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Abstract 
Photoelectrochemical (PEC) water splitting is a promising technology for 
converting solar energy into green hydrogen. The development of highly 
efficient, robust and cost-effective photoanodes has been established to be of 
essential importance for PEC water oxidation. BiVO4 has been deemed as one 
of the most up-and-coming metal oxide-based photoanode materials for PEC 
water splitting. Development of new surface engineering techniques for BiVO4 
is therefore the subject of this thesis.  

In Chapter 1, a general introduction that centers on the solar fuel production by 
BiVO4-based PEC cells is presented. It concerns the working principles of PEC 
systems, current status of BiVO4-based photoanodes, and modification 
strategies for enhancement of the PEC activity.  

In Chapter 2, the characterization methods used in this thesis and the preparation 
of BiVO4 photoelectrode are introduced.  

In Chapter 3, a postsynthetic borate treatment is developed to decorate the 
BiVO4 surface. The PEC performance of as-prepared B-BiVO4 photoanode is 
evaluated and the mechanism of the PEC enhancement is subsequently 
investigated. Moreover, the layered double hydroxide-based cocatalyst is 
integrated with the B-BiVO4 substrate. The synergistic effects of borate 
treatment and cocatalyst on improvement of the PEC activity are discussed.  

In Chapter 4, a conjugated microporous polymer-based heterogeneous catalyst 
is applied to the surface modification of BiVO4. The PEC performance of the 
BiVO4/eCMP-Co hybrid photoanode is discussed. Furthermore, the origin of the 
PEC enhancement is investigated by charge kinetics studies. 

In Chapter 5, a metal-organic complex, cobalt phytate, is introduced on BiVO4 
by photo-assisted electrodeposition in the form of an ultra-thin nanolayer. The 
PEC performance of the BiVO4/CoPhy integrated photoanode and the role of 
CoPhy in interfacial charge transfer is investigated.  

Keywords: photoelectrochemical water splitting, photoanodes, bismuth 
vanadate, surface engineering 
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Sammanfattning på svenska 
Fotoelektrokemisk (PEC) vattensplittring är en lovande teknik för att omvandla 
solenergi till grön vätgas. Utvecklingen av effektiva, robusta och 
kostnadseffektiva fotoanoder har fastställts vara av avgörande betydelse för 
PEC-baserad vattenoxidation. BiVO4 har ansetts vara ett av de mest 
framväxande metalloxidbaserade fotoanodmaterialen för PEC-baserad 
vattenoxidation. Att utveckla nya tekniker för ytmodifiering på BiVO4 är därför 
ämnet för denna avhandling. 

I kapitel 1 presenteras en allmän introduktion som fokuserar på produktion av 
solbränsle med BiVO4-baserade PEC-celler. Kapitlet beskriver 
arbetsprinciperna för PEC-system, nuvarande status för BiVO4-baserade 
fotoanoder och modifieringsstrategier för att förbättra PEC-aktiviteten. 

I kapitel 2 introduceras de karakteriseringsmetoder som används i denna 
avhandling och tillverkningen av BiVO4-baserade fotoelektroder. 

I kapitel 3 utvecklas en postsyntetisk boratbehandling för att dekorera BiVO4-
ytan på molekylär nivå. PEC-prestandan för den beredda B-BiVO4-fotoanoden 
utvärderas och mekanismen för PEC-förbättring undersöks därefter. Dessutom 
är en skiktad dubbelhydroxidbaserad co-katalysator integrerad med B-BiVO4-
substratet. Dessutom diskuteras de synergistiska effekterna av 
boratbehandlingen och co-katalysatorn på förbättring av PEC-aktiviteten. 

I kapitel 4 appliceras en konjugerad mikroporös polymerbaserad heterogen 
katalysator för ytmodifiering av BiVO4. PEC-prestandan för BiVO4/eCMP-Co 
hybrid fotoanoden diskuteras. Sedan undersöks ursprunget till PEC-
förbättringen med hjälp av laddningskinetikstudier. 

I kapitel 5 introduceras ett organisk-metall komplex, koboltfytat, på BiVO4 
genom fotoassisterad elektrodeponering i form av ett ultratunt nanolager. PEC-
prestandan för den BiVO4/CoPhy integrerade fotoanoden och rollen för CoPhy 
vid gränssnitt laddningsöverföring undersöks också. 

