change of 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 with the applied potential. The former result is commonly 
attributed to the passivation of surface traps,59 whereas the latter evidences the suppression of the FLP and 
the concomitant reinforcement of the built-in electric field. The behavior of 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 appears as well to be dras-
tically affected by the presence of Al2O3 (Figure 5:12e). In the absence of Al2O3 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 increases with the ap-
plied potential until reaching 1.3 V vs RHE, whereas in the presence, 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 remains virtually constant in all 
the range. Since the FLP is known to cause 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 to change with the applied bias,58,126 these results further 
support the notion that Al2O3 passivates ZFO’s surface. It is worth noting that 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 increases with Al2O3, 
particularly at low applied bias, wherein the passivation could lead to a comparatively more oxidizing surface 
potential. 
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Figure 5:13 (a) High-frequency intersect (HFI), (b) low-frequency intersect (LFI), rate constant for (c) surface recombi-
nation (krec) and (d) charge transfer (ktran) as a function of the applied potential. 

Finally, the charge transfer efficiency (TE), a proxy for the kinetic dominance of 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 over 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 was calcu-
lated demonstrating that the incorporation of Al2O3 shifts the quantitative surface charge transfer (TE = 100 
%) 300 mV earlier, from 1.6 V to 1.3 V vs RHE (Figure 5:14). 

 

Figure 5:14 (a) Charge transfer efficiency (TE) as a function of the applied potential. 
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5.2.8 Transient photocurrent/photovoltage spectroscopy 

With the impact of Al2O3 at the surface-related carrier dynamics set in place, we next evaluated the influence 
of this overlayer on the electron collection at the rear contact. Figure 5:15a displays the transient photocur-
rent (TPC) experiment performed for bare and Al2O3-coated ZFO under short circuit conditions. Note that the 
illumination was carried out from the electrolyte side to deliberately induce the carrier photogeneration far 
from the substrate. Interestingly, the incorporation of Al2O3 triggers a faster electron collection, as evidenced 
by the decreased electron transient time (𝜏𝜏𝑡𝑡) from 1.74 ms to 0.45 ms. We hypothesize that the shorter 𝜏𝜏𝑡𝑡 
could arise from the stronger built-in electric field achievable in the presence of Al2O3, which could more 
effectively swept the electrons towards the rear contact. Likewise, as shown in Figure 5:15b, transient pho-
tovoltage (TPV) experiments revealed a slower decay in the presence of Al2O3, with the characteristic electron 
recombination lifetime (𝜏𝜏𝑟𝑟) increasing from 36 ms to 61 ms. The lengthening of 𝜏𝜏𝑟𝑟 provides further evidence 
of the reduced density of recombination centers in the system.184 

 

Figure 5:15 (a) Transient photocurrent (TPC) and (b) transient photovoltage (TPV) spectra of ZFO and ZFO/Al2O3. 

 

5.2.9 Steady-state and time-resolved photoluminescence 

The steady-state photoluminescence (PL) spectrum of ZFO showed to increase in magnitude upon Al2O3 coat-
ing (Figure 5:16a). This supports the notion that the overlayer effectively passivates surface traps involved in 
the non-radiative recombination pathways. It is worth noting that the PL extends over a rather broad range, 
that is, from 500 nm to ca. 700 nm, which appears to result from various emission centers simultaneously 
active. To better identify and monitor the different emission centers, PL spectra were accurately fit using 
three Gaussian curves centered at 534, 577 and 630 nm, respectively (Figure 5:16b,d). The lower-wavelength 
band could be assigned to the band edge recombination, since it is located nearby the onset of light absorp-
tion (Figure 5:4), whereas the longer-wavelength signatures could be assigned to recombination processes 
involving mid-gap states. Indeed, it is well-known that the presence of oxygen vacancies cause the appear-
ance of trap states that lie inside the band gap which are actively involved in the emission characteristics of 
ZFO and related oxides.198,199 Note that commonly oxygen vacancies are artificially induced in ZFO to improve 
the electron doping density.102,174 In addition, the PL deactivation kinetics were further assessed by monitor-
ing the PL decay at 575 nm. As shown in Figure 5:16c, time-resolved PL (TRPL) evidenced an increased lifespan 
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of the PL in the presence of Al2O3, with the characteristic time constant (𝜏𝜏) rising from 9.0 µs to 12.4 µs, which 
further supports the effective passivation of surface traps involved in non-radiative PL deactivation pathways. 

 

Figure 5:16 Steady-state photoluminescence spectra with the corresponding Gaussian fitting curves and time-resolved 
PL spectra with the corresponding exponential fit of ZFO and ZFO/Al2O3. 

 

5.2.10 X-ray photoelectron spectroscopy 

With the electronic effects of the Al2O3 in hand, we next attempted to unveil the chemical changes linked to 
the passivation mechanism. To do so the chemical states of ZFO interface were characterized by X-ray pho-
toelectron spectroscopy (XPS). Figure 5:17 displays the high-resolution XPS spectra of Fe, O, Zn and Al, col-
lected from bare and Al2O3-coated ZFO samples. Figure 5:17a,b shows Zn 2p core level XPS spectra where 
two symmetric peaks are observed at 1044.33 eV and 1021.2 eV. These are attributed to the Zn 2p1/2 and Zn 
2p3/2 signal, as confirmed by the spin-orbit splitting of 23.1 eV, and therefore corroborate the presence of 
Zn2+. Figure 5:17c,d shows the Fe 2p spectra, encompassing the Fe 2p3/2 region and a satellite peak. Note that 
the characteristic peaks of Fe 2p remain virtually unchanged when comparing both bare and Al2O3-coated 
ZFO. The analysis of the Fe 2p spectra was performed by following the report of Biesinger et al.,200 that is, the 
fitting was performed considering multiplet splitting and respecting the peak-to-peak distance, the full width 
at half maximum (FWHM) value as well as the relative area (%) of each peak within the multiplet. Note that 
we allowed the peak positions associated to Fe2+ and Fe3+ to change with respect to those used as reference 
and reported for FeO (Fe2+), Fe2O3 (Fe3+) and FeOOH (Fe3+). We, however, must emphasize that we have ruled 
out the presence of FeO, Fe2O3 and FeOOH in the ZFO samples, but these are considered references for the 
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analysis of the Fe 2p spectra. Note that the Fe2+/Fe3+ ratio, which is typically considered a proxy for the oxygen 
vacancy content, since the presence of oxygen vacancies and the corresponding negative charge loss will be 
compensated by a decrease in the oxidation state of Fe, did not change upon Al2O3 deposition. Finally, the O 
1s spectra (Figure 5:17e,f) was fitted considering various components, namely lattice oxygen at the lowest 
binding energy (OI, 529.88 ± 0.10 eV), surface hydroxides (OII, 530.62 ± 0.01 eV) and low-coordinated oxygen 
(OIII, 531.82 ± 0.08 eV) at medium binding energy and weakly adsorbed species and atmospheric contami-
nants at the highest binding energy range (OIV, 532.66 ± 0.20 eV).201 In addition, we detected bands associ-
ated to the phosphates (OV, 531.10 eV) and oxygen from Al2O3 (OVI, 531.61 eV). We note that oxygen ions in 
the vicinity of the vacancy will display a coordination environment of oxygen ions lower than a regular site 
giving rise to a characteristic “low-coordinated oxygen” signal, and hence, one could consider that the OIII/OI 
ratio as an estimate of the surface oxygen defects, as reported elsewhere.202 We found that this ratio de-
creased from 0.19 to 0.11, suggesting a partial refilling of the oxygen vacancies, or, more accurately, a reduc-
tion on the oxygen sites with low-coordination. This is not unexpected since the ALD deposition could refill 
those surface oxygen vacancies. It is, however, important to note that although bulk oxygen defects are ben-
eficial to improve the electron density of the material, excess of surface oxygen vacancies are known to be 
detrimental for the performance since they induce mid-gap states that promote surface recombination.174 
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Figure 5:17 Curve fitted XPS (a)-(b) Zn 2p, (c)-(d) Fe 2p, (e)-(f) O 1s spectra of ZFO and ZFO/Al2O3. 

Interestingly, Zn LMM spectrum (Figure 5:18a), unlike Zn 2p signal (Figure 5:17a,b), appears to be significantly 
altered by the Al2O3, likely because of the greater sensitivity of the Zn LMM Auger peak to changes in the 
chemical state of Zn. Qualitatively, the appearance of a shoulder centered at around 495.3 eV suggests an 
increased electron density in the surroundings of surface Zn ions upon Al2O3 deposition. The analysis of the 
binding energy of the Al 2p peak on ZFO reveals a 0.4 eV upward shift with respect a reference Al2O3 thin film 
(Figure 5:18b), which indicates a relative decrease in the electron density surrounding Al ions when inter-
faced with ZFO. These results support the formation of a Zn2+ – Al3+ Lewis adduct (Figure 5:18c) wherein Al 
donates electron density towards the Zn center. Overall, the analyses of the chemical states at the interface 
suggest that unsaturated Zn centers are more plausibly the recombination centers passivated by Al2O3. The 
Al ion refills the oxygen vacancy site while increasing the electron density around the Zn site to overcompen-
sate for the electron-deficit induced by the oxygen defect. 
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Figure 5:18 XPS analysis on ZFO (orange), ZFO/Al2O3 (blue), and reference FTO/Al2O3 (red). (a) Zn LMM spectra. (b) Al 
2p spectra. (c) Illustration of the formation of Zn2+ – Al3+ Lewis adduct. 

5.3 Conclusion 
In this chapter, we addressed the commonplace low 𝑉𝑉𝑜𝑜𝑡𝑡 exhibited by non-catalyst-coated ZFO photoanodes 
by taking advantage, for the first time, of a sub-nanometer-thick Al2O3 overlayer and by deciphering its ben-
eficial impact on the photoelectrochemical (PEC) response. Coating with Al2O3 demonstrated to shift 𝑉𝑉𝑜𝑜𝑡𝑡 100 
mV earlier, up to 0.8 V vs RHE, while the photocurrent exhibits a 4-fold enhancement at 1.0 V vs RHE. EIS and 
IMPS analyses revealed that Al2O3 mainly operates by suppressing the FLP encountered at low applied po-
tential, as confirmed by the slowing down of the surface recombination and strengthening of the band bend-
ing. Open circuit potential measurements, such as TPV and PL, further corroborated the elimination of sur-
face recombination center with Al2O3 displaying a longer lifespan of the photogenerated carriers. Finally, a 
detailed characterization of the chemical states at ZFO’s interface shed some light on the so far unknown 
chemical mechanism behind the passivation phenomena. We found that Al2O3 primarily refills surface oxygen 
vacancies while forming a Zn2+ – Al3+ Lewis adduct at the interface. Overall, these results not only demon-
strated that Al2O3 passivates ZFO’s surface and improves 𝑉𝑉𝑜𝑜𝑡𝑡, but also identified unsaturated Zn sites as the 
most plausible recombination centers tackled by Al2O3. In a more general vein, our findings established and 
rationalize a new strategy to specifically heal ZFO’s surface recombination, which we are convinced will lead 
further optimization of ZFO’s and other emerging metal oxides’ performance. 

5.4 Experimental 

5.4.1 Synthesis of ZnFe2O4 photoanode 

ZFO thin films were synthesized as reported elsewhere.102 First, F:SnO2 (FTO) coated glass substrates (Solar-
onix TCO10-10, 8 Ω/sq.) were positioned vertically in an aqueous solution 0.15 M iron chloride hexahydrate 
(FeCl3·6H2O, 99+%, Acros) and 1 M sodium nitrate (NaNO3, 99+%, Acros). A precursor film of β-FeOOH nano-
rods were grown hydrothermally on FTO at 100 °C for 3 hours in a universal oven (Memmert UF 30 plus). 
After rinsing with deionized water (18.2 MΩ·cm, Synergy) and drying with compressed air, these β-FeOOH 
thin films were placed in a pre-heated hot plate (VWR 10027-246) at 100 °C to drop-cast an excess of 0.1 M 
zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%, abcr) aqueous solution. Second, these zinc nitrate coated β-
FeOOH thin films were introduced into a tube furnace (MTI OTF-1200X-S) preheated at 600 °C for 20 minutes 
followed by natural cooling to form spinel type ZnFe2O4. Third, these as-prepared thin films were soaked in 
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5 M NaOH (Reactolab SA) for 4 h to etch away ZnO crust at surface. Finally, a 60 minute hydrogenation pro-
cedure at 200 °C was performed. 

5.4.2 Atomic layer deposition of sub-nanometer Al2O3 

Al2O3 overlayer was deposited on ZFO by atomic layer deposition (ALD) using a thermal ALD system (Savan-
nah 100, Cambridge NanoTech). The substrate was heated to 150 °C in a vacuum chamber. Trimethylalumin-
ium (TMA, Sigma-Aldrich) was used as aluminum precursor and deionized water was used as oxygen precur-
sor. TMA was introduced into the vacuum chamber under a nitrogen flow of 5 sccm. The deposition proce-
dure consists of 0.2 s pulse time for both precursors and each followed by a 15 s nitrogen pumping time. The 
growth rate of Al2O3, that was previously determined by ellipsometry,78 was 0.15 nm per cycle. All the 
ZFO/Al2O3 thin films reported in this manuscript were prepared using 3 cycles of Al2O3 (ca. 0.45 nm). The 
conformal coating of Al2O3 was confirmed by XPS and angle-resolved XPS (ARXPS). The reference Al2O3 thin 
film utilized for comparison with the sub-nanometer-thick Al2O3 coating on ZFO was prepared directly on FTO 
by using 200 ALD cycles (ca. 30 nm thickness). 

5.4.3 Photoelectrochemical characterization 

A Cappuccino-type electrochemical cell using the ZFO photoanode as working electrode (aperture area 0.238 
cm2), a platinum wire counter electrode and silver chloride reference electrode (Ag/AgCl/Sat. KCl, ALS RE-
1CP) was used for all electrochemical tests. The 3-electrode configuration was connected to a computer-
controlled Bio-Logic SP-300 potentiostat. An array of white LED (Cree XLamp MC-E Color) with a calibrated 
incident photon flux of 9.25 × 1020 m–2 s–1 (ca. 0.66 sun in terms of photon flux and spectral irradiance) is used 
for consistency as light source in all the experiments, namely, linear sweep voltammetry measurements, PEC 
impedance and IMPS/IMVS tests. Unless stated otherwise, ZFO working electrode was illuminated from the 
substrate-side in 1 M NaOH electrolyte (pH 13.6, Reactolab SA). For sacrificial agent oxidation experiments, 
0.5 mL of hydrogen peroxide (H2O2, 30%, Reactolab SA) was added into 9.5 mL of 1 M NaOH solution. A 20 
mV/s scan rate is set for linear sweep voltammetry. All the measurement potentials were converted into the 
reversible hydrogen electrode (RHE) by the Nernst equation. For impedance measurements, a 25 mV sinus-
oidal voltage perturbation was applied with the frequency range of 1 MHz to 0.1 Hz. The impedance response 
was corrected for a surface roughness factor of 18 and it was fit using an equivalent circuit modeling software 
ZView (Scribner Associates). 

5.4.4 Intensity-modulated photocurrent spectroscopy 

For IMPS measurements, the light intensity was controlled by supplying a 600 mA DC background current 
and was additionally modulated by an arbitrary function generator (Tektronix AFG3021C) with a 60 mA si-
nusoidal amplitude (ca. 10% modulation depth) ranges from 10 kHz to 0.1 Hz. A Thompson Electrochem po-
tentiostat (model 251) was used to control the applied potential while the photocurrent response was mon-
itored by a digital phosphor oscilloscope (Tektronix DPO7254C) through a 50 Ω series resistor (Velleman 
E6/E12) with the counter electrode. IMPS data were processed and fitted using a custom Python program 
with lmfit package to perform curve fitting with nonlinear regression. 

5.4.5 Operando UV–Vis spectroscopy 

A cuvette (Hellma Analytics OS, 10 mm) coupled with a 3D printed cuvette electrochemical extender were 
used to set up a 3-electrode configuration containing a 9 × 50 mm ZFO working electrode, a mini Ag/AgCl 
reference electrode (ALS RE-1S) and a platinum wire counter electrode. The 3-electrode setup was connected 
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to a Bio-Logic SP-50 potentiostat and was placed inside a UV–Vis spectrophotometer (Shimadzu UV-3600). 
External illumination was provided by a 405 nm laser diode (Thorlabs L405P150) running at 66.7 mW. A 450 
nm longpass filter (Thorlabs FEL0450) was positioned in front of the UV-Vis detector to prevent light satura-
tion due to laser diode. 

5.4.6 Transient photocurrent/photovoltage spectroscopy 

Transient photocurrent spectroscopy (TPC) was carried out in a 2-electrode configuration with a ZFO (or 
ZFO/Al2O3) working electrode and a Pt mesh counter electrode in a Cappuccino-type electrochemical cell. 
The 2-electrode system was connected to a 50 Ω series resistor (Velleman E6/E12) which was probed by a 
digital phosphor oscilloscope (Tektronix DPO7254C) through a differential probe (Tektronix TDP3500). In 
transient photovoltage spectroscopy (TPV) the differential probe was directly connected to working elec-
trode and reference electrode under open circuit condition. Both TPC and TPV signals were recorded by the 
oscilloscope on averaging acquisition mode with more than 1000 samples. Note that the electron transient 
time (𝜏𝜏𝑡𝑡) and electron recombination lifetime (𝜏𝜏𝑟𝑟) are the average time constant estimate from the exponen-
tial fit of the decays. In both TPC and TPV measurements, working electrode was front illuminated by a high 
energy broadly tunable diode-pumped solid-state Nd:YAG laser system (EKSPLA, NT230-50-SF-2H, pulse du-
ration 3-6 ns) at 410 nm wavelength with a power of 1.11 mJ/cm2. A biased Si detector (Thorlabs, DET36A/M) 
was used to trigger the oscilloscope. The entire TPC/TPV setup was enclosed with blackout and laser safety 
materials (Thorlabs). 