Nyckelord: fotoelektrokemisk vattensplittring, fotoanoder, vismutvanadat, 
ytkonstruktion 
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1.  
Introduction 

Energy has always been among the most essential resources for the survival, 
reproduction and prosperity of all life-forms on earth.1 The sun is the ultimate 
source of energy for living creatures. Correspondingly, the most important 
energy conversion is biological primary production, that is, plants and 
phytoplankton converting solar radiation into biomass by the process of 
photosynthesis and thereby starting the terrestrial/marine food chain.1,2  

Over the course of human history, we have come up with all sorts of different 
ways of extracting energy from our environment. The mastery of fire by early 
humans (cooking, heating, lighting, etc.), dating back at least 400,000 years, is 
generally acknowledged as the very first big milestone of mankind’s utilization 
of energy.3,4 The subsequent notable advance in energy was the Agricultural 
Revolution by the domestication of plants and animals, resulting in the 
evolution from primal hunter-gatherer lifestyle to the current sedentary 
societies.5 The Industrial Revolution, ignited by the steam engine’s invention 
in the 18th century, marked profound transformations in our socio-economic 
systems, moving away from agricultural economy toward machine-based 
manufacturing, and launching the era of fossil fuels (coal, petroleum and 
natural gas).  

However, the energy sector makes up around three quarters of global 
greenhouse gas (GHG) emissions today,6 which are identified as the main 
driver of climate change–perhaps the most pressing challenge mankind is 
facing today. To combat climate crisis, a historic Paris Agreement was adopted 
by 196 parties of the United Nations Framework Convention on Climate 
Change (UNFCCC) at the Conference of the Parties (COP21), with a long-
term goal to limit the rise in global temperatures to 1.5 °C (compared with pre-
industrial level) by mid-century. Since then, its implementation has received 
extensive international support and participation by many countries.7 To meet 
the global energy demand in a sustainable fashion under the Paris Agreement 
goals, the world not only needs to maximize the energy efficiency of existing 
fossil fuels but also to accelerate the transition towards low-carbon sources of 
energy (renewables and nuclear power).8  

1.1 The global energy perspective 

Since the industrial age began, fossil fuels have been playing a pivotal role for 
the modern civilization. According to the latest release of BP Statistical 
Review of World Energy 2021 report,9 despite extracting more and more 
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energy from renewables each year, fossil fuels are still the dominant energy 
source used across the world. As shown in Figure 1, oil remains as the largest 
share (31.2%) of the energy mix in 2020 while coal and natural gas account 
for 27.2% and 24.7%, respectively.9  

 
Figure 1. The timeline of primary energy consumption in exajoules (left) and the 
percentage shares in the energy mix (right) from 1995 to 2020.9 (Source from BP 

Statistical Review of World Energy 2021, 70th edition.) 

It is especially noteworthy that 2020 will forever be remembered as the 
COVID-19 pandemic year, which not only turned our daily lives upside down 
but also delivered a major shock to the energy markets. Specifically, both 
global primary energy consumption and carbon emissions decreased by 4.5% 
and 6.3% in 2020, respectively–the largest single drop since the end of World 
War II.9,10 Despite the disorder of 2020, the power generation from renewable 
energy, led by wind power and solar photovoltaic (PV), continues to grow 
(Figure 2). Encouragingly, wind (1591.2 TWh in 2020) provided the largest 
contribution to renewables growth and solar electricity (855.7 TWh in 2020) 
recorded its largest ever increase by 22%.9,10  

As the world continues the second year living with the COVID-19 pandemic, 
the changes in the world economy and energy consumption from the previous 
year appear to be gradually rebounding. According to the latest Global Energy 
Review 2021 from the International Energy Agency (IEA), carbon emissions 
are projected to rebound by nearly 5%, after the COVID-induced dip in 2020.10 
Obviously, achieving a full global transition to clean energy is still a 
formidable task for the next 30 years as the world strives to reach net zero. It 
calls for the highest levels of ambition and efforts from all governments, 
working together in solidarity. In the 1.5 °C scenario, renewable energy will 
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unquestionably play a pivotal role in the decarbonization progress, enabled by 
supporting policy and ongoing innovations in technologies and systems.11  

 
Figure 2. The renewable power generation (left) and the share of renewables in 
world power generation (right) from 2010 to 2020.9 (Source from BP Statistical 

Review of World Energy 2021, 70th edition.) 