5.4.7 Steady-state and time-resolved photoluminescence spectroscopy 

Steady-state photoluminescence (PL) spectra were recorded on a high resolution photoluminescence spec-
trofluorometer (Horiba Jobin Yvon Fluorolog-3). In time-resolved photoluminescence spectroscopy (TRPL) 
measurement, a nanosecond LED with 390 nm peak wavelength (Horiba NanoLED N-390, pulse width < 1.3 
ns) was used to excite sample. TRPL decay was tracked at 575 nm. 
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 Defect Engineered Nanostructured 
Lanthanum Iron Oxide Photoanodes for Im-
proved Activity in Solar Water Oxidation 
This chapter is adapted from a peer-reviewed article published in Journal of Materials Chemistry A: Yongpeng 
Liu, Javier Quiñonero, Liang Yao, Xavier Da Costa, Mounir Mensi, Roberto Gómez, Kevin Sivula, Néstor Gui-
jarro. J. Mater. Chem. A, 2021, 9 (5), 2888-2898. 

6.1 Introduction 
There have been encouraging advances in the development of low-cost, stable and high-performing photo-
cathodes for solar water reduction, for instance, Sb2Se3,203 Cu2O,204 Cu2ZnSnS4,205 Cu(In,Ga)S2,206 etc. How-
ever, it is the water oxidation half-reaction the one that currently poses serious hurdles for the realization of 
solar water splitting using photoelectrochemical (PEC) tandem cells. Metal oxides such as TiO2,207 α-Fe2O3,208 
WO3,209 ZnFe2O4,

102 and BiVO4,210 have been capturing most of the attention in recent years, offering not only 
long-term stability and cheap manufacturing, but also complementary light harvesting when integrated in 
tandem cells.35 Unfortunately, the photocurrent values delivered by these materials are still below the re-
quirements to realize a competitive tandem cell.12 Although research actively continues in further engineer-
ing and tweaking these state-of-the-art photoanodes to tap into their theoretical maximum performance,211 
growing efforts are turning into exploring new materials whose broader electronic and compositional tuna-
bility could disrupt the field of solar water oxidation getting the PEC tandem technology finally off the ground. 

Oxide perovskites (ABO3: A = alkali or rare-earth metals; B = transition metals) have lately come into the 
spotlight owing to their earth-abundant composition, demonstrated catalytic activity and immense 
(opto)electronic flexibility.212,213 These features altogether have consolidated them as an excellent platform 
to enable a new generation of photoanodes. Perovskite oxides have garnered prominence as light absorbers 
for PEC systems due to their optimum band gaps for sunlight harvesting (1.1 – 2.4 eV).214,215 Currently, oxyni-
trides set the benchmark performance amongst oxide-based perovskites delivering photocurrent values up 
to 5 mA cm–2 at 1.23 V vs RHE.216 However, the only minutes-long lifespan of most of oxynitrides under op-
eration,217 due to rapid corrosion, and the tedious multistep fabrication of these photoelectrodes has urged 
to redirect efforts toward the design of highly-active perovskite oxide photoanodes, which are more resilient 
to harsh oxidative conditions and amenable to simple solution processing. 

Among the various oxide perovskites investigated so far as photoanodes, we are particularly interested in 
prospecting LaFeO3 (LFO) given its suitable band gap �𝐸𝐸𝑔𝑔� for sunlight harvesting, reported to range between 
1.8 – 2.7 eV,218–221 and demonstrated catalytic activity toward OER.222 Note that the valence band originates 
from the hybridization of O 2p and Fe 3d orbitals, whereas the conduction band is mainly made of La orbit-
als,223 which anticipates the participation of lattice iron in the hole transport mechanism and grounds the 
similarities with other ferrites.224 Admittedly, the dual role of LFO as light absorber and electrocatalyst affords 
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the design of single-material photoanodes, circumventing the complexity of multijunction electrodes. Sur-
prisingly, despite this competitive advantage the performance of LFO photoanodes remains far behind other 
ferrites.34,102 Several groups have explored the possibility of activating LFO photoanodes by compositional 
engineering, i.e., replacing partially La3+ or Fe3+ with low-valent ions such as Mn2+, Cu2+, Sr2+, etc. although in 
all cases the photocurrent values barely surpassed the few tens of µA cm–2 while the late onset potential (> 
1.6 V vs RHE) hardly improved with respect the onset recorded in the dark.225,226 Alternatively, Peng et al. 
demonstrated that the incorporation of a co-catalyst such as Co-Pi enhanced the photocurrent, although to 
simply reach a very modest 7 µA cm–2 at 1.2 V vs RHE.227 Overall, these early studies hint at the presence of 
massive carrier losses that prevent the extraction of the vast majority of photogenerated carriers (note that 
the photocurrent limit for LFO is 12.5 mA cm–2)228, although no attempts to identify them have been under-
taken. Understanding the key parameters that factor-in and limit the response is instrumental in developing 
a new generation of more efficient LFO photoanodes. 

In this chapter, we introduced a nanorod array-type LFO electrode, combining oxygen defect engineering and 
surface passivation with NiFeOx to set a new benchmark performance among LFO photoanodes for solar 
water oxidation at photocurrent values of 0.4 mA cm–2 (at 1.23 V vs RHE) and onset potentials of 0.55 V vs 
RHE. We found that oxygen defects and NiFeOx act synergistically to activate the reactive interface by reduc-
ing the overpotential for OER and the surface recombination. Our investigations evidenced however, the 
existence of significant photogenerated carrier losses at ultrashort timescales as well as a weak space-charge 
field and small diffusion length, which altogether limit the PEC response. 

6.2 Results and discussion 

6.2.1 Materials characterization 

Cross-sectional and top-view scanning electron microscopy (SEM) images (Figure 6:1a,b) evidence that the 
LFO thin-film consists of randomly oriented nanorods with an average diameter of ca. 90 nm that give rise to 
a 550 nm-thick film. Raman spectroscopy together with X-ray diffractograms (XRD) were utilized to confirm 
the phase purity and identify the crystal structure of the film. First, Figure 6:1c shows a representative Raman 
spectrum of an as-prepared LFO thin film, which displays four distinct bands at 270, 410, 660 and 1295 cm–1 
characteristic for the orthorhombic structure. The weak bands at 270 and 410 cm–1 have been assigned to Ag 
and B3g modes, respectively, whereas the stronger bands at 660 and 1295 cm–1 have been reported to be 
related to two-phonon scattering phenomena.229,230 Second, the XRD pattern of the as-prepared LFO thin film 
presented in Figure 6:1d confirms its single phase orthorhombic perovskite structure (JCPDS #37-1493).220,231 
It is worth noting that this synthetic route promoted crystal texturing, that is, preferential orientations during 
the ferrite formation. Indeed, when comparing the relative intensities of the diffractogram peaks with the 
standard powder diffraction pattern it is obvious that the (101) and (202) orientations are favored in these 
films. Finally, the UV–Vis absorption spectrum displays a weak absorption onset at ~ 750 nm followed by a 
steeper increase from 590 nm downwards (Figure 6:1e). Tauc plot analysis232,233 suggests the presence of 
both a direct- and an indirect-allowed transition with a band gap energy associated of approximately 2.13 eV 
�𝐸𝐸𝑔𝑔

𝐷𝐷� and 1.64 eV �𝐸𝐸𝑔𝑔
𝐼𝐼 �, respectively, near the absorption edge§ (Figure 6:1e, inset). It is worth mentioning 

that albeit there is no yet consensus on which electronic transition energies dictate the light absorption of 
LFO, most of experimental studies agree on the presence of a direct-allowed transition with �𝐸𝐸𝑔𝑔

𝐷𝐷� a value 
ranging from 2.1 – 2.7 eV.218,220,221 Surprisingly, the indirect-allowed transition has been overlooked in previ-
ous Tauc plot analyses despite the noticeable, but weak, light absorption at long wavelengths (> 590 
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nm).218,220 All in all, these results confirmed the formation of single-phase LFO and ruled out the presence of 
other phases such as α-Fe2O3, FeO, FeOOH or La2O3. 

 

Figure 6:1 (a) Cross-sectional and (b) top-view SEM image of as-prepared LFO thin films, as well as the (c) Raman spec-
trum and (d) XRD, including a reference diffraction pattern. (e) Thin film UV-vis absorption spectrum of LFO and (inset) 

the corresponding Tauc plot analyses at the near absorption edge. 

6.2.2 Photoelectrochemical characterization 

Figure 6:2a shows the linear sweep voltammetry (LSV) under chopped-light illumination (AM 1.5G, 100 mW 
cm–2) of LFO as a function of different treatments. As-prepared LFO (black line) exhibits both photocathodic 
and photoanodic response, with the photocurrent switching occurring at around 0.65 V vs RHE. This behavior 
is commonplace among nanostructured electrodes wherein the charge separation does not occur by a space-
charge field but rather by diffusion, and the p- or n-type character is ultimately determined by the delicate 
balance between surface charge transfer kinetics, preferential surface trapping and charge collection of one 
of the carriers.234,235 Given the low doping density of pristine LFO films and the flat band location (Section 
6.2.4), it would not be unconceivable to suggest that the built-in electric field developed around the p-type 
– n-type switching region is barely negligible, allowing diffusion mechanisms to control the PEC response. We 
hypothesize that, at low applied potentials (< 0.65 V), photogenerated electrons are preferentially trapped 
at the interface, driving, subsequently, the reduction of oxygen dissolved in the electrolyte.234 At higher ap-
plied potentials (> 0.65 V) the drift-like charge separation induced by the increasing band bending starts to 
take over, resulting in the n-type behavior associated to PEC water oxidation. To further strengthen the built-
in electric field in the n-type region, bare LFO films were intentionally n-doped with oxygen vacancies , by 
annealing in the presence of H2,174,236 coded as H-LFO. Note that the presence of the oxygen defects can be 
tracked by monitoring the Fe2+/Fe3+ ratio using the XPS data, since an oxygen vacancy would be compensated 
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by the reduction of two nearby Fe3+ ions to Fe2+ to maintain the electroneutrality (Section 6.2.8). In fact, an 
increase of the Fe2+/Fe3+ ratio from 0.15 to 0.32 is detected upon the hydrogen treatment. As a result, this 
treatment doubled the photocurrent values in the n-type region (red line) reaching values of up to 0.22 mA 
cm–2 at 1.23 V vs RHE, while leaving unchanged the photocurrent switching potential and photocathodic 
response. In addition, photocurrent transient spikes appeared upon the treatments evidencing surface re-
combination. Note that the p-type photocurrents are much poorer that those observed in the n-type regime. 
This is expected, not only because of the small concentration (traces) of oxygen dissolved in the electrolyte, 
but also because holes, with lower mobility than electrons in LFO, are more likely to recombine on the way 
to the substrate. It is worth noting that the aforementioned p-type character of the surface LFO could im-
pinge the photocurrent values. 

 

Figure 6:2 (a) Linear sweep voltammograms under chopped-light illumination for LFO as a function of the treatment 
(pristine, annealed, NFO-coated) and electrolyte (baseline corrected for H2O2 measurement). (b) Charge transfer (ηsur-

face, full markers) and charge separation (ηbulk, empty marker) efficiency for LFO as a function of the treatment. The 
electrolyte employed was 1 M NaOH, except for the measurement coded “(H2O2)”, which was carried out in 1 M NaOH 
+ 0.5 M H2O2. All measurements were performed under an irradiance of 1 sun (AM 1.5G) using a scan rate 20 mV s–1. 

(c) Incident photon-to-current spectra of LFO, H-LFO and H-LFO/NFO electrodes recorded at 1.23 V vs RHE (dotted 
line, left axis), including the integrated photocurrent (dashed lines, right axis) considering AM 1.5G irradiance. 

We next engineered the H-LFO surface by coating with NiFeOx (NFO). The H-LFO / NFO films delivered a 
benchmarking photocurrent of 0.4 mA cm–2 at 1.23 V vs RHE without noticeable transient photocurrent 
spikes while the onset potential shifts up to 0.55 V vs RHE. Interestingly, the photocathodic response was 
completely suppressed, likely because of the passivation of surface electron traps. The incident photon-to-
current efficiency (IPCE) spectra values correlate well with the increased photocurrent registered upon sub-
sequent treatments (Figure 6:2c). In addition, it is worth noting that the IPCEs’ spectral response match well 
with 𝐸𝐸𝑔𝑔

𝐷𝐷, whereas 𝐸𝐸𝑔𝑔
𝐼𝐼  appears to be inactive. This is in agreement with previous reports on ferrites like Fe2O3, 

CaFe2O4, ZnFe2O4 or CuFe2O4, wherein 𝐸𝐸𝑔𝑔
𝐼𝐼  is associated with the d-d transition of Fe3+ which results on the 

formation of a small polaron prone to rapid recombination since the electron – hole pairs are localized in the 
same transition cation.160,237 In addition, we determined the Faradaic efficiency for solar water oxidation of 
H-LFO/NFO to be 96 ± 3 %. 

With the aim of narrowing down the origin of the photogenerated carrier losses, the so-called charge transfer 
efficiency at the electrode/electrolyte interface (𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒) and charge separation efficiency in the bulk (𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 
were calculated (Figure 6:2b).98,102 To do so, H-LFO was first tested in the presence of H2O2 (Figure 6:2a, grey 
line) as a sacrificial hole scavenger. Assuming that in the presence of this sacrificial hole scavenger all the 
holes reaching the surface are transferred to the electrolyte, 𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒 is defined as 𝐽𝐽𝐻𝐻2𝑂𝑂 𝐽𝐽𝐻𝐻2𝑂𝑂2

⁄ . As observed, 
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although the saturation value of 𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒 was very low (~10 %) for the bare material, it rapidly increased with 
the H2-treatment (38%) and further improved with the incorporation of NFO (60%). Admittedly, these treat-
ments demonstrated to improve 𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒 either by activating the catalytic process or mitigating the recom-
bination, but were insufficient to completely override the interfacial carrier losses. The photogenerated car-
rier losses in the bulk can be estimated via 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, defined as 𝐽𝐽𝐻𝐻2𝑂𝑂2 𝐽𝐽𝑡𝑡𝑏𝑏𝑜𝑜⁄ , wherein 𝐽𝐽𝑡𝑡𝑏𝑏𝑜𝑜 corresponds to the 
maximum photocurrent density that can be delivered by the photoanode on the basis of its absorption spec-
tra. In this case, 𝐽𝐽𝑡𝑡𝑏𝑏𝑜𝑜 was estimated to be 7.5 mA cm–2 (Figure 6:3). Pristine LFO depicts a very poor charge 
separation efficiency, hitting a maximum of 2.5 % at high applied potentials, which severely limits the pho-
tocurrent recorded. The H2-treatment, however, caused 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 to increase 4-fold confirming its impact on 
both the bulk properties and the interface. It is worth bearing in mind that 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 remains below the values 
of other emerging ferrites.102,238 Obviously, this could be accounted for by the short minority carrier diffusion 
length, that originates from the small-polaron hopping-type conduction,224 together with bulk transport is-
sues likely magnified here with respect to other ferrites. Overall, these results provide compelling evidence 
that both surface and bulk recombination are behind the low photocurrent response. Unfortunately, these 
analyses merely weigh the contribution of surface and bulk losses but cannot pinpoint the underlying limiting 
electronic/kinetic features of these electrodes. Identifying these parameters is key to rationally engineer the 
next generation of photoanodes. With this in mind, we will next focus on deciphering the role that oxygen 
vacancy-implantation and NFO-coating play at enhancing the performance as well as the underlying photo-
generated carrier dynamics that govern the PEC response. 

 

Figure 6:3 (a) Estimated absorbance for a LFO electrode (calculated from measured transmittance and reflectance). (b) 
Maximum theoretical photocurrent estimated using the standard solar spectrum and the estimated absorbance of the 

photoelectrode. 

6.2.3 Solid-state conductivity and electrocatalytic performance 

The impact of the lattice oxygen vacancies on the bulk transport characteristics was investigated in a solid-
state fashion to circumvent any interference from the electrolyte.102,239 Current-voltage characteristics were 
acquired in the direction perpendicular to the substrate, that is, in the axial direction of the nanorods, using 
a eutectic In-Ga contact as illustrated in Figure 6:4a.240 The measurement was carried out using a Keithley 
2400 source meter contacting both the In-Ga and FTO contact in a N2-filled glove box. To take into account 
the nanostructured morphology of the LFO when estimating the conductivity of the film from the J-V 
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characteristics we defined the “void percentage” (𝑃𝑃𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑) of the structure.102 First, we determined the average 
number of nanorods (𝑁𝑁) in an area of 800 x 800 nm2 in a top-view SEM image (Figure 6:1). With this, we 
could estimate the volume occupied by the nanorods 𝑉𝑉𝑡𝑡 as follows: 

𝑉𝑉𝑡𝑡 = 𝑑𝑑 × 𝑁𝑁 × 𝜋𝜋 × 𝑟𝑟2 (6: 1) 

wherein 𝑟𝑟 represents the average radius of the nanorods (45 nm), 𝑑𝑑 is the thickness of the film (550 nm) and 
𝑁𝑁 is the averaged number of nanorods (40). 

Additionally, the volume for a hypothetical compact structure 𝑉𝑉0 could be calculates as: 

𝑉𝑉0 = 800 × 800 × 𝑑𝑑 (6: 2) 

With all this data in hand, we could estimate 𝑃𝑃𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 as: 

𝑃𝑃𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 = 1 −
𝑉𝑉𝑡𝑡

𝑉𝑉0
(6: 3) 

The film conductivity was estimated by using the following equation: 

𝜎𝜎 =
𝑑𝑑

𝑅𝑅𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝐴𝐴𝑋𝑋𝑆𝑆(1 − 𝑃𝑃𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑)
(6: 4) 

where 𝑅𝑅𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟 is the corrected resistance obtained by subtracting the resistance of the conductive substrate, 
𝐴𝐴𝑋𝑋𝑆𝑆 is the cross-sectional area at the In-Ga / LFO interface (InGa eutectic contact area). The conductivity in 
the longitudinal direction (along the nanorod) consistently increased from 9.4 to 23.1 µS cm–1 upon the H2-
treatment (Figure 6:4b) suggesting that oxygen defects improved bulk charge transport, likely by improving 
the electron density as commonly reported in metal oxide photoanodes.174,241 This is in agreement with the 
studies of Miyusaki et al. wherein the deficiency in oxygen was found to enhance the hole conductivity in 
LFO.224 

 

Figure 6:4 (a) Schematics on the solid-state J-V measurement performed to extract the conductivity of the films, with 
one contact done via the eutectic In-Ga drop deposited on top of the film and the other via the FTO substrate. (b) Cur-
rent vs voltage characteristics, including FTO as reference. (c) iR-corrected linear sweep voltammogram of LFO and H-

LFO, (inset) corresponding Tafel plot. 
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Several reports dealing with oxide perovskite electrocatalyst have acknowledged the impact of surface oxy-
gen vacancies on the OER catalysis,213,222 though this phenomenon has not been brought up yet on perovskite 
photoanodes. Dark LSVs of LFO and H-LFO photoanodes were recorded to interrogate the impact of oxygen 
defects on the electrocatalytic performance (Figure 6:4c). Note that we performed an iR-correction that not 
only compensates for the ohmic resistance but also for the film’s resistance, estimated above (Figure 6:4b). 
As a result, dark LSVs are primarily controlled by the surface catalytic activity. Both electrodes display a steep 
increase of current at potentials above 1.6 V vs RHE, which corresponds to the OER. This early response, at 
potentials much more positive than the valence band, is not unexpected and, indeed, it has been reported 
for several oxide photoanodes.98,102 This phenomenon is commonly accounted for by the presence of a large 
density of mid-gap states which leads to a significant current leakage at the photoanode/electrolyte inter-
face.242 Interestingly, the incorporation of surface oxygen vacancies drastically reduced the overpotential to 
achieve a current density of 10 mA cm–2 by 100 mV, i.e., from 1.88 V (LFO) to 1.78 V (HLFO), while the Tafel 
slope decreased from 160 mV dec–1 to 110 mV dec–1, respectively. These Tafel plot values are within the 
typical range of values reported in the literature and they are supported by a simple electrochemical kinetic 
analysis.202,213 These results lead us to firmly conclude that surface oxygen vacancies activate the catalytic 
activity of the perovskite oxide photoanodes’ interface. We hypothesize that, the surface oxygen defects 
favor the OER by exposing more of iron centers, presumably the redox active centers, and by reducing the 
adsorption energy of the reaction intermediates, as it has been argued among oxide perovskites electrocat-
alysts.213,222 

6.2.4 Electrochemical impedance spectroscopy 

Next, a series of spectroelectrochemical techniques were deployed to unravel how NFO activates the H-LFO 
photoanode toward the solar water oxidation. Electrochemical impedance spectroscopy (EIS) was utilized 
first to determine the basic bulk electronic properties of bare H-LFO photoanodes. Figure 6:5a shows repre-
sentative Nyquist plots of H-LFO recorded in the dark (black circles) at 1.2 V vs RHE. Quantitative information 
on the electronic properties of this film can be extracted by modelling the Nyquist plots with equivalent 
circuits. In the absence of illumination, the impedance response of H-LFO was fit by the Randles circuit (solid 
line), which consists of a series resistance (𝑅𝑅𝑜𝑜), a bulk capacitance (𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) and a charge transfer resistance 
from the bulk (𝑅𝑅𝑟𝑟𝑡𝑡,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) components.98 Figure 6:5b shows the Mott–Schottky plot constructed from 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 
measured in the dark at different applied potentials, wherein the positive slope clearly reflects the n-type 
character of the H-LFO. By assuming a dielectric constant of 75,243,244 a donor concentration (𝑁𝑁𝐷𝐷) of 7.32×1017 
cm–3 was calculated. We noted that in the Mott–Schottky plot, the slope of H-LFO is higher than that of LFO, 
meaning that H-LFO has a smaller 𝑁𝑁𝐷𝐷 than LFO. This is unexpected since the H2-treatment creates oxygen 
vacancies which increase the doping concentration. We hypothesize that this inconsistency originates from 
the poor charge transport properties and the existence of a large density of surface traps in the bare material 
which could induce significant errors in the capacitance and subsequent assessment of the M-S slope. From 
the potential intersection in the Mott–Schottky plot, the flat band potential (𝑉𝑉𝑓𝑓𝑏𝑏) was estimated to be 0.43 
V vs RHE, which matches quite well with that reported by Peng et al., although in that case the authors re-
ported a photocurrent onset severely delayed beyond 1.23 V vs RHE.226 In a broader context, this estimated 
𝑉𝑉𝑓𝑓𝑏𝑏 is very promising, being amongst the lowest when compared with state-of-the-art ferrite photoanodes 
such as ZnFe2O4 (0.64 V vs RHE),85 α-Fe2O3 (0.45-0.6 V vs RHE)72 or CuFe2O4 (0.7 V vs RHE).98 Likewise, Mott–
Schottky analysis brought out a relatively low donor concentration (𝑁𝑁𝐷𝐷) of 7.32×1017 cm–3, when compared 
with metal oxides such as α-Fe2O3,144 CuFe2O4

98 or BiVO4.245 This value directly impacts on the depletion width 
(𝑊𝑊, Section 1.5.2), which was estimated to be 93 nm at 1.2 V vs RHE, very close to the actual diameter of LFO 
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nanorods (Figure 6:1). These findings suggest that the nanorods would be near to fully depleted although 
withstanding a rather weak space-charge field, even upon doping with oxygen vacancies, which will limit the 
charge separation. 

 

Figure 6:5 (a) Representative EIS Nyquist plot for LFO and H-LFO recorded in the dark at 1.2 V vs RHE. (b) Mott–
Schottky plot obtained for LFO and H-LFO. 

To interrogate how the interfacial electronic structure is affected by NFO, the density of surface states (DOSS) 
was plotted as a function of the applied bias (Figure 6:6). In all cases, the DOSS was fitted to a Gaussian 
function and the corresponding total density of surface states (𝑁𝑁𝑆𝑆𝑆𝑆) was extracted from the integration of 
the Gaussian function. Interestingly, the DOSS changes drastically with the incorporation of NFO. In fact, 
whereas H-LFO displays a single broad DOSS band ranging from 0.8 V to 1.1 V vs RHE, the deposition of NFO 
causes the appearance of two distinct bands extending from 0.65 V to 0.85 V vs RHE and from 0.95 V to 1.05 
V vs RHE, respectively. It must be borne in mind that PEIS does not reveal the actual potential of the surface 
accumulated holes. To determine the actual energy distribution of the DOSS, the photovoltage (quasi-Fermi 
levels splitting) generated by the photoanode must be added to the potential at which DOSS are detected by 
PEIS. It is worth noting that the first band is centered around the photocurrent onset in both photoanodes. 
This suggests that it corresponds to the build-up of surface holes that precedes the water oxidation reaction, 
typically in the form of high-valent metal (iron)-oxo complexes.72,95 Analysis of these DOSS reveals that 𝑁𝑁𝑆𝑆𝑆𝑆 
reaches values of (3.7 ± 0.1) 1015 cm–2 and (3.7 ± 0.2) 1015 cm–2 for the bare and coated H-LFO film, respec-
tively. Note that the surface considered for the calculation was corrected by the roughness to define more 
accurately the DOSS. These values are high enough to cause Fermi level pinning (FLP) (> 1012 cm–2),27 which 
could account for the observed delay in the photocurrent onset with respect to 𝑉𝑉𝑓𝑓𝑏𝑏. Aside from the surface 
recombination involving the reactive intermediate species tracked by PEIS, we cannot rule out the presence 
of additional surface recombination pathways linked, for instance, to intrinsic surface trap states.124 The fact 
that we could not find evidence of them by using rapid-scan cyclic voltammetry, as previously shown for 
other metal oxides,85,95 points to a very fast trapping-recombination phenomenon, if existing. 
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Figure 6:6 Energy distribution of density of surface states (DOSS) extracted from the impedance response recorded 
under 1 sun illumination. DOSS profiles were fitted with Gaussian functions. 

Proceeding further on the analysis of Figure 6:6, NFO-coated films display a “late” DOSS, with a 𝑁𝑁𝑆𝑆𝑆𝑆 value of 
(7.5 ± 0.1) 1014 cm–2. The existence of two distinct DOSS bands in the presence of NFO bears out the fact that 
two types of surface reacting holes with different oxidation potential are driving the water oxidation. The 
fact that the “late” DOSS resembles the one observed in the bare films led us to conclude that it corresponds 
to holes accumulated at bare H-LFO’s surface. Note that the porous nature of NFO renders some of the un-
derlying surface of H-LFO virtually unchanged upon the coating. Indeed, no significant differences were de-
tected between the relative electrochemically active surface area of bare and NFO-coated LFO (Section 
6.2.5). We note as well that NFO appears to be homogeneously dispersed over the surface, as confirmed by 
probing the Raman spectra and energy-dispersive X-ray spectroscopy (EDX) on different spots (Section 6.2.6). 
The “earlier” DOSS could, however, be associated to holes accumulated either at NFO or at H-LFO’s surface. 
On the one hand, photogenerated holes could be quickly injected into the NFO and carry out the OER at its 
surface. The catalytic activity of NFO could account for the shift of the photocurrent onset and DOSS.246 On 
the other hand, NFO could act as a passivating agent, interacting with interfacial traps and suppressing the 
surface recombination, while the OER still occurs at the H-LFO’s surface, or more specifically, at the surface 
regions passivated by the NFO. The outcome will be as well a negative shift in the onset potential.59 Deci-
phering which one of these scenarios prevails is of utmost importance to understand what limits the perfor-
mance on LFO photoanodes. 

6.2.5 Electrochemical surface area 

The relative electrochemical surface area was monitored by following the protocol reported by Jaramillo and 
co-workers, assuming that the specific surface capacitance for all films do not change.247 The relative elec-
trochemical surface area can be determined by the ratio of the capacitive currents. Figure 6:7a-c shows the 
capacitive currents for LFO, H-LFO and H-LFO/NFO, respectively, recorded under different scan rates of po-
tential. Figure 6:7d displays the linear relationship between the capacitive current (∆j = ja − jc) and the scan 
rate for all films. The relative electrochemically active surface areas are 1 (LFO), 1.21 (H-LFO) and 1.22 (H-
LFO/NFO). We note that the smaller relative area in the case of LFO could originate from the different 
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conductivity of the film.248 Overall, these results support the fact that NFO is porous and permeable allowing 
the water or ions to reach the LFO surface. 

 

Figure 6:7 Cyclic voltammetry (CV) measurement at different scan rates (10-200 mV/s) for (a) LFO, (b) H-LFO and (c) H-
LFO/NFO. (d) Capacitive current (∆j) vs. scan rate plot; the corresponding slopes are compiled as inset. 

6.2.6 Surface coverage of NFO on H-LFO 

Raman and EDX measurements were carried out to gain chemical insights into the surface coverage of NFO 
overlayer. The Raman spectra recorded at different spots in H-LFO/NFO before and after 24 hours stability 
test were shown in Figure 6:8. As we observe, after coating H-LFO with NFO, there are newly appeared peaks 
(in contrast with Figure 6:1c) in the range of 400 cm–1 to 600 cm–1 that correspond to the chemical bonds of 
NFO.101,249 These characteristic peaks of NFO appeared at different spots on the sample, representing a good 
surface coverage of NFO on H-LFO. In addition, we performed EDX measurements (Figure 6:9) on H-LFO/NFO 
before and after stability test. The signal of Ni Lα is homogenously distributed in a wide range of EDX map-
ping, which further supports a good surface coverage of NFO. 
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Figure 6:8 Raman spectra of H-LFO/NFO recorded before (top panel) and after (bottom panel) stability test in 3 differ-
ent spots. 

 

Figure 6:9 EDX mapping of H-LFO/NFO recorded before (top panel) and after (bottom panel) stability test. 

6.2.7 Intensity-modulated photocurrent/photovoltage spectroscopy and time-resolved pho-
toluminescence spectroscopy 

To nail down the role of NFO, we next turned to interrogate the interfacial carrier dynamics at the pho-
toanode/electrolyte interface. Figure 6:10a,b shows the intensity-modulated photocurrent spectroscopy 
(IMPS) Nyquist plots obtained at different applied potentials for bare and NFO-coated H-LFO. Overall, the 
response features two well-defined semicircles with the characteristic high- (HFI) and low-frequency inter-
cept (LFI) with the real axis. Briefly, HFI is proportional to the flux of holes arriving to the interface, and thus, 
it connects directly to the band bending developed within the material, whereas LFI correlates with the 
amount of holes that are ultimately injected into the electrolyte.72 In the absence of NFO, HFI barely changes 
at low applied bias (< 0.8 V) but increases at higher potentials reaching saturation at 1.2 V vs RHE. This 
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sluggish variation of HFI agrees well with the presence of a strong FLP at the nearby of the photocurrent 
onset, which is mitigated at increasing applied bias. Likewise, LFI rises with potential owing to the increased 
density of surface accumulated holes. Strikingly, the incorporation of NFO causes HFI and LFI to increase 
readily in all the potential range, providing compelling evidence for the suppression of the FLP. By assuming 
a phenomenological model, the rate constant for charge transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡) and recombination (𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟) at the 
photoelectrode/electrolyte interface were estimated as a function of the applied potential (Figure 6:10c). At 
first glance, the incorporation of NFO slightly decreases 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 while causing 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 to plunge. Firstly, in the 
absence of NFO, 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 gradually increases with the applied potential, from 62 s–1 to 135 s–1, which is common 
sign of FLP.58 Coating with NFO reprograms 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 to remain virtually unchanged in all the potential range, 
providing compelling evidence of the suppression, at least partially, of the FLP, and to yield a lower average 
value (slower reaction). Secondly 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟, decreases with the applied bias in both bare and NFO-coated LFO 
owing to the strengthening of the space-charge field within the film. It is worth noting that the slope of 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 
vs E plot increased from 0.7 to 1.4 s–1 V–1 supporting the mitigation of the FLP. However, we note that this 
slope is still far below the value expected for an ideal semiconductor liquid junction (16.5 s–1 V–1),126 likely 
because of the weak space-charge field in the material. More importantly, 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 drastically drops with NFO 
from, for instance, 210 s–1 to 50 s–1 (at 1.2 V vs RHE) indicating the partial suppression of surface recombina-
tion. Overall, the drastic slowdown of the surface recombination and charge transfer, the later expected to 
radically accelerate in the presence of an electrocatalyst, confirms NFO’s prime role as passivation.58,59 We 
note that recently, Wang and co-workers reported the role of NFO as passivating agent when deposited on 
hematite photoanodes.59 It is worth mentioning that the increased 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 in the bare film, with respect the 
NFO-coated one, could be rationally explained by the higher driving force of the surface holes in the former. 
The severe FLP present in the film is expected to cause a downward shift of the energy bands, this will result 
in an increased oxidizing power of the surface (lower quasi-Fermi level of holes) especially at high bias.126 

 

Figure 6:10 IMPS Nyquist plots recorded for (a) H-LFO and (b) H-LFO/NFO as a function of the applied potential. Corre-
sponding solid lines are the fitting results. (c) Charge transfer (ktran) and surface recombination (krec) for bare and NFO-
coated H-LFO extracted from IMPS. IMVS Nyquist plots obtained for (d) bare and (e) NFO-coated H-LFO. All measure-

ments were performed in 1 M NaOH under an irradiance of 1 sun (AM 1.5G). (f) Time-resolved photoluminescence 
(TRPL) decay of an H-LFO thin film electrode. The sample was excited at 340 nm. The fitting was carried out using a 

double exponential function. 
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Open circuit measurement such as intensity-modulated photovoltage spectroscopy (IMVS) and time-re-
solved photoluminescence (TRPL) were performed to elucidate the carrier recombination dynamics without 
the interference of the electrocatalytic reaction. Figure 6:10d,e show the IMVS Nyquist plots corresponding 
to bare and NFO-coated H-LFO. Both electrodes display a semicircle in the high-frequency range and an in-
complete one in the low frequency. The high-frequency response is often considered to originate from the 
space charge recombination, whereas the second has been recently linked to the interfacial recombination 
(involving reactive intermediate species).59,60,72 A first-order electron lifetime can be calculated from the an-
gular frequency at the minimum of the Nyquist plot �𝜏𝜏𝑡𝑡 = 1 2𝜋𝜋𝑓𝑓𝐿𝐿𝑖𝑖𝑡𝑡,𝐼𝐼𝐴𝐴𝑉𝑉𝑆𝑆⁄ �, yielding values of 13.2 ms and 
15.6 ms, for bare and NFO-coated H-LFO photoanodes. As expected, the surface passivation of NFO would 
mitigate the FLP and hence afford a stronger space-charge field upon illumination under open circuit poten-
tial (OCP) that could lengthen the lifetime. Admittedly, these extremely long lifetimes are in stark contrast 
with the low photocurrents recorded. We, therefore, hypothesize that IMVS is accessing the dominant, but 
slow, recombination process presents within its scope, whereas major carrier losses are missed at earlier 
stages. 