1.2 Solar energy: toward a carbon-neutral future 

Arguably, a fundamental solution to the energy system for responding to the 
threat of climate change and for supporting a more sustainable development is 
the need for rapid growth of renewables. Figure 3 illustrates the global energy 
capacity and reserves, from renewables and non-renewables. Clearly, the 
colossal amount of solar energy dwarfs all other energy sources on Earth by 
many orders of magnitude. According to the report by Perez. et al., the sun is 
capable of generating ~23,000 Twy/y (terawatt-year of energy per year).12 This 
number was even considered to be conservative by the authors, since they 
assumed solar energy only received by land masses together with nearly 65% 
losses by atmosphere. In other words, the amount of solar energy bathing the 
earth within only one hour13 is more than enough to power the entire world for 
one year (e.g., ~17.7 TW in 2020 9). Evidently, the abundance and ubiquity of 
solar energy positions it as the largest exploitable and the most promising 
renewable energy resource for reaching carbon neutrality. 
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Figure 3. Planetary recoverable finite energy reserves (Terawatt-years, TWy) and 
yearly renewable energy potential.12 (Source from IEA SHC solar update, 2015) 

How solar energy is captured, stored, and dispatched to all forms of end-users 
in an efficient and cost-effective way are the key areas where the significant 
challenges are present. There are two main technologies available for 
harnessing solar energy in the global energy markets–solar thermal that uses 
concentrated sunlight to produce heat for electricity generation, and solar PV 
that generates electricity directly from sunlight based on semiconductor 
technologies.13 Moreover, the growth of solar PV electricity generation is on 
track to set a new record, which is expected to increase by 18% (reaching 1,000 
TWh) in 2021.10 This rise is also being expedited by ever-declining costs. As 
the IEA forecasts, the global energy sector will be dominated by renewable 
energy (> 60%) by 2050; in particular, solar will be the largest source, 
accounting for one-fifth of energy supplies.7 On the way to net zero, the gap 
between the enormous undeveloped potential of solar energy and its current 
utilization defines a compelling imperative for technical innovation and 
scientific research in the 21th century.14  

1.3 Solar fuel: from natural to artificial photosynthesis 

In view of the seasonality and intermittency of insolation, a long-standing 
challenge has been the energy storage (with high efficiency and low cost) for 
the widespread implementation of solar energy.15 An especially attractive 
option is the conversion and storage of solar energy in the form of chemical 
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bonds as occurs in natural photosynthesis, i.e., solar fuels via artificial 
photosynthesis.16  

Nature has been converting solar energy into chemical energy for billions of 
years by photosynthesis, leading to the ‘big bang of evolution’ on Earth.17 In 
brief, natural photosynthesis is achieved through two separate reactions: so-
called light reactions and dark reactions.18 The light reactions occur through a 
series of step-wise electron transfer processes and its accepted model is 
illustrated in Figure 4, following a so-called “Z-scheme”. Photosystem Ⅱ (PS 
Ⅱ) absorbs photons through an assembly of light-harvesting chlorophylls and 
generates P680* upon excitation. The electrons are transferred from PS Ⅱ to 
Photosystem Ⅰ (PS Ⅰ) through an electron transport chain, which also produces 
ATP. PS Ⅰ simultaneously absorbs light energy, leading to the excitation of a 
special chlorophyll pair (P700*). The photogenerated electrons are then 
transferred to the ferredoxin-NADP reductase (FNR) for the reduction of 
NADP+ into NADPH. In the dark reactions, the generated ATP and NADPH 
molecules participate in the CO2 fixation process to produce carbohydrates 
within the Calvin cycle. At the donor side of PS Ⅱ, a water oxidation reaction, 
driven by the cation radicals (P680+), occurs at a pentanuclear tetramanganese-
calcium cluster (Mn4CaO5), i.e., the oxygen-evolving complex (OEC).  

 

Figure 4. A simplified schematic view of the light reaction (“Z-scheme”) in natural 
photosynthesis. 