To probe the recombination kinetics at shorter timescales TRPL of H-LFO was recorded at 450 nm (Figure 
6:10f). Note that the steady-state PL spectrum of H-LFO exhibits a broad emission band spanning from 400 
to 550 nm centered at 450 nm, corresponding to the band-edge emission, as well as a weak band centered 
at about 750 nm (excited at 550nm), which has not been reported before and likely relates to the surface-
state emission involving mid-gap trap states (Figure 6:11). TRPL displays an abrupt decay with an average 
lifetime of only about 1.8 ns. Such a fast decay reflects a rapid annihilation of photogenerated carriers and 
provide compelling evidence of significant carrier losses early on upon the light absorption. Notably, the TRPL 
signal barely changed after coating with NFO (results not shown) reinforcing the notion that the decay is 
primarily governed by bulk-related recombination pathways. We hypothesize that bulk recombination pro-
cesses at the nanosecond timescale, and even shorter,250 likely related to characteristic small polaron for-
mation, could reduce severely the amount of free carriers and contribute to the low 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 described before. 

 

Figure 6:11 Steady state PL emission spectra. (a) Strong emission recorded with excitation wavelength of 340 nm and 
(b) weak emission recorded with excitation of 550 nm. 
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6.2.8 Stability under operational condition and X-ray photoelectron spectroscopy 

Finally, with a better understanding on the parameters that dictate the PEC response set in place, we evalu-
ated the operational stability of the photoanodes. The photocurrent delivered by both bare and NFO-coated 
H-LFO at 1.23 V vs RHE decreases steadily over time, losing by about 80 % of its value after 1 day (Figure 
6:12). Intriguingly, despite the drop of photocurrent, H-LFO appears to be chemically stable in the electrolyte. 
For instance, no changes were noticeable neither at first sight nor using XRD, and the absorption spectrum 
and XPS spectra upon soaking the electrodes in concentrated NaOH solution (10 M) for 3 days remain virtu-
ally unchanged (Figure 6:13).  

 

Figure 6:12 Extended chronoamperometry of H-LFO (red line) and H-LFO/NFO (blue line) recorded under chopped-
light illumination (1 sun) at 1.23 V vs. RHE using 1 M NaOH as electrolyte. H-LFO (red line) was annealed again in the 

presence of H2 after completing the stability test, and subsequently, it was subjected to the chronoamperometry test, 
herein coded as “H2-reannealed”. 
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Figure 6:13 (a) XRD pattern of H-LFO thin film measured after immersion in a 10 M NaOH solution for 3 days, including 
the reference pattern (b) UV–Vis before (black line) and after (red line) the stability test shown in Figure 6:12. SEM 

images for (c) H-LFO and (d) H-LFO/NFO after the stability test, including (inset) representative images of the films be-
fore the test. 

Interestingly, we noticed a drop in the surface oxygen vacancies content upon the stability test through XPS 
analysis. Figure 6:14 displays the XPS La 3d, Fe 2p and O 1s spectra recorded for the LFO at different stages, 
that is, (a) pristine LFO as well as H-LFO (b) before and (c) after the stability test shown in Figure 6:12. At first 
sight, La 3d spectra remain virtually indistinguishable, whereas noticeable changes in Fe 2p and O 1s spectra 
are observed. Regarding the La 3d spectra, in all cases the La 3d spectrum show the two characteristic strong 
bands associated to La 3d5/2 and 3d3/2 with a spin-orbit splitting of 16.8 eV (Figure 6:14). We note that each 
band can be fitted with three components that have been previously ascribed to La–OH, La–O bonds and a 
satellite peak.251,252 The analysis of the Fe 2p spectra is crucial to monitor the oxygen deficiency, since the 
oxygen vacancy formation causes the decrease of the Fe oxidation state from Fe3+ to Fe2+.202,253 We note that 
Scafetta et al. found that oxygen vacancies could be created at LFO without the corresponding reduction of 
the oxidation state of Fe, provided that La or Fe defects are formed.254 However, since we could not detect 
noticeable changes in the La and Fe content though XPS and EDX measurements (Table 6:1) we could reliably 
correlate the oxygen deficiency with the Fe2+/Fe3+ ratio. 

Table 6:1 La/Fe ratio extracted from XPS and EDX data, averaging over 5 different measurements. 

 
LFO H-LFO H-LFO post-stability 

XPS 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 

EDX 1.01 ± 0.05 0.99 ± 0.05 1.02 ± 0.04 
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The analysis of the Fe 2p spectra was performed by following the report of Biesinger et al.,200 that is, the 
fitting was performed considering multiplet splitting and respecting the peak distance, the full wide at half 
maximum (FWHM) value as well as the relative area (%) of each peak within the multiplet (Figure 6:14). Note 
that we allowed the peak positions associated with Fe2+ and Fe3+ to vary with respect to those used as refer-
ence and reported for FeO (Fe2+), Fe2O3 (Fe3+) and FeOOH (Fe3+). We must emphasize that we have ruled out 
the presence of FeO, Fe2O3 and FeOOH in the LFO samples, but these are considered standard references for 
the purpose of the analysis of the Fe 2p spectra. It is worth noting that the best fitting was obtained when 
considering this three contributions; we argue that the presence of various Fe3+ signals is not surprising since 
different coordination environments for Fe3+ could coexist at the surface, e.g., the hydroxylation of the sur-
face. A detailed description of the fitting parameters can be found in Table 6:2-6.4, whereas Table 6:5 displays 
the % of Fe2+ and Fe3+, together with the Fe2+/Fe3+ ratio (considered a proxy for the oxygen vacancy content). 

Table 6:2 Fe 2p3/2 spectral fitting parameters: binding energy (eV), FWHM value (eV) and percentage of total area cor-
responding to the LFO sample. 

LFO sample Position (eV) FWHM (eV)  Area (%) 

Fe2+ (FeO)  peak 1 708.77 1.8 3.11 
Fe2+ (FeO)  peak 2 710.07 1.4 3.85 
Fe2+ (FeO)  peak 3 711.27 1.7 1.86 
Fe2+ (FeO)  peak 4 712.47 3.3 3.28 
Fe2+ (FeO)  peak 5 715.77 2.3 0.72 
Fe3+ (Fe2O3)  peak 1 709.6 1.1 16.59 
Fe3+ (Fe2O3)  peak 2 710.6 1.1 15.26 
Fe3+ (Fe2O3)  peak 3 711.4 1.3 11.6 
Fe3+ (Fe2O3)  peak 4 712.5 1.8 6.23 
Fe3+ (Fe2O3)  peak 5 713.5 2.9 6.21 
Fe3+ (Fe2O3)  peak 6 718.8 2.9 5.78 
Fe3+ (FeOOH)  peak 1 710.01 1.0 6.88 
Fe3+ (FeOOH)  peak 2 711.01 1.6 6.74 
Fe3+ (FeOOH)  peak 3 711.91 1.5 5.22 
Fe3+ (FeOOH)  peak 4 713.01 1.7 2.87 
Fe3+ (FeOOH)  peak 5 714.11 2.1 1.58 
Fe3+ (FeOOH)  peak 6 719.41 3.2 2.1 
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Figure 6:14 Curve fitted XPS La 3d, Fe 2p and O 1s spectra for (a) LFO, (b) H-LFO and (c) H-LFO after the stability test. 
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Table 6:3 Fe 2p3/2 spectral fitting parameters: binding energy (eV), FWHM value (eV) and percentage of total area cor-
responding to the H-LFO sample. 

H-LFO sample Position (eV) FWHM (eV) Area (%) 

Fe2+ (FeO)  peak 1 709 1.8 5.87 
Fe2+ (FeO)  peak 2 710.3 1.4 7.27 
Fe2+ (FeO)  peak 3 711.5 1.4 3.51 
Fe2+ (FeO)  peak 4 712.7 3.3 6.19 
Fe2+ (FeO)  peak 5 716 2.3 1.35 
Fe3+ (Fe2O3)  peak 1 709.66 1.1 17.16 
Fe3+ (Fe2O3)  peak 2 710.66 1.3 15.78 
Fe3+ (Fe2O3)  peak 3 711.46 1.4 12 
Fe3+ (Fe2O3)  peak 4 712.56 1.8 6.44 
Fe3+ (Fe2O3)  peak 5 713.56 2.8 6.42 
Fe3+ (Fe2O3)  peak 6 718.86 2.8 5.97 
Fe3+ (FeOOH)  peak 1 710.28 1.0 3.26 
Fe3+ (FeOOH)  peak 2 711.28 1.6 3.19 
Fe3+ (FeOOH)  peak 3 712.18 1.4 2.48 
Fe3+ (FeOOH)  peak 4 713.28 1.7 1.36 
Fe3+ (FeOOH)  peak 5 714.38 1.7 0.75 
Fe3+ (FeOOH)  peak 6 719.68 3.2 1 

 

Table 6:4 Fe 2p3/2 spectral fitting parameters: binding energy (eV), FWHM value (eV) and percentage of total area cor-
responding to the H-LFO sample after the stability test. 

Post-stability H-LFO sample  Position (eV) FWHM (eV) Area (%) 

Fe2+ (FeO)  peak 1 708.84 1.6 4.21 
Fe2+ (FeO)  peak 2 710.14 1.4 5.22 
Fe2+ (FeO)  peak 3 711.34 1.7 2.52 
Fe2+ (FeO)  peak 4 712.54 3.3 4.44 
Fe2+ (FeO)  peak 5 715.84 2.3 0.97 
Fe3+ (Fe2O3)  peak 1 709.6 1.1 17.13 
Fe3+ (Fe2O3)  peak 2 710.6 1.2 15.75 
Fe3+ (Fe2O3)  peak 3 711.4 1.3 11.98 
Fe3+ (Fe2O3)  peak 4 712.5 1.8 6.43 
Fe3+ (Fe2O3)  peak 5 713.5 2.9 6.41 
Fe3+ (Fe2O3)  peak 6 718.8 2.9 5.97 
Fe3+ (FeOOH)  peak 1 710.06 1.0 5.10 
Fe3+ (FeOOH)  peak 2 711.06 1.6 5.00 
Fe3+ (FeOOH)  peak 3 711.96 1.4 3.87 
Fe3+ (FeOOH)  peak 4 713.06 1.7 2.13 
Fe3+ (FeOOH)  peak 5 714.16 2.1 1.17 
Fe3+ (FeOOH)  peak 6 719.46 3.2 1.56 
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Table 6:5 Relative contribution of Fe2+ and Fe3+ signals in the Fe 2p3/2 spectra, and the Fe2+/Fe3+ ratio as a function of 
the sample. 

Sample 
Fe2+  

(FeO) (%) 

Fe3+  

(Fe2O3) (%) 

Fe3+ 

(FeOOH) (%) 
Fe2+ (%) Fe3+ (%) 

Fe2+/Fe3+  

ratio 

LFO 12.81 61.68 25.4 12.81 87.08 0.15 

H-LFO 24.2 63.77 12.04 24.2 75.8 0.32 

H-LFO post-
stability 17.37 63.68 18.83 17.37 82.51 0.21 

 

Finally, the O 1s spectra can be fitted by considering three components related to the lattice oxygen (OI) at 
the lowest binding energy (529.4 ± 0.04 eV), low-coordinated oxygen and surface hydroxyls (OII) at the me-
dium binding energy (531.4 ± 0.08 eV) and weakly adsorbed species or atmospheric contaminants (OIII) at the 
highest binding energy range (533.5 ± 0.1 eV).201 We note that oxygen ions in the vicinity of the vacancy will 
display a coordination number of oxygen ions lower than a regular site giving rise to a characteristic “low-
coordinated oxygen” signal, and hence, one could consider that the OII/OI ratio is a reliable metrics for oxygen 
deficiency, as reported elsewhere.202 However, we want to emphasize that, first, it is very difficult if not im-
possible to distinguish the signal of “low coordinated oxygen” arisen from the presence of vacancies or simply 
non-stoichiometric surface oxygen due to poor crystallographic order. Second, there are other oxygen spe-
cies that integrate in the material, such as hydroxyls groups that adsorb on the surface which could further 
contribute to the O 1s spectrum with signals in the binding energy range of the “low coordinated oxygen”. 
Therefore, the O 1s was not employed and it is not recommended to be used to characterize the oxygen 
deficiency in metal oxides. 

Overall, XPS analysis shows that the Fe2+/Fe3+ ratio decreased from 0.32 to 0.21 after the long-term chrono-
amperometry test, reaching a value similar to the one of pristine LFO (0.15). This provides compelling evi-
dence that the refilling of oxygen vacancies is occurring in parallel to PEC water oxidation. Note that we did 
not detect any change in the La/Fe ratio neither by XPS nor by other techniques such as EDX or ICP-MS (Table 
6:6). In fact, the recovery of the photocurrent by repeating the hydrogen treatment (green line) further cor-
roborates that the loss of oxygen vacancies is the prime culprit of the H-LFO deactivation. We note that Liu 
et al. proposed as well the refilling of the oxygen vacancies in La0.7Sr0.3CoO3-δ to account for the deterioration 
of its dark electrocatalytic response after long periods of operation, although to the best of our knowledge 
this phenomenon has not been reported yet among photoelectrodes. Indeed, doping with oxygen defects is 
a common practice among metal oxides such as α-Fe2O3 or ZnFe2O4 to enhance the performance, but the 
lattice oxygen content remains unaltered after long operation periods.85,255 Likely, the characteristic high ox-
ygen diffusivity and structural flexibility of the oxide perovskite to accommodate mobile oxygen ions within 
the lattice account for this unexpected behavior.256  
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Table 6:6 La/Fe ratio extracted from XPS and EDX data, averaging over 5 different measurements. 

 
LFO H-LFO H-LFO post-stability 

XPS 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 

EDX 1.01 ± 0.05 0.99 ± 0.05 1.02 ± 0.04 

 

We hypothesize that the re-incorporation of oxygen in the oxygen-deficient structure starts with the adsorp-
tion of OH– from the electrolyte, that is the first step of the OER (Figure 6:15). Note that we assumed that 
LFO performs the OER via the conventional adsorbate evolution mechanism as reported elsewhere,222 which, 
unlike the lattice oxygen mechanism found to occur in other oxide perovskite,212 it proceeds via the sequen-
tial surface adsorption and transformation of OH– into O2.257 Under illumination, OH– binds to the reactive 
sites, i.e., iron centers that accumulate photogenerated holes (Fe4+),94,95 preferentially via the oxygen vacan-
cies (Figure 6:15a). Next, this adsorbed OH species could either undergo a series of oxidative transformations 
to release O2 (OER process) or simply deprotonate and incorporate into the lattice (refilling oxygen vacancies, 
Figure 6:15b). Given the high ionic mobility assisted by the oxygen vacancies, the oxygen ion diffuses rapidly 
into the lattice allowing for this same mechanism to re-start. As a result, the newly incorporated oxygen fills 
a vacancy while neighboring Fe2+ centers re-oxidize to Fe3+ to compensate the negative charge of oxygen 
consuming holes photogenerated within the material. This phenomenon accounts for the non-ideal faradaic 
efficiency (< 100 %) since part of the photogenerated holes are used to re-oxidize the lattice rather than the 
water. It is, thus, not unreasonable to expect the gradual filling of both bulk and surface oxygen vacancies 
while the solar water oxidation occurs. The progressive decrease in photocurrent could be thus ascribed to 
the gradual loss of doping density and preferential adsorption sites (surface oxygen defects). We note that 
the presence of NFO did not improve the stability of the system, i.e., oxygen still incorporates in the structure 
under operation. This further supports the notion that the OER takes place preferentially at the oxide perov-
skite surface. 

 

Figure 6:15 Proposed mechanism of oxygen intercalation into H-LFO photoanodes. (a) As-prepared H-LFO includes 
oxygen vacancies (Ovac) (and the corresponding nearby Fe2+) throughout the surface and bulk. (b) Under illumination, 
surface Ovac on high-valent iron, i.e., accumulating photogenerated holes, will be the preferred site of adsorption of 
OH- from the electrolyte. After being deprotonated, the O2– could either undergo oxidation258 to produce oxygen or 
(c,d) diffuse into the structure (blue arrows) along the octahedral edges filling eventually a bulk Ovac and causing the 

oxidation of the two neighboring Fe2+ centers to Fe3+ to compensate the negative charge uptake. 
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6.3 Conclusion 
In this chapter, we addressed the current bottleneck in the performance of LFO photoanode by seizing upon 
a novel electrode nanostructure in combination with post-engineering treatments as well as by parsing the 
electronic and catalytic characteristics that govern the performance. Our LFO nanorod array-type electrode 
delivered photocurrents up to 0.4 mA cm–2 at 1.23 V vs RHE with an onset of 0.55 V vs RHE, thus, establishing 
a new benchmark performance for LFO-based PEC water oxidation. We found that inducing oxygen defects 
not only improved the carrier transport throughout the film, but specially activated the interface towards the 
OER leading to a substantial drop of the Tafel slope. Additionally, further engineering the interface by depos-
iting NFO demonstrated to mitigate the deleterious surface recombination as confirmed by IMPS. 

Admittedly, given that we determined that a photocurrent onset as low as 0.43 V vs RHE and photocurrent 
values as high as 7.5 mA cm–2 could be achievable given its 𝑉𝑉𝑓𝑓𝑏𝑏 and light absorption, the benchmark reported 
herein still remains modest. Our investigations to elucidate the chief performance bottlenecks, revealed the 
existence of major carrier losses in the bulk (𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 < 10 %) and, although, in a minor extent at the interface 
(𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒> 60 %) in the benchmark films. Firstly, TRPL measurements brought up the fast recombination of 
photogenerated carriers occurring mainly in the bulk in the nanosecond, or even shorter, timescales. In ad-
dition, the weak space-charge field and the short minority carrier diffusion length estimated for this material 
(< 5 nm) posed severe challenges for an efficient charge separation. Secondly, we found that enhancing the 
surface catalysis and passivation was key to improve 6-fold 𝜂𝜂𝑜𝑜𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑒𝑒, though not able to fully override the 
deleterious recombination. In addition, we detected a gradual refilling of oxygen vacancies under operation 
that deteriorated the performance steadily over time. With all this information in hand, we anticipate that 
further progress on LFO photoanodes depends upon strengthening the space-charge field by, for instance, 
combining A-site and oxygen doping, as well as on devising a conformal catalytic overlayers that take over 
the OER to avoid the reinsertion of the oxygen ions in the lattice. Overall, we are convinced that these findings 
not only represent an encouraging step change in the state-of-the-art performance for LFO photoanodes, 
but more importantly, set forth the key processes that constrain the activity allowing to construct a clear 
path to further optimize this material. 

6.4 Experimental 

6.4.1 Synthesis of LaFeO3 thin film electrode 

LaFeO3 photoelectrodes were prepared by a two-step solution-based route according to a previously re-
ported procedure by Kim and co-workers.171 First, a nanorod-based layer of β-FeOOH was grown on a fluo-
rine-doped tin oxide (F:SnO2, FTO) substrate (Solaronix TCO10-10), previously cleaned by sonication in pure 
acetone and absolute ethanol (for 15 min in each one). Clean FTO substrates were vertically supported with 
the conductive side facing a 0.15 M FeCl3·6H2O (99%, Acros Organics) and 1 M NaNO3 (99%, Acros Organics) 
aqueous solution contained in a tightly capped glass bottle. The area of FTO substrate to be covered with the 
FeOOH deposit was, approximately, 3.0 cm2. The solution was heated up to 100 °C in a stove for 3 hours. 
After deposition, the samples were rinsed with abundant ultrapure water and dried with compressed air. In 
a second step, the resulting FTO/FeOOH electrodes were placed in a pre-heated hot-plate at 100 ºC and 
coated (by drop-casting) with approx. 5 mL of 0.5 M La(NO3)3·6H2O (98%, Acros Organics) aqueous solution. 
The electrodes remained on the hot-plate until the La(NO3)3 solution evaporated completely. Finally, the 
LaFeO3 formation was carried out by introducing the La(NO3)3-coated FeOOH samples into a tubular oven 
(MTI OTF-1200X) pre-heated at 550, 650 or 750 °C for 20 min, followed by a quick-cooling method: right after 
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the annealing, the electrodes were removed from the oven to allow them to cool-down naturally. The result-
ing samples were immersed in 0.5 M H2SO4 (Sigma Aldrich, 96-98%) aqueous solution overnight to completely 
remove the La2O3 white crust that covers the electrode surface after the annealing. 

6.4.2 Annealing post-treatments 

Two different annealing post-treatments were performed: a hydrogenation annealing (99.995 % H2, Carba-
gas) at 200 °C for 1 hour with a flow rate of 50 mL/min (in tubular oven, heating rate: 5 °C·min–1) and an 
annealing in air at different temperatures (300, 450 and 650 °C) for 5 hours (in programmable oven, heating 
rate: 5 °C·min–1). Note that the hydrogenation time and temperature were optimized to obtain the best PEC 
response. 

6.4.3 NiFeOx deposition 

The post-hydrogenated LaFeO3 samples were coated with NiFeOx (NFO) based on a previously reported pro-
cedure by Smith and co-workers.259 Iron (III) 2-ethylhexanoate (50% w/w in mineral spirits, Strem Chemicals) 
and nickel (II) 2-ethylhexanoate (78% w/w in 2-ethylhecanoic acid, Strem Chemicals) were dissolved in hex-
ane as to achieve a 1:1 Fe:Ni molar ratio and a total concentration of 15% w/w for the metal complexes in 
solution. This precursor solution was diluted ten times with hexane and around 10 μL·cm–2 were drop-casted 
on the active surface area of the electrode. The electrode was subsequently dried in air and, then, was ex-
posed to UV irradiation (Atlantic Ultraviolet G18T5VH/U lamp) for 15 min. Finally, the electrode was annealed 
at 100 °C for 1 hour (in programmable oven, heating rate: 5 °C·min–1).260 

6.4.4 Photoelectrochemical characterization 

All the photoelectrochemical characterization was carried out employing a potentiostat (BioLogic SP-300) 
and a Capuccino-type PEC cell, where a Ag/AgCl/KCl(sat.) electrode and a Pt wire where used as reference 
and counter electrode, respectively, and the active geometric area of the working electrode was 0.238 cm2. 
Two different electrolytes were employed: 1 M NaOH or 1 M NaOH + 0.5 M H2O2, purged with O2 when 
indicated. Chopped-light linear sweep under illumination were performed using a 450 W Muller Elektronic 
Xenon-arc lamp coupled with a KG-1 filter (Schott) calibrated to provide 1 sun (AM 1.5G, 100 mW·cm–2). In 
all cases, the electrodes were illuminated from the front-side (electrolyte-electrode –EE– illumination). The 
yield of charge transfer was calculated by using 𝜂𝜂surface = 𝑗𝑗𝐻𝐻2𝑂𝑂/𝑗𝑗𝐻𝐻2𝑂𝑂2, whereas the yield of charge separation 
was determined with 𝜂𝜂bulk =  𝑗𝑗𝐻𝐻2𝑂𝑂2/𝑗𝑗𝑡𝑡𝑏𝑏𝑜𝑜, where 𝑗𝑗𝐻𝐻2𝑂𝑂 and 𝑗𝑗𝐻𝐻2𝑂𝑂2 correspond to the photocurrent for water 
and H2O2 oxidation, respectively, while 𝑗𝑗𝑡𝑡𝑏𝑏𝑜𝑜 is the maximum photocurrent attainable considering that all the 
light absorbed by the thin film is turned into photogenerated carriers with 100% collection efficiency. The 
electrocatalytic activity of the films were evaluated by recording dark linear sweep voltammograms at 20 
mV·s–1. Tafel plots were constructed by recording the stable potential (after 5 min) at different fixed currents. 
Incident photon-to-current efficiency (IPCE) measurements were performed using a Tunable PowerArc illu-
minator (Optical Building Block Corporation) as light source coupled to a monochromator and determining 
the photon flux at each wavelength with a S12VC Photodiode Power sensor (Thorlabs). Electrochemical im-
pedance spectroscopy (EIS) was performed on a Bio-Logic SP-300 potentiostat. The voltage perturbation was 
applied within a frequency range from 100 kHz to 50 mHz with a 25 mV sinusoidal amplitude. An equivalent 
circuit modelling software ZView (Scribner Associates) was used to fit the EIS data. All experiments were 
performed at ambient temperature and electrode potentials were converted to the RHE scale using 𝐸𝐸 
(vs RHE) = 𝐸𝐸 (vs Ag/AgCl) + 0.197 V + 0.059pH , where pH is 13.6 (for 1 M NaOH), and 𝐸𝐸 (vs RHE) and 
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𝐸𝐸 (vs Ag/AgCl) are the converted potential versus RHE and the measured potential versus Ag/AgCl refer-
ence electrode, respectively. 

6.4.5 Gas chromatograph 

Measurement of the oxygen production associated to the photo-assisted water oxidation was performed 
with a Clarus 480 Gas Chromatograph (Perkin Elmer), equipped with a plasma emission detector (Plasma-
Detek), coupled to a three-electrode Cappuccino-type cell. A H-LFO650/NFO electrode was used as a working 
electrode, while a Pt foil and a Ag/AgCl/KCl(sat.) electrode were used as counter and reference electrodes, 
respectively. The corresponding calibration line was obtained by using a piece of Pt foil as a working electrode 
and considering that water oxidation occurs with a 100% Faradaic efficiency. 

6.4.6 Intensity-modulated photocurrent/photovoltage spectroscopy 

For intensity-modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS) measurements, an array of 
white LED (Cree XLamp MC-E Color) was used as light source. The background illumination was powered by 
a DC power supply at 600 mA DC current. The additional light perturbation was modulated by an arbitrary 
function generator (Tektronix AFG3021C) with a 50 mA sinusoidal amplitude (ca. 8% modulation depth) rang-
ing from 10 kHz to 50 mHz. The above-mentioned 3-electrode configuration was used for light modulation 
measurements. The intensity-modulated photocurrent response was monitored by a digital phosphor oscil-
loscope (Tektronix DPO7254C) through a 50 Ω series resistor (Velleman E6/E12). The intensity-modulated 
photovoltage response was recorded by the oscilloscope through a differential probe (Tektronix TDP3500). 
The entire light modulation setup was covered with blackout materials (Thorlabs) to prevent interference 
from ambient light. IMPS data was processed and fitted using a custom program written with the Python 
programming language. The lmfit package for Python was used to perform curve fitting with nonlinear re-
gression. 

6.4.7 Steady-state and time-resolved photoluminescence spectroscopy 

Steady-state photoluminescence (PL) spectra were recorded on a high resolution photoluminescence spec-
trofluorometer (Horiba Jobin Yvon Fluorolog-3). In time-resolved photoluminescence spectroscopy (TRPL) 
measurement, a nanosecond LED with 340 nm peak wavelength (Horiba NanoLED N-340, pulse width < 1.2 
ns) was used to excite sample. TRPL decay was tracked at 450 nm. 
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 Identifying Reactive Sites and Sur-
face Traps in Chalcopyrite Photocathodes 
This chapter is adapted from a peer-reviewed article accepted in Angewandte Chemie: Yongpeng Liu, Maria 
Bouri, Liang Yao, Meng Xia, Mounir Mensi, Michael Grätzel, Kevin Sivula, Ulrich Aschauer, Néstor Guijarro.  
Angew. Chem., 2021, Accepted 

7.1 Introduction 
Chalcopyrites Cu(In,Ga)(S,Se)2 are gaining momentum as prospective photocathodes for H2 production in 
photoelectrochemical (PEC) water splitting cells. Their attractiveness relies on their superb optoelectronic 
properties, their compatibility with solution-based manufacturing techniques, their ready-to-market photo-
voltaic performance and their well-positioned energy bands to trigger the hydrogen evolution reaction (HER), 
among others. Following the design principles of chalcopyrite photovoltaics, state-of-the-art photocathodes 
utilize a buried-junction architecture, wherein the chalcopyrite is conformally coated with a charge-separa-
tion layer and subsequently, with a catalyst to activate it towards the HER. The several fabrication steps re-
quired to build these multijunction electrodes together with the costly and often hardly scalable vacuum 
technologies required to deposit these overlayers adds up to the manufacturing costs and complicates com-
mercialization. However, in recent years, chalcopyrite photocathodes with a direct chalcopyrite/electrolyte 
interface have shown hours-stable H2-related saturation photocurrents close to the theoretical limit based 
on their band gap. These encouraging results give hope for the development of a novel generation of inex-
pensive chalcopyrite photocathodes. However, the poor turn-on voltages (𝑉𝑉𝑜𝑜𝑡𝑡) exhibited by these bare chal-
copyrites prevents their integration in PEC cells. Therefore, a deeper understanding of the processes that 
govern 𝑉𝑉𝑜𝑜𝑡𝑡, such as the surface recombination and catalysis, is urgently needed to guide the optimization of 
bare chalcopyrites. For this purpose, here, we deployed an assortment of spectroelectrochemical and com-
putational methods which afford gathering new insights on the atomic nature of the reactive sites and trap 
states on the surface of a model chalcopyrite CuIn0.3Ga0.7S2 (CIGS).261 

7.2 Result and discussion 

7.2.1 Material characterization 

7.2.1.1 Morphology and phase purity 

CIGS photocathodes of ~800 nm thickness and an average grain size of ca. 450 nm (Figure 7:1) were fabri-
cated by sulfurizing a CIGS nanocrystalline thin film as described in Section 7.4.1. Scanning electron micro-
scope (SEM) configurations (Zeiss Gemini) for these images were 3 kV electron high tension (EHT), 150 pA 
probe current, 4.2 mm working distance, 20 µm aperture size and In-Lens annular secondary electrons de-
tector. 
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Figure 7:1 Top-view SEM images of CIGS thin film. 

The X-ray diffraction (XRD) pattern (Figure 7:2) confirmed the tetragonal (chalcopyrite-type) structure with-
out conspicuous signs of phase segregation nor the presence of Sb2S3 in the film. XRD patterns were recorded 
on a Bruker D8 Discover diffractometer in in Bragg-Brentano geometry. The diffractometer is equipped with 
a non-monochromatized Cu-source, a Nickel filter and a LYNXEYE XE energy-dispersive 1-D detector. 

 

Figure 7:2 XRD pattern for CIGS film. XRD peaks associated to the substrate (Mo and MoS2) are indicated with a star 
(*). The corresponding diffraction patterns for CuInS2 (JCPDS 85-1575), CuIn0.75Ga0.25S2 (ICDD 04-023-7986), 

CuIn0.6Ga0.4S2 (ICDD 00-056-1309) and CuGaS2 (JCPDS 85-1574) are listed for comparison. 
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7.2.1.2 Energy-dispersive X-ray spectroscopy (EDX) mapping 

Energy-dispersive X-ray spectroscopy (EDX) analysis corroborated that the bulk and fed stoichiometry match 
well. EDX was performed on a 20 mm2 silicon drift detector (Oxford Instruments X-MaxN 80) with the follow-
ing SEM configurations: 10 kV EHT, 800 pA probe current, 8.5 mm working distance, 30 µm aperture size and 
SE2 Everhart-Thornley secondary electrons detector. EDX mapping and quantification were performed on 
the AZtec software (Oxford Instruments). Based on 5 different EDX quantification, the stoichiometric num-
bers of Cu, In, Ga, S are: 1 ± 0.01, 0.26 ± 0.02, 0.69 ± 0.01, 2.2 ± 0.04. Representative EDX spectrum and 
mapping of CIGS films are shown in Figure 7:3. 

 

Figure 7:3 Representative EDX spectrum and mapping for CIGS films. 

7.2.2 Photoelectrochemical characterization and electrochemical impedance spectroscopy 

The linear sweep voltammogram (LSV) of the CIGS film in aqueous solution was first recorded under inter-
mittent illumination to assess the PEC response towards H2 production (Figure 7:4). 𝑉𝑉𝑜𝑜𝑡𝑡 is at ca. 0.1 V vs RHE 
from where the photocurrent steadily increases up to 7 mA cm–2 at –0.4 V vs RHE. Electrochemical impedance 
spectroscopy (EIS) was employed to assess the magnitude of the voltage losses and explore the interfacial 
electronic structure under operation. Equivalent circuit (Figure 7:5 inset) consists of series resistance 𝑅𝑅𝑆𝑆, bulk 
capacitance 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, charge transfer resistance from bulk 𝑅𝑅𝑟𝑟𝑡𝑡,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, electron trapping resistance from bulk to 
surface states 𝑅𝑅𝑡𝑡𝑟𝑟𝑡𝑡𝑝𝑝, surface states capacitance 𝐶𝐶𝑆𝑆𝑆𝑆, and charge transfer resistance from surface states to 
water reduction 𝑅𝑅𝑟𝑟𝑡𝑡,𝑆𝑆𝑆𝑆, is employed to fit impedance response. Mott–Schottky analysis (Figure 7:4, Section 
1.5.2) based on the value of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is performed in dark condition. Taking a relative permittivity (ε) of 10 for 
CIGS,262 Mott–Schottky analysis reveals a 𝑉𝑉𝑓𝑓𝑏𝑏 of 0.65 V vs RHE and a 𝑁𝑁𝐴𝐴 of 3.4×1017 cm–3. We note that 𝑉𝑉𝑓𝑓𝑏𝑏 is 
550 mV more positive than 𝑉𝑉𝑜𝑜𝑡𝑡. This late onset could be accounted for by either Fermi level pinning (FLP) or 
a large overpotential for the surface reaction. Further impedance analysis allows us to estimate the band 
structure of CIGS. Assuming the density-of-state effective mass for holes 𝑚𝑚𝑑𝑑ℎ of CIGS is 8.7×10–31 kg,263 the 
effective density of states in the valence band (𝑁𝑁𝑉𝑉) is given by:25 
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𝑁𝑁𝑉𝑉 ≡ 2 �
2π𝑚𝑚𝑑𝑑ℎ𝑘𝑘𝑘𝑘

ℎ2 �
3
2

(7: 1) 

 

where ℎ is Planck constant and 𝑁𝑁𝑉𝑉  is estimated to be 2.3×1019 cm–3. Since 𝑁𝑁𝐴𝐴
𝑁𝑁𝑉𝑉

 < 0.05, our solution-processed 

CIGS is a nondegenerate semiconductor. The Boltzmann statistics can be applied to estimate Fermi level po-
sition (𝐸𝐸𝐹𝐹):25 

𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑉𝑉 = 𝑘𝑘𝑘𝑘 ln �
𝑁𝑁𝑉𝑉

𝑁𝑁𝐴𝐴
� (7: 2) 

where 𝐸𝐸𝑉𝑉  is valence band position. At flat-band condition, 𝐸𝐸𝐹𝐹 was found to be 108.3 mV above 𝐸𝐸𝑉𝑉. 