In short, nature’s unique arsenal provides a great blueprint for solar energy 
storage in fuels. More importantly, the fundamental principles underlying the 
natural process (including light harvesting, charge separation and transfer, and 
catalysis) have been further applied to the design and construction of the so-
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called ‘artificial photosynthesis’.19 In this process, solar energy can be directly 
converted into chemical fuels via a series of photoelectrocatalytic reactions.20 
The solar-to-chemical production can also be achieved in an indirect manner 
by coupling electrochemical (EC) reaction processes with photovoltaic devices.  

The typical strategies for artificial photosynthetic systems mainly include 
water splitting for hydrogen production21-23 and CO2 reduction for value-added 
chemical production.24-26 More recently, the concept of artificial 
photosynthesis has been extended to other solar-driven reactions including 
H2O2 production from oxygen reduction,27 photofixation of N2 to ammonia,28,29 
photoreforming of biomass into value-added chemicals,30,31 and so on. Besides, 
the steadily improving understanding of the OEC structure and working 
mechanism in PS Ⅱ at a molecular level has inspired the design and synthesis 
of a wide range of catalysts, either transition-metal materials or molecular 
catalysts, aimed at different solar-to-chemical reactions.32,33 

In 2015, world leaders convened to adopt the United Nations’ 17 Sustainable 
Development Goals,34 which are aimed at eliminating poverty, fighting 
inequality, and tackling climate change by 2030. The theme of the projects 
presented in this thesis revolve around photoelectrochemical water splitting for 
hydrogen production and are closely associated with Goal 7 of Affordable and 
Clean Energy and Goal 13 of Climate Action. Our efforts could further 
contribute to the Goal 9 of Industry, Innovation, and Infrastructure and Goal 
11 of Sustainable Cities and Communities. Guided by the goals, the vision of 
solar fuels in the net zero future makes them a theme that quickly moves up on 
the global research agenda. Before artificial photosynthetic systems can be 
considered for practical application, they generally require dramatic 
improvements in energy-conversion efficiency, durability, simplicity and cost-
effectiveness for large-scale production.35,36  

1.4 Solar-driven water splitting: green hydrogen production 

Hydrogen is envisioned as the ideal energy carrier for the storage and 
distribution of renewables inter alia solar energy, due to its high gravimetric 
energy density of ~140 MJ kg-1, which surpasses most of the conventional fuels 
(gasoline 49 MJ kg-1, diesel 34 MJ kg-1, methane 44 MJ kg-1, and methanol 20 
MJ kg-1).37,38 It is intrinsically clean and produces only harmless water upon 
combustion. Apart from being a fuel directly used in fuel cells, hydrogen is an 
important feedstock for the chemical industry, such as the Haber-Bosch 
process for ammonia production, the Fischer-Tropsch process for hydrocarbon 
synthesis, and petroleum refining. However, currently most H2 is produced by 
methane steam reforming, coal gasification of partial oxidation of heavy oil, 
which highly relies on fossil fuel and results in carbon emissions.39 It is 
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obviously imperative that hydrogen needs to be low-carbon from the outset to 
the end use. In other words, hydrogen should be produced from renewable 
energy sources, such as solar energy.40 In this context, the process of solar-
driven water splitting for green hydrogen production has been the ‘Holy Grail’ 
in the field of artificial photosynthesis since 1995.41  

1.4.1 Working principles 
The overall water splitting process is an energetically uphill reaction (Figure 
5a), which requires a standard free energy change (ΔG°) of 237.2 kJ mol-1,42 
as shown in Equation 1: 

1
2 2 22 2          =237.2 kJ molH O H O G −⎯⎯→ + Δ °     (1) 

 
Figure 5. (a) Water splitting is a thermodynamically uphill process, while solar 

energy larger than 1.23 eV can drive photoelectrolysis of water. (b) Main 
processes of solar-driven water splitting. (c) Spectrum of the AM 1.5 G (i.e., 1 sun 

conditions with power intensity of 100 mW cm-2).  

The overall water splitting into H2 and O2 driven by solar energy conceptually 
comprises three fundamental processes (Figure 5b)42-44: (ⅰ) absorption of 
photons with energies greater than the semiconductor band gap, upon which 
electrons are excited from the occupied valence band (VB) to the unoccupied 
conduction band (CB), generating electron-hole pairs (e−/h+); (ⅱ) separation of 
charge carriers in bulk of semiconductor and the ensuing inner charge transport 
to the surface of semiconductor via drift and/or diffusion mechanisms; and (ⅲ) 
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charge carrier transfer at the (photo)electrode||electrolyte interface to initiate 
the redox reactions (catalysis), i.e., oxygen evolution reaction (OER) driven by 
photogenerated holes at the anode, and the hydrogen evolution reaction (HER) 
driven by electrons at the cathode. 