Likewise, the analysis under illumination allowed to extract the density of surface states (DOSS) which is 
converted from the value of 𝐶𝐶𝑆𝑆𝑆𝑆 (Section 1.5.2). DOSS is a proxy for the charge accumulated at the interface 
under operation, which appeared at the photocurrent onset (Figure 7:4). This electronic signature, although 
not previously reported for photocathodes for hydrogen evolution reaction (HER), has often been detected 
in photoanodes under water oxidation conditions and was interpreted as the built-up of intermediate species 
at the interface when the catalytic reaction takes place.95,98,189,264 It is plausible to consider that this surface 
charging is linked to the adsorption of atomic hydrogen (Volmer step), which precedes the hydrogen evolu-
tion. 

 

Figure 7:4 LSV of CIGS photocathode measured at intermittent simulated 1 sun condition in pH 6.1 buffer solution. 
Energetic distribution of density of surface states (DOSS) with the corresponding Gaussian fit. Mott–Schottky plot with 

linear regression. 
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Figure 7:5 Nyquist plot of impedance response (open circle) measured (a) under illumination and (b) in the dark at 
four representative voltage with corresponding fitting curves (solid line). Equivalent circuits employed in the fitting are 

displayed in the figure as inset. 

7.2.3 Stability under operational condition 

In terms of stability, the photocurrent was monitored to be stable over 6 days (Figure 7:6) under continuous 
operation showing no evidence of degradation. 

 

Figure 7:6 Stability test of CIGS photocathode for solar water reduction measured at 0 V vs RHE under intermittent AM 
1.5G illumination (1 hour on, 15 minutes off) for 146.4 hours. 
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7.2.4 Gas chromatography measurements 

The Faradaic efficiency (FE) for H2 production is calculated by gas chromatography measurements where an 
average FE of 97 % (Figure 7:7) confirms H2 production and rules out corrosion reactions. 

 

Figure 7:7 Photocurrent density and Faradaic efficiency (FE) of CIGS photocathodes measured at 0 V vs RHE. 

7.2.5 Intensity-modulated photocurrent spectroscopy 

To find the origin of the voltage bottleneck, we next decouple the surface recombination and reaction dy-
namics at the CIGS/electrolyte interface, by means of intensity-modulated photocurrent spectroscopy 
(IMPS).72 Figure 7:8 depicts the evolution of the rate constants for charge transfer (𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡) and surface recom-
bination (𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟) as a function of the applied potential. At low applied bias (> 0.1 V vs RHE), 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 steadily 
increased whereas 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 remained constant.  

 

Figure 7:8 Pseudo first order rate constants for charge transfer ktran and surface recombination krec as a function of the 
applied potential. 
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The trend of rate constant represent a common sign of FLP, as illustrated in a tentative band diagram in 
Figure 7:9.58,265 At low applied bias (Figure 7:9a,b) it is expected that the applied potential mainly drops across 
the space charge region increasing the band bending. Indeed, the linear increase in the Mott–Schottky plot, 
Figure 7:4 supports this idea. As soon as the Fermi level enters the potential region (Figure 7:9c,d) herein the 
surface traps exists the change in applied potential will primarily charge the surface traps causing the voltage 
to drop across the Helmholtz layer and shifting, in turn, the conduction (𝐸𝐸𝑆𝑆𝐶𝐶) and valence band (𝐸𝐸𝑉𝑉𝐶𝐶) edges. 
The shift of (𝐸𝐸𝑆𝑆𝐶𝐶) will cause the activation energy for the reaction, and hence 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡, to change with potential, 
whereas the “frozen" band bending in this potential window will explain the constant 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟.265 At this poten-
tial region the CIGS photocathode exhibits Fermi level pinning. Once the region containing surface traps is 
surpassed (Figure 7:9e), the change in applied potential drops across the space charge region, primarily in-
creasing the built-in electric field (band bending), and hence, effectively suppressing the surface recombina-
tion, what causes 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 to decrease steadily. 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 remains constant since the 𝐸𝐸𝑆𝑆𝐶𝐶 does not change. There-
fore, the PEC behavior appears to be governed by the band edge pinning phenomenon. 

 

Figure 7:9 Tentative band diagram of the CIGS photocathode including the presence of surface traps at different ap-
plied potentials i.e., (a) Vfb, (b) 0.6 V, (c) 0.35 V, (d) 0.1 V and (e) –0.2 V vs RHE. 

Note that coupling a state-of-the-art Pt HER electrocatalyst barely impinged 𝑉𝑉𝑜𝑜𝑡𝑡, supporting that voltage 
losses were primarily governed by the FLP (Figure 7:10).266 At high applied bias (< 0.1 V vs RHE), the behavior 
of the rate constants reversed, i.e., 𝑘𝑘𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 appeared to be constant while 𝑘𝑘𝑟𝑟𝑒𝑒𝑟𝑟 steadily dropped with more 
negative potentials. This is the expected response when a band-edge pinning regime dominates (Figure 7:9). 
Although these results confirmed the FLP as the main culprit for the voltage bottleneck, the energy and the 
chemical nature of the surface traps behind this phenomenon remain to be identified. 



Identifying Reactive Sites and Surface Traps in Chalcopyrite Photocathodes 

101 

 

Figure 7:10 Photocurrent response of CIGS photocathode with (green line) and without (red line) Pt co-catalyst. 

7.2.6 Photoluminescence spectroscopy and sacrificial reduction experiments 

Photoluminescence (PL) spectroscopy has been successfully exploited to detect chalcopyrites’ surface energy 
traps.267,268 Figure 7:11a depicts the PL spectrum recorded for the CIGS. The sharp band at ca. 590 nm was 
assigned to the band-edge emission, which matches with the 𝐸𝐸𝑔𝑔 = 2.0 eV estimated from the incident pho-
ton-to-current efficiency spectrum (Figure 7:11d). The broad band at longer wavelengths could be attributed 
to radiative processes involving trap states. Note that two Gaussian curves centered at 783 nm and 641 nm 
were required to fit this band, evidencing the presence of at least two emission centers. Several studies have 
ascribed this signal to the transition from the conduction band edge (𝐸𝐸𝑆𝑆𝐶𝐶) to shallow acceptor levels that lie 
near the valence band edge (𝐸𝐸𝑉𝑉𝐶𝐶).267,269,270 Figure 7:11c shows an estimate of the energy band positions in-
cluding the traps location.271 Figure 7:11a,b display the PL spectrum in terms of potential for the sake of 
comparison with LSVs (Figure 7:11e). As shown, the photocurrent remains negligible until the applied poten-
tial surpassed the traps, validating the hypothesis that the performance is governed by the FLP. To further 
narrow down the energy-location of the traps, we tested the PEC response in the presence of 
the  [𝐹𝐹𝑒𝑒(𝐶𝐶𝑁𝑁)6]3−/[𝐹𝐹𝑒𝑒(𝐶𝐶𝑁𝑁)6]4−  redox couple, denoted as Fe(III)/Fe(II). We hypothesized that an outer-
sphere redox couple located near the traps should allow to circumvent the voltage bottleneck by scavenging 
the trapped electrons, and indeed, the presence of Fe(III)/Fe(II) triggered a rapid rise of the photocurrent 
from 𝑉𝑉𝑓𝑓𝑏𝑏 onwards with near-zero voltage losses. 
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Figure 7:11 (a) Steady-state PL spectrum recorded utilizing a 532 nm excitation wavelength (green solid line), including 
the corresponding Gaussian fitting curves assigned to trap states (purple and red) and band-edge emission (orange), 
and the envelope/fitting curve (green dashed line). (b) LSV of the CIGS photocathode measured under intermittent 

simulated 1 sun illumination in pH 6.1 buffer solution (red) and in 0.5 M [Fe(CN)6]3– (blue). (c) Schematic band diagram 
of CIGS at Vfb. (d) Steady-state PL spectrum and IPCE (e) Conversion of x-axis in PL spectrum. 

7.2.7 Material characterization 

The surface traps have been further probed by nanoscale imaging of the surface photovoltage through Kelvin 
probe force microscopy (KPFM). Bearing in mind that the presence of the traps would lead to smaller values 
of surface photovoltage (SPV), that is, the difference between the surface potential in dark and under illumi-
nation. As shown in Figure 7:12, the surface potential appears to evenly change upon illumination suggesting 
that the traps are homogeneously distributed. This could be accounted for by the fact that the traps have 
their origin on the surface's composition rather than on morphological features, which are expected to be 
localized. Surface potential mapping through KPFM as well as topographic image through atomic force mi-
croscopy (AFM) were performed on an Asylum Research Cypher S AFM. 
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Figure 7:12 Topographic images of CIGS film (a) in the dark and (b) under illumination. (c) Line profiles of topographic 
images under dark and light show identical features. Contact potential difference (CPD) of CIGS measured (d) in the 
dark and (e) under illumination. (f) Line profiles of CPD images under dark and light indicate that the CPD changes 

evenly along the scan under illumination. 

7.2.8 Projected density of states 

To gain insight into the chemical identity of the traps, the projected density of states (PDOS) of few-layers-
thick slab models of CIGS were computed examining the effect of intentionally introduced compositional 
defects, such as vacancies or antisite defects. Our results in Figure 7:13 suggested that the presence of sur-
face Ga (VGa) and In (VIn) vacancies caused the appearance of shallow acceptor levels that match well those 
revealed by PL. Several experimental studies support these findings.267,270,272 We speculate that the PL signals 
at lower wavelengths could originate from these two types of vacancies. 

 

Figure 7:13 Layer-resolved PDOS of the relaxed configuration of the CIGS (112) surface with surface (a) Ga and (b) In 
vacancies. 
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7.2.9 X-ray photoelectron spectroscopy 

Surface atomic composition analysis performed by X-ray photoelectron spectroscopy (XPS) revealed a 
Ga/(In+Ga) ratio of ~0.67, which supports a Ga-poor surface. Note that the (In+Ga)/Cu ratio of ~1.18 aligns 
with the Cu-poor surface typically found in p-type chalcopyrites.273 Figure 7:14 displays the Cu 2p, In 3d, Ga 
2p, S 2p, O 1s XPS spectra recorded for the CIGS film before and after PEC testing (chronoamperometry: 30 
min at constant photocurrent of 4 mA cm–2). At first sight, the Cu 2p spectra remained virtually indistinguish-
able while noticeable changes could be detected in the signals recorded for the other elements. Regarding 
the Cu 2p spectra recorded before and after the PEC test (Figure 7:14a,b), they both show the two charac-
teristic strong bands associated to Cu 2p1/2 (951.8 eV) and Cu 2p3/2 (932 eV) with a spin-orbit splitting of 
19.8 eV, which is commonly attributed to the presence of Cu+.274 Figure 7:14c,d display the In 3d spectra 
wherein the characteristic doublet is apparent. Note that the bands could be accurately fitted to two com-
ponents whose spin-orbit splitting was estimated to be ~7.6 eV.274 While the larger contribution (centered at 
445.5 and 453.1 eV) could be ascribed to the presence of In3+ in the chalcopyrite, the lower-binding-energy 
component found at 444.4 and 451.9 eV suggests the existence of surface In ions surrounded by an increased 
electron density. We discarded that this signal was related to the presence of species such as In2O3 or In(OH)3, 
since these are reported to yield a XPS signature at significantly higher binding energies.275 We hypothesize 
that the lower-binding-energy contribution corresponds most probably to the existence of In0 or partially 
reduced In sites. These species could originate from both the synthesis, where reducing agents such as oleyla-
mine are employed, or the electrocatalytic process. Indeed, In(III) electrocatalysts have shown to display such 
In0 signatures after electrochemical processes, supporting the involvement of In sites in the electrocatalytic 
process.276,277 The fact that we detected that the In0/In3+ ratio increased from 0.06 to 0.12 after the PEC test 
provides compelling evidence that the In sites are directly involved in the electrocatalytic process. The anal-
ysis of the Ga 2p spectra resembles the observations made in the XPS signatures of In. Figure 7:14e,f show 
the characteristic Ga 2p1/2 and Ga 2p3/2 components displaying a spin-orbit splitting of ~26.9 eV and a 
featureless satellite in between. The binding energy of the Ga 2p1/2 and 2p3/2 at 1145.5 and 1118.6 eV, 
respectively, support the presence of Ga3+.278 We, however, note that after the PEC test a shoulder at lower 
binding energies appeared, specifically at 1144.1 and 1117.0 eV. We hypothesize that this new contribution 
corresponds to the existence of Ga0 or partially reduced Ga sites formed at the surface during the PEC test 
wherein the Ga is involved as an HER active site. Finally, S 2p spectra is shown in Figure 7:14g,h. In its native 
form, the CIGS shows two bands corresponding to the S 2p1/2 and S 2p3/2 components with an spin-orbit 
splitting (~1.2 eV), which are centered at 163.1 and 161.9 eV, respectively, matching well with the reported 
values for S2–.274,279,280 Upon the PEC test, we resolved an additional doublet (~1.2 eV spin-orbit splitting) at 
lower binding energies (162.9 and 161.7 eV), which is required for a satisfactory description. This new feature 
most likely originates from S sites that count with a greater electron charge density in their surroundings. We 
speculate that either the participation of S sites in the HER or the presence of catalytically active Ga and In 
sites in the vicinity could account for the shift of the XPS signal towards lower binding energy values. Given 
the exposure of the samples to ambient conditions, we cannot discard the presence of oxygenated species 
at the CIGS surface. The O 1s spectra (Figure 7:14i,j) revealed a broad band that could be fitted by considering 
2 components centered at 531.4 and 533.0 eV, which are commonly attributed to surface hydroxyls or ad-
sorbed water and atmospheric contaminants, respectively.164,280 
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Figure 7:14 XPS spectra of CIGS before and after PEC measurements. 

7.2.10 Operando Raman spectroscopy and vibrational frequency calculation 

We next explore the atomic nature of the reactive sites which, despite being crucial to optimize the HER, 
remains overlooked in this class of materials. Operando Raman spectroscopy was implemented to find out 
the surface sites involved in the PEC HER. As sketched in Figure 7:15a, the three-electrode setup enables 
changing the applied potential on the CIGS electrode while the excitation beam will simultaneously initiate 
the PEC process, and excite the sample to record the Raman spectra of characteristic vibrations of the reac-
tion intermediates. As shown in Figure 7:15b, small applied biases (> 0 V vs RHE) delivered featureless 
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spectra. However, higher applied bias (< 0 V vs RHE) led to the appearance of three distinct peaks centered 
at 1335 cm–1, 1571 cm–1 and 2560 cm–1, whose intensity increased with potential.  

 

Figure 7:15 (a) Schematic of operando Raman spectroscopy setup, including a portray of the reaction intermediate: a 
hydrogen atom bound to the catalytic center (νs: characteristic stretching vibration of the bond). WE, CE and RE repre-

sent the working, counter and reference electrode, respectively. (b) Raman spectra of CIGS recorded during chrono-
amperometry measurements at different applied potential. The first spectrum (navy line) is recorded under open cir-

cuit condition. 

It is worth noting that the intensities of these Raman signatures increase with the photocurrent, and thus, it 
is reasonable to link them to intermediate species involved in the PEC reaction. Note that we detected bub-
bles at the laser spot, supporting H2 generation (Figure 7:16). The peaks were assigned, with caution, to the 
In–H, Ga–H and S–H vibration, on the basis of simulations and literature references as follows. Vibrational 
frequencies were determined by displacing the adsorbed H vertically in steps of 0.001 Å in the range ± 0.010 
Å and fitting the obtained energy vs. displacement curve to a parabola, the second order coefficient 𝑐𝑐2 of 
which was used to derive the vibrational frequency 𝜔𝜔: 

ω =
�𝑐𝑐2/μ

2π
≈

�𝑐𝑐2/𝑚𝑚𝐻𝐻

2π
(7: 3) 

with μ the reduced mass of H and the surface site, which can be approximated by the hydrogen mass 𝑚𝑚𝐻𝐻. 

As shown in Table 7:1, the calculated (theoretical) values match well the trend displayed by the experimental 
data although in the case of S–H the predicted value lies far from the expected. Note that the experimental 
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values reported in the literature for such vibrations align well with our results providing compelling support 
to the assignment. 

Table 7:1 List of calculated/experimental vibrational frequency. 

Bond Experimental Theoretical Other studies 

Cu–H N.A. 1096 cm–1 ~1000 cm–1,281 

In–H 1335 cm–1 1235 cm–1 1438 cm–1,282 

Ga–H 1571 cm–1 1343 cm–1 1560 cm–1,283 

S–H 2560 cm–1 1708 cm–1 2500-2600 cm–1,74 

While this result hinted at the active participation of In, Ga and S in the HER, the absence of Cu–H vibration 
suggested that Cu did not take part in this reaction. To further corroborate these findings, the chemical states 
of the reactive interface were characterized by XPS before and after testing. We hypothesized that the oxi-
dation state of the reactive sites could undergo partial reduction due to the electron accumulation and elec-
tron current preferentially flowing through them.276 The analyses revealed that while the Cu 2p spectra re-
mained virtually unaltered, the In 3d, Ga 2p and S 2p spectra changed during the reaction (Figure 7:14). The 
detected low-binding-energy contribution reflects an increased electron density in the surroundings of these 
ions that can be associated with their participation in the HER. 

 

Figure 7:16 Optical microscope images of CIGS surface (a) before and (b) during (laser focusing) operando Raman 
measurements. (c) Optical microscope image and (d) photograph of H2 bubble formed at CIGS surface after operando 

Raman measurements at applied potential below –0.2 V vs RHE. 

7.2.11 Gibbs free energy calculation 

With experimental evidence on the catalytic sites set in place, density functional theory calculations were 
undertaken to simulate the surface chemistry and establish a framework for interpretation. The Gibbs free 
energy of atomic hydrogen bonding to the reactive site (∆𝐺𝐺𝐻𝐻) is considered to be a descriptor for the HER.284 
Figure 7:17 depicts ∆𝐺𝐺𝐻𝐻 computed for the different adsorption sites available at the CIGS surface in two rep-
resentative scenarios.285 Firstly, Figure 7:17a displays ∆𝐺𝐺𝐻𝐻 for single/isolated adsorption sites, somewhat cor-
responding to a low surface coverage of atomic hydrogen. The lowest ∆𝐺𝐺𝐻𝐻 estimated for Ga and In sites 
suggests that these are the preferential catalytic sites, while the weak adsorption (high ∆𝐺𝐺𝐻𝐻) predicted for 
Cu accounts for its minor participation in the HER. Note that Cu orbitals barely contribute to the conduction 
band, hence the contribution of these sites to PEC HER could be ruled out. Secondly, ∆𝐺𝐺𝐻𝐻 was calculated 
assuming that adsorption occurs in sites with the minimal distance on our model surface to model a high 
surface coverage situation. Here, Ga and In sites appeared again as the preferred adsorption sites. Note that 
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while isolated S was not active for HER (high ∆𝐺𝐺𝐻𝐻), the proximity to Ga drastically reduces ∆𝐺𝐺𝐻𝐻, activating 
this site for the reaction and demonstrating that the adsorption characteristics are greatly influenced by the 
chemical environment. 

 

Figure 7:17 (a) Computed free energy diagram for hydrogen evolution considering one (a) or two neighboring (b) ad-
sorption sites, where H* denotes the adsorbed hydrogen atom. 

7.3 Conclusion 
In conclusion, we inspected the origin of the photovoltage bottleneck and catalytic properties of chalcopy-
rites using a CIGS photocathode. EIS and IMPS revealed that the voltage losses were caused by the FLP exist-
ing near 𝑉𝑉𝑓𝑓𝑏𝑏. This was found to originate from traps attributed to VGa and VIn, according to computational 
simulations. Likewise, the operando Raman spectroscopy identified for the first time Ga, In and S as the re-
active sites involved in the HER catalysis, which is in good agreement with the activity predicted on the basis 
of ∆𝐺𝐺𝐻𝐻. These findings correlate the PEC response to the chemical nature of the interface providing guide-
lines to engineer the performance of chalcopyrites. It seems particularly crucial to avoid formation of Ga and 
In vacancies to avoid FLP and retain a high density of reactive sites. 

7.4 Experimental 

7.4.1 Synthesis of CIGS photocathode 

Detailed synthesis method of solution-based CIGS photocathodes is described elsewhere.206 In brief, 1 mmol 
copper(II) acetylacetonate (Cu(CH3COCHCOCH3)2, 99.99+%, Sigma-Aldrich), 0.3 mmol indium(III) acety-
lacetonate (In(CH3COCHCOCH3)3, 98%, Strem Chemicals), 0.7 mmol gallium(III) acetylacetonate 
(Ga(CH3COCHCOCH3)3, 99.99%, Sigma-Aldrich) and 2 mmol sulfur (99.98%, Sigma-Aldrich) were mixed with 
12 mL oleylamine (technical grade, 70%, Sigma-Aldrich) in a three necked flask. The mixture was degassed 
and dissolved by stirring at 130 °C for 30 minutes under vacuum. Subsequently, the solution precursor was 
then purged with Argon and heated up to 265 °C for 60 minutes to complete the reaction. After naturally 
cooling down the flask, the as-prepared colloidal CIGS nanocrystals were then purified. First, ethanol was 



Identifying Reactive Sites and Surface Traps in Chalcopyrite Photocathodes 

109 

added to the mixture and centrifuged to separate the nanocrystals pellet from the supernatant. Second, the 
nanocrystals were further washed by redispersing them in toluene, adding ethanol again to precipitate them 
and centrifuging the mixture to separate them. This procedure was repeated 3 times. Finally, the nanocrystal 
pellet was redispersed in 1-hexanethiol (CH3(CH2)5SH, 95%, Sigma-Aldrich) to prepare the nanocrystal ink 
(200 mg mL–1). The nanocrystal ink was tape-casted onto flexible molybdenum foils (0.1 mm, 99.95%, chem-
PUR) and annealed at 250 °C for 4 minutes in air in a hot plate (VWR 10027-246). This procedure was repeated 
twice to reach a film thickness of around 800 nm. The films were spray-coated with a 6.5 M SbCl3 (99.9%, 
Aldrich) methanol solution (0.35 mmol antimony cm–2, geometric area of electrode), flame-sealed in an am-
poule containing 6 mg of sulfur powder and annealed in an oven pre-heated at 550 °C for 30 minutes. Finally, 
the ampoules were removed from the oven and let cool down naturally. 

7.4.2 Photoelectrodeposition of Pt co-catalyst 

The procedure of photoelectrodeposition of Pt on CIGS is described elsewhere.206 In brief, chronoamperom-
etry was performed on CIGS electrode at 0 V vs Ag/AgCl (sat. KCl) for 60 s under simulated AM 1.5 G condition 
in electrolyte containing 1 mM chloroplatinic acid hexahydrate (H2PtCl6 • 6H2O, 38%–40%, 99.9%1–Pt, Strem 
Chemicals). 

7.4.3 Photoelectrochemical characterization 

A Cappuccino-type cell (aperture area 0.238 cm2) containing the CIGS photocathode as working electrode 
(WE), a platinum wire counter electrode (CE) and a Ag/AgCl/Sat. KCl (RE-1CP, ALS Co., Ltd) reference elec-
trode (RE) was used for all electrochemical measurements, which were performed with a computer con-
trolled Bio-Logic SP-300 potentiostat. A 450 W xenon arc lamp (Newport 66921) calibrated to AM 1.5G, was 
used as light source. Unless stated otherwise, CIGS working electrode was illuminated from the electrolyte-
side in argon purged pH 6.1 phosphate-buffered aqueous solution consists of 0.5 M sodium sulfate (Na2SO4, 
=99.0%, Sigma-Aldrich), 0.25 M potassium phosphate monobasic (KH2PO4, 99+%, Acros) and 0.25 M dibasic 
(K2HPO4, 99+%, Acros). For sacrificial agent reduction experiments, 0.5 M potassium ferricyanide(III) 
(K3Fe(CN)6, 99+%, Acros) was added into the buffer solution. Linear sweep voltammetry was recorded at 20 
mV s–1. For impedance measurements, a 25 mV sinusoidal voltage perturbation was applied with the fre-
quency range of 1 MHz to 0.1 Hz. The impedance response was fit by using the equivalent circuit modeling 
software ZView (Scribner Associates). The incident photon-to-current efficiency (IPCE) was recorded on a 
tunable light source platform (TLS-300XU, Newport) which consists of a 300 W xenon arc lamp (Newport 
6258), a research arc lamp housing (Newport 66902), a cornerstone 130 monochromator (CS130-USB-3-FH) 
and a DC arc lamp power supply (OPS-A500 DC). The photon flux was calibrated by a calibrated Si photodiode 
(FDS100-CAL, Thorlabs). All the measured potentials were referred to the reversible hydrogen electrode 
(RHE) by means of the Nernst equation. 

7.4.4 Intensity-modulated photocurrent spectroscopy 

An array of white LED (Cree XLamp MC-E Color) was used to illuminate sample. The light intensity was sinus-
oidally-modulated in the 10 kHz–0.1 Hz range by using an arbitrary function generator (Tektronix AFG3021C). 
A background DC current of 600 mA was supplied with a 50 mA modulation amplitude (ca. 8% modulation 
depth). The above mentioned 3-electrode configuration was used for IMPS measurements. A Thompson Elec-
trochem potentiostat (model 251) was used to control the applied potential while the photocurrent response 
was monitored by a digital phosphor oscilloscope (Tektronix DPO7254C) through a differential probe (Tek-
tronix TDP3500) connected to a 50 Ω resistor (Velleman E6/E12) that was in series with the counter 
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electrode. IMPS data were processed and fitted using a custom Python program with lmfit package to per-
form curve fitting with nonlinear regression. The entire optical path was enclosed with blackout materials 
(Thorlabs TB4) to prevent interference from stray light. 

7.4.5 Operando Raman spectroscopy 

Raman spectra were acquired by means of a confocal Raman microscope (HORIBA Jobin Yvon XploRA PLUS) 
that mainly consists of an optical microscope (Olympus BX41), a 532 nm laser (HORIBA DPSS) and a charge-
coupled device (CCD) camera (HORIBA Jobin Yvon Syncerity). The objective lens (Olympus MPlan N, 50×, NA 
= 0.75) was directly immersed in the electrolyte to carry out the measurements. To prevent damage the 
objective lens was covered with optically transparent Teflon film (American Durafilm 50A, 0.013 mm). A 3D 
printed electrochemical cell that contains a medium size Ag/AgCl reference electrode (ALS RE-1B) and a plat-
inum counter electrode (0.5 mm, 99.9%, chemPUR) was fit onto the opening of a X-Y translation mechanical 
stage (Olympus). This 3-electrode setup was connected to a Bio-Logic SP-50 potentiostat. 

7.4.6 Gas chromatography measurement 

A gas-tight single compartment PEEK electrochemical cell was used for gas chromatography (GC) measure-
ments. Carrier gas Helium (99.9999%, Carbagas) was continuously infused into the cell with a flow rate of 20 
mL/min (controlled by a digital thermal mass flow controller, Bronkhorst High-Tech, F201CV). Hydrogen pro-
duced by solar water reduction on CIGS was monitored by an online GC (Trace ULRTA, Thermo) periodically 
with an interval of around 12 min. Gas product was separated by a micropacked ShinCarbon column (Restek) 
and was analyzed by a pulse discharge detector (PDD, Vici). Certificated hydrogen gas with known concen-
tration (Carbagas) was used to calibrate the peak signal of PDD for product quantification and Faradaic effi-
ciency calculation. 

7.5 Density functional theory (DFT) calculations 

7.5.1 DFT setup 

All density functional theory (DFT) calculations were performed using the Quantum ESPRESSO package286,287 
with the Perdew-Burke-Ernzerhof (PBE)288 exchange-correlation functional. To treat self-interaction-induced 
spurious delocalization we used an on-site effective U correction289–291 with 𝑈𝑈eff = 3.6 eV292 on the Cu 4d 
states. Ultrasoft pseudopotentials293 with Cu (3d, 4s, 4p), In (4d, 5s, 5p), Ga (3d, 4s, 4p), S (3s ,3p) and H (1s) 
valence shells were used to describe electron-nuclear interactions. Kinetic-energy cut-offs of 40 Ry for the 
plane wave basis and 320 Ry for the charge density were used for all calculations. Structures were relaxed 
until forces converged below 0.025 eV Å–1 and in the case of bulk calculations stresses below 0.5 kBar. The 
16-atom CuInS2 and CuGaS2 structures (Figure 7:18) were fully relaxed prior to slab construction, using Monk-
horst-Pack294 grids of dimensions 8×8×4. This setup results in fully relaxed lattice parameters of 𝑎𝑎 = 𝑏𝑏 =
5.585 Å, 𝑐𝑐 = 11.250 Å for CuInS2 and 𝑎𝑎 = 𝑏𝑏 = 5.395 Å, 𝑐𝑐 = 10.631 Å for CuGaS2, which agrees reasonably 
well with experiment (𝑎𝑎 = 𝑏𝑏 = 5.523 Å, 𝑐𝑐 = 11.118 Å and 𝑎𝑎 = 𝑏𝑏 = 5.357 Å, 𝑐𝑐 = 10.434 Å respectively).295 

Layer-resolved projected densities of states (PDOS) are obtained by projecting the total density of states 
(DOS) onto spherical harmonics centered at the atomic sites and summing up the contributions belonging to 
atoms in the same layer. 
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Figure 7:18 (a) CuInS2 and (b) CuGaS2 bulk structures. Color code: Cu=brown, In=purple, Ga=light blue and S=yellow. 

7.5.2 Slab construction 

The (112) surface was reported to be preferentially exposed for these materials.296 The (112) surfaces of both 
materials were constructed from the optimized bulk structures, cleaving perpendicular to the [112] direction. 
The resulting slabs consist of 5 layers, each layer having 4 Cu, 4 In/Ga and 8 S atoms. A vacuum of around 10 
Å separates the periodic images along the surface-normal direction and the slabs are calculated with 6×3×1 
Monkhorst-Pack294 meshes. During relaxations, atoms in the three bottom layers are kept fixed at bulk posi-
tions. 

In the bulk, each Cu and In/Ga atom forms 4 bonds with the neighboring S atoms. The Cu atoms have 1 
valence electron which contributes to 4 bonds and the In/Ga atoms have 4 valence electrons which contrib-
ute to 4 bonds. Constructing the slabs, each Cu and In/Ga at the top and bottom surface loses one bond with 

S and we therefore assign charges of 1
4

e– and 3
4

e– to each Cu and In/Ga dangling bond respectively. At the 

bottom surface, this charge is compensated through pseudo-hydrogens with core charges of 𝑍𝑍 = + 1
4

e– and 

𝑍𝑍 = + 3
4

e– attached to Cu and In/Ga respectively.292 Following previous work,292 we reconstruct the top sur-

face. Since the CuInS2 (112) surface exposes two dangling In bonds and two dangling Cu bonds, 2 electrons 

(2 ∗ 1
4

e– + 2 ∗ 3
4

e– = 2e–) need to be removed from the surface. It was shown292 that substitution of an In 

atom (formal oxidation 3+) by a Cu atom (formal oxidation 2+) is thermodynamically most stable over acces-
sible regions of the phase diagram. Therefore, we replaced two In/Ga atoms per unit cell with Cu atoms 
(Figure 7:19) and from the projected density of states (Figure 7:19c) observe no dangling-bond states in the 
band gap. For HER calculations on mixed In|Ga or Ga|Ga sites, a CuInS2 slab with two of the surface In re-
placed with Ga was used. For defect and vibrational frequency calculations a mixed Cu(In,Ga)S2 slab was 
constructed by randomly replacing 5 out of 18 Ga atoms by In atoms in a CuGaS2 slab. We sampled 20 differ-
ent configurations and selected the lowest energy one that had one In atom per layer. 
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Figure 7:19 (a) Side-view, (b) top-view and (c) the layer-resolved PDOS of the relaxed configuration of the Cu-enriched 
CuInS2 (112) surface. Color code: Cu=brown, In=purple, and S=yellow. 

7.5.3 Surface defect density of states 

In the following we show the layer-resolved PDOS for CuGaS2 slabs with different defects in the lowest-energy 
sampled configurations. 

 

Figure 7:20 (a) VCu, (b) VGa and (c) VS defects in CuGaS2. 

Neither of these defects induces any localized states at the valence-band edge. VCu (Figure 7:20a) leads to 
band-like hole doping, VGa (Figure 7:20b) introduces a dispersive sulfur dominated band above the valence 
band, while VS (Figure 7:20c) results in an empty defect state below the conduction band. 

 

The following are layer-resolved PDOS of the CuGaS2 slab with 5 In atoms substituted on Ga sites, focusing 
on In and Ga related defects since VGa in CuGaS2 resulted in (dispersive) defect states above the valence band. 
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Figure 7:21 (a) VGa, (b) VIn, (c) CuGa and (d) CuIn defects in Cu(In,Ga)S2. 

With presence of In, VGa (Figure 7:21a) results in a localized defect state about 0.3 eV above the valence band. 
VIn (Figure 7:21b) leads to a distribution of states close to the valence band edge. Both the CuGa (Figure 7:21c) 
and CuIn (Figure 7:21d) antisite defects result in band-like doping of the valence band, combined with higher 
lying defect states about 1.2 eV and 0.8 eV above the Fermi level respectively. 