The devices for solar-driven water splitting can be conceptually classified into 
three configurations, namely photovoltaic–electrolyzers (PV–EC), particulate 
photocatalytic (PC) systems, and thin film-based photoelectrochemical (PEC) 
cells. To reliably compare and estimate the performance of different solar-
based hydrogen production systems (e.g., the evolving rate of H2 for PC 
systems, and the photocurrent density for the PEC and PV-EC systems), solar-
to-hydrogen conversion efficiency (ηSTH) has been the most important and 
commonly used parameter.45,46 It is defined as the ratio of chemical energy (H2) 
output to the solar energy input, as expressed in Equation 2.  
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The ηSTH is determined under standard 1 Sun illumination of Air Mass 1.5 
Global irradiance (AM 1.5G, as specified in ASTM G17347) with the energy 
flux of 100 mW cm-2 and the spectrum as shown in Figure 5c. The 
experimental H2 production rate can be measured by gas chromatography (GC). 
It should be emphasized that the measurement of STH excludes any sacrificial 
reagents or applied bias. For PV–EC systems and unbiased PEC tandem cells 
(with two photoelectrodes), the STH can alternatively be determined by 
Equation 3: 
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    (3) 

where JSC is the short-circuit photocurrent density, ηF is the Faradaic efficiency 
for catalytic H2 or O2 evolution, and P is the power density of incident 
illumination.48 However, it should be especially noted that the STH conversion 
efficiency, as defined by Equation 3, is not suitable for the three-electrode 
“half-cell” test configuration of photoelectrodes, since external bias is needed 
to offset the overvoltage and other losses to achieve overall water splitting.49  
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For the PV–EC configuration, the ηSTH of the whole device is the product of 
the solar-to-electricity conversion efficiency of the PV module (ηPV) and the 
electrolyzer efficiency (ηEC),50 as shown in Equation 4: 

STH PV ECη η η= ×           (4) 

1.4.2 Photovoltaic–electrolyzer system 

 
Figure 6. (a) Schematic diagram of a PV–EC system. (b) Idealized J–V responses 

of the PV cell and the electrolyzer, and the crossing point points out the STH 
conversion efficiency. All data were assumed values for demonstration purposes. 

Unlike the other two monolithic devices (PC and PEC systems), PV–EC is a 
distributed system composed of a standalone PV-cell and a freestanding 
electrolyzer with catalysts (Figure 6a). Here, the PV cell only serves as light 
absorber for generation of charge carriers (i.e., generation of electrical bias), 
which are then transferred to the electrolyzer in form of direct current to drive 
electrochemical water splitting reactions. Therefore, the two parts share the 
same operating current (JOP) and voltage (VOP), obtained from the crossing 
points between their current-voltage (J–V) curves (Figure 6b). The point of 
intersection also determines the STH conversion efficiency of the PV–EC 
system.  

The most appealing merit of PV–EC systems is the high ηSTH values, exceeding 
10%.22 Moreover, most of the related technologies on the PV and EC 
components are already mature and commercially available. Both components 
can be independently investigated, optimized, and tested from laboratory 
scales to pilot projects.51 The maximum energy conversion efficiency for a 
single-junction PV device is 33.7% with an optimum band gap of 1.34 eV.52 
When the multi-junction PV is used instead of single-junction, the ηSTH can be 
improved even further. However, the system complexity for PV–EC is 
extremely high, inevitably leading to a high cost of H2 production. The noble 
metal-based electrocatalysts and expensive ion-exchange membranes (e.g., 
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Nafion), which are used in conventional electrolyzers, also increase the cost of 
this component. Due to the economic feasibility and catalytic efficiency 
concerns, the commercial impact of PV–EC systems is still very limited.44,53 

1.4.3 Particulate photocatalytic system 
For the PC system, photocatalyst particles modified with co-catalysts are 
dispersed in the aqueous electrolyte and the charge transfer pathway inside