7.5.4 Determination of ∆GH 

The HER can be written in a general form as: 

H+ + e– → 1/2H2 (7: 4) 

although it consists of two reaction steps. The first step of the reaction involves the chemisorption of the 
proton to the active site (*), i.e., the so-called Volmer step: 

H+ + e– + * → H*   (Volmer step) (7: 5) 

where * refers to the reactive site and H* denotes the adsorbed hydrogen atom. The production of hydrogen 
could either proceed via (i) the recombination of two neighboring adsorbed hydrogen atoms (Tafel step) or 
(ii) the reaction between an adsorbed hydrogen and a proton in the solution (Heyrovsky step): 
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H* + H* → H2 + * + *   (Tafel step) (7: 6) 

H* + H+ + e– → H2 + *   (Heyrovsky step) (7: 7) 

We calculate the free energy of atomic hydrogen bonding to the reactive site (Δ𝐺𝐺𝐻𝐻) via the general equa-
tion:284,285,297 

Δ𝐺𝐺𝐻𝐻 = Δ𝐸𝐸𝐻𝐻 + Δ𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑘𝑘Δ𝑆𝑆𝐻𝐻 − 𝑙𝑙e𝑈𝑈 (7: 8) 

where Δ𝐸𝐸𝐻𝐻 is the hydrogen chemisorption energy, which is calculated by DFT, while Δ𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍, i.e., the differ-
ence in zero point energy between the adsorbed and the gas phase and Δ𝑆𝑆𝐻𝐻, i.e., the change in entropy, are 
obtained from standard tables.285,298 The 𝑙𝑙𝑒𝑒𝑈𝑈 term accounts for the effect of the applied bias 𝑈𝑈 and the num-
ber of transferred electrons (𝑙𝑙). We consider pH = 0 in the electrolyte and 1 bar of H2 in the gas phase at 298 
K as well as an applied potential 𝑈𝑈 = 0, conditions wherein the free energy of the reaction 1/2𝐻𝐻2 → 𝐻𝐻+ + 𝑒𝑒– 
is zero. 
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 Conclusion 
Photoelectrochemical (PEC) water splitting based on tandem cell architecture represents a promis-

ing strategy towards net-zero carbon emission economy. The goal of the doctoral works is to utilize novel 
interfacial spectroelectrochemical techniques to identify the performance bottleneck and charge carrier dy-
namics at the interface of photoelectrodes such as hematite, spinel copper ferrite, spinel zinc ferrite, lantha-
num iron oxide and sulfur chalcopyrite. The spectroelectrochemical tools utilized in this thesis are electro-
chemical impedance spectroscopy (EIS), intensity-modulated photocurrent/photovoltage spectroscopy 
(IMPS/IMVS), operando UV–Vis spectroscopy, operando Raman spectroscopy and transient photocur-
rent/photovoltage spectroscopy (TPC/TPV). 

To advance IMVS, a technique that has been widely used in solar cells, into the field of PEC water splitting, 
we performed IMVS analysis on charge recombination processes under open circuit conditions on a model 
hematite photoanode in Chapter 2. Employing two sacrificial oxidation conditions compared to standard wa-
ter oxidation conditions, our IMVS results established a direct correlation between surface recombination 
processes and the low frequency IMVS response. We found that surface intermediate states for water oxi-
dation under open circuit condition exhibit a lifetime of 229 ms under standard illumination conditions. Ap-
plying a nickel iron oxide overlayer also gives insight into surface passivation effects through IMVS analysis 
of photoanode system. 

Motivated by resolving the ambiguous effect of the electrolyte pH on the performance of metal oxide pho-
toanodes for solar water oxidation and contrasting views in recent reports. A comprehensive set of spectro-
electrochemical techniques, that are EIS, IMPS, IMVS and operando UV–vis spectroscopy, were deployed to 
clearly uncover the role of pH on the performance of hematite photoanodes in Chapter 3. Our results re-
vealed that, despite the presence of high-valent iron-oxo active sites over a wide pH range (7–13.6), the 
observed performance improvement with increasing pH is mainly driven by the reduction of surface accu-
mulated charges, in the form of reactive intermediate species, that alleviates Fermi level pinning (FLP). Inter-
estingly, IMPS data provides compelling evidence that the mitigation of FLP originates from changes in the 
reaction mechanism which boost the rate of charge transfer reducing, in turn, the surface charging. Addition-
ally, we present a phenomenological analysis of the IMVS response which brings to light the additional impact 
of the electrolyte pH on the surface-related recombination dynamics. Chapter 3 identifies the pH-dependent 
kinetics of water oxidation as the key step governing the performance, defining not only the efficiency of 
charge transfer across the interface but also the degree of FLP that determines both the photocurrent mag-
nitude and onset potential. 

In Chapter 4, we aim to identify the limiting factors dictating the poor performance (0.5 mA cm−2 at 1.6 
V vs. RHE) of a potential candidate photoanode, spinel copper ferrite (CuFe2O4). CuFe2O4 thin-film pho-
toanodes were examined using voltage and light modulation techniques, namely EIS, IMPS and IMVS to pro-
vide a detailed description of the photogenerated charge carrier behavior under operational conditions. Re-
sults evidenced a strong Fermi level pinning during oxygen evolution caused by the accumulation of surface 
intermediates and a relatively slow rate of charge transfer (ktran ∼ 5 s−1). Moreover, the short hole diffusion 
length (Lp ∼ 4 nm) and the low charge collection efficiency (below 10%) further prevent efficient charge 
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extraction. These findings point towards the need of both film nanostructuring and surface engineering to 
further advance this photoanode. 

Another emerging spinel-type photoanode is zinc ferrite (ZnFe2O4, ZFO) owing to its low-cost manufacturing 
and stability. However, the severe recombination at the reactive interface remains as the main source of the 
poor onset potential. Although catalytic overlayers have shown to override, at least partially, the surface 
recombination, passivating-only coatings are barely explored despite holding the key to specifically suppress 
the recombination. In Chapter 5, a sub-nanometer Al2O3 layer is conformally deposited onto nanostructured 
ZFO, leading to a 100 mV shift in the onset potential reaching 0.80 V versus reversible hydrogen electrode 
(RHE) and a fourfold photocurrent increase at 1.0 V versus RHE. The passivation-only effect of Al2O3 is con-
firmed by the slowing down of the surface recombination detected by IMPS, TPC and photoluminescence 
experiments. Further characterization of the chemical states at the reactive interface reveals that the partial 
filling of the surface oxygen vacancies and the formation of a Zn2+–Al3+ Lewis adduct are potentially involved 
in the surface passivation. This study not only demonstrates that Al2O3 improves ZFO's onset potential but 
also sheds light on the up until now unknown surface passivation mechanism. 

With the aim of advancing the modest and stagnant PEC response of lanthanum iron oxide (LaFeO3, LFO) 
photoanodes for solar water oxidation, a nanorod array-type electrode combined with defect and surface 
engineering protocols has been demonstrated in Chapter 6, delivering a benchmark performance of 0.4 mA 
cm−2 at 1.23 V vs. RHE with an onset potential below 0.55 V vs. RHE. It was found that oxygen defects acti-
vated the surface towards OER, while NiFeOx coating suppressed surface recombination. It was discovered, 
however, that the performance was limited by rapid (nanosecond timescale) bulk recombination, as well as 
the ultrashort hole diffusion length (<5 nm). This work provides guidelines to accelerate the progress of LFO 
electrodes, as well as novel insights that afford a better understanding of oxide perovskite photoanodes. 

Recent progress in chalcopyrite photocathodes shown stable and milliamperes-range photocurrents for solar 
hydrogen production. However, the surface recombination limits the output photovoltage. Although burying 
the interface with charge-separation and catalytic overlayers partially patches this issue, deciphering the 
origin of the voltage losses and the catalysis still remains key to overhaul chalcopyrites. In Chapter 7, spec-
troelectrochemical and computational methods were combined to investigate a model sulfide chalcopyrite: 
CuIn0.3Ga0.7S2. We found that voltage losses were linked to traps induced by surface vacancies of Ga and In, 
whereas operando Raman revealed that the catalysis was linked to Ga, In and S sites. This study allows to 
establish a bridge between the chalcopyrite’s performance and its surface’s chemistry. 

Overall, the works presented in this thesis provide fundamental understanding on emerging solution-pro-
cessed photoelectrode in terms of kinetics for charge transfer and recombination, density of surface states 
(DOSS), intermediate species, catalytic active sites and charge carrier lifetime. Valuable insights gained from 
operando spectroelectrochemistry allows us to propose and develop rational surface and bulk engineering 
on emerging metal oxide photoanodes and sulfur chalcopyrite photocathodes. 
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Honors & Awards
Best Oral Presentation Award Online Conference,

United States
2021 VIRTUAL MATERIALS RESEARCH SOCIETY SPRING MEETING 22 Apr. 2021

Helvetica Best (virtual) Poster Award Online Conference,
Switzerland

3𝑟𝑑 SWISS INDUSTRIAL CHEMISTRY SYMPOSIUM 2020 30 Oct. 2020
Highlighted in CHIMIA, 2020, 74 (12), 1029. Link and Conference Website Link

Best Poster Presentation Award Runner-up Online Conference,
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SWISS CHEMICAL SOCIETY FALL MEETING 2020 25 Aug. 2020
Highlighted in Swiss Chemical Society Website Link and EPFL News Link

Best Poster Award Runner-up Fribourg, Switzerland
SWISS CHEMICAL SOCIETY PHOTOCHEMISTRY SYMPOSIUM 2019 14 Jun. 2019
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Chemistry Travel Award Switzerland
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Highlighted in CHIMIA, 2019, 73 (6), 514-517. DOI: 10.2533/chimia.2019.514

Sustainable Energy & Fuels Poster Prize Torremolinos, Spain
NANOGE FALL MEETING 2018 (NFM18) 26 Oct. 2018
Highlighted in EPFL News Link

Best Presentation Award Chengdu, China
ENERGY MATERIALS AND NANOTECHNOLOGY SUMMIT (EMN 2018) 16 May 2018
Highlighted in EPFL News Link

Best Presentation Award La Rochelle, France
5𝑡ℎ CHINESE FRENCH SYMPOSIUM ON ADVANCED MATERIALS (CFSAM-5) 23 Jul. 2017
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2014 Silver Award, National College Student Business Plan Competition Wuhan, China
2013 Bronze Award, College Student Entrepreneur Competition Wuhan, China
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2010 Excellent Student Cadre, Guilin Education Bureau Guilin, China
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International Talent Forum on Photoelectronics, Institute of
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• “Operando Spectroelectrochemistry for Evaluating Emerging Semiconducting Materials for Solar Fuel Pro-
duction”
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• “Evaluating the interfacial carrier dynamics in emerging photoelectrodes with operando spectroelectro-
chemistry”
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(4) Yongpeng Liu,*† Javier Quiñonero,† Liang Yao, Xavier Da Costa, Roberto Gómez, Kevin
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(16) Néstor Guijarro, Liang Yao, Florian Le Formal, Rebekah Wells, Yongpeng Liu, Barbara Primera
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(20) Aiman Rahmanudin, Liang Yao, Xavier A Jeanbourquin, Yongpeng Liu, Arvindh Sekar, Emilie
Ripaud, Kevin Sivula.* Melt-processing of small molecule organic photovoltaics via bulk heterojunction
compatibilization. Green Chemistry, 2018, 20 (10), 2218-2224. DOI: 10.1039/C8GC00335A

(21) Meng Xia, Lichao Jia, Jin Li, Yongpeng Liu, Xin Wang,* Bo Chi, Jian Pu, Li Jian. Effects
of co-doped barium cerate additive on morphology, conductivity and electrochemical properties of
samarium doped ceria electrolyte for intermediate temperature solid oxide fuel cells. International
Journal of Hydrogen Energy, 2018, 439 (33), 16293-16301. DOI: 10.1016/j.ijhydene.2018.07.040

(22) Shuailong Zhang,* Yongpeng Liu, Yang Qian, Weizhen Li, Joan Juvert, Pengfei Tian, Jean-
Claude Navarro, Alasdair Clark, Erdan Gu, Martin D. Dawson, Jonathan M. Cooper, Steven L. Neale.*
Manufacturing with light - micro-assembly of opto-electronic microstructures. Optics Express, 2017,
25 (23), 28838-28850. DOI: 10.1364/OE.25.028838

•Highlighted by the Optical Society of America (OSA) in the news releases - “New Approach
Uses Light Instead of Robots to Assemble Electronic Components” link

(23) Shuailong Zhang,* Yongpeng Liu, Joan Juvert, Pengfei Tian, Jean-Claude Navarro, Jonathan
M. Cooper, Steven L. Neale. Use of optoelectronic tweezers in manufacturing−accurate solder bead
positioning. Applied Physics Letters, 2016 109 (22), 221110. DOI: 10.1063/1.4971348

Conference Presentations
2021 Virtual Materials Research Society Spring Meeting Online Conference,

United States
ORAL PRESENTATION - <BEST ORAL PRESENTATION AWARD> 17-23 Apr. 2021
• “OperandoSpectroelectrochemicalObservationof SurfaceStates andActiveSites inChalcopyrite Photocath-
odes for Solar Water Reduction”

American Chemical Society Spring 2021 National Meeting & Exposition Online Conference,
United States

ORAL PRESENTATION 5-16 Apr. 2021
• “Operando spectroelectrochemistry and surface engineering on emergingmetal oxide photoanodes for solar
water oxidation”

3𝑟𝑑 Swiss Industrial Chemistry Symposium 2020 Online Conference,
Switzerland

POSTER PRESENTATION & AWARDED ORAL PRESENTATION -
<HELVETICA BEST (VIRTUAL) POSTER AWARD> 30 Oct. 2020

• “Molecular Hydrogen Production Through Solar Water Splitting”

Swiss Chemical Society Fall Meeting 2020 Online Conference,
Switzerland

ORAL & POSTER PRESENTATION -
<BEST POSTER PRESENTATION AWARD RUNNER-UP> 25 Aug. 2020

• “OperandoSpectroelectrochemicalObservationof SurfaceStates andActiveSites inChalcopyrite Photocath-
odes for Solar Water Reduction”

CIME Day 2020 Lausanne, Switzerland
POSTER PRESENTATION 6 Mar. 2020
• “Nanostructured Semiconductors for Solar Fuel Production: An Operando Spectroelectrochemical Study”

EPFL special Alumni Day for the 50 years anniversary Lausanne, Switzerland
POSTER PRESENTATION 9 Nov. 2019
• “Operando Spectroelectrochemistry for Evaluating Emerging Semiconducting Materials for Solar Fuel Pro-
duction”

https://pubs.rsc.org/en/content/articlelanding/2018/gc/c8gc00335a
https://www.sciencedirect.com/science/article/pii/S036031991832161X
https://doi.org/10.1364/OE.25.028838
https://www.osa.org/en-us/about_osa/newsroom/news_releases/2017/new_approach_uses_light_instead_of_robots_to_assem/
https://doi.org/10.1063/1.4971348


8𝑡ℎ SCCER Heat and Electricity Storage Symposium Dübendorf, Switzerland
POSTER PRESENTATION 5 Nov. 2019
• “Uncovering the interfacial carrier dynamics in emerging photoelectrodes for solar fuel production – an
operando spectroelectrochemical study”

Swiss Chemical Society Fall Meeting 2019 Zürich, Switzerland
ORAL & POSTER PRESENTATION 6 Sept. 2019
• “Uncovering the interfacial carrier dynamics in emerging photoelectrodes for solar fuel production – an
operando spectroelectrochemical study”

American Chemical Society Fall 2019 National Meeting & Exposition San Diego, CA, United States
ORAL PRESENTATION 25-29 Aug. 2019
• “In situ and operando spectroelectrochemical techniques for evaluating interfacial carrier behavior in emerg-
ing photoelectrodes for solar fuel production”

Swiss Chemical Society Photochemistry Symposium 2019 Fribourg, Switzerland
POSTER PRESENTATION - <BEST POSTER AWARD RUNNER-UP> 14 Jun. 2019
• “Evaluating Interfacial Carrier Behavior in Emerging Photoelectrodes via Spectroelectrochemistry for Solar
Fuel Production”

nanoGe Fall Meeting 2018 Torremolinos, Spain
POSTER PRESENTATION - <SUSTAINABLE ENERGY & FUELS POSTER PRIZE> 22-26 Oct. 2018
• “Uncovering the Interfacial Carrier Dynamics in CuInGaS2 Photocathodes during Hydrogen Production”

Swiss Chemical Society Polycoll 2018 Lausanne, Switzerland
POSTER PRESENTATION 5 Oct. 2018
• “Interfacial Dynamics of Hematite Photoanode – an in situ Spectroelectrochemical Study”

Swiss Chemical Society Clariant Chemistry Day 2018 Basel, Switzerland
POSTER PRESENTATION 4 Oct. 2018
• “Interfacial Dynamics of Hematite Photoanode – an in situ Spectroelectrochemical Study”

Swiss Chemical Society Fall Metting 2018 Lausanne, Switzerland
POSTER PRESENTATION 7 Sept. 2018
• “Uncovering the Interfacial Carrier Dynamics in CuInGaS2 Photocathodes during Hydrogen Production”

Energy Materials and Nanotechnology Summit Chengdu, China
ORAL PRESENTATION - <BEST PRESENTATION AWARD> 12-16 May 2018
• “New Insights into the Role of the Semiconductor-Liquid Junction for Solar Fuel Production”

5𝑡ℎ Chinese French Symposium on Advanced Materials La Rochelle, France
ORAL PRESENTATION - <BEST PRESENTATION AWARD> 18-23 Jul. 2017
• “Artificial Photosynthesis with Rust: A Closer Look into the Interfacial Dynamics of Water Oxidation”
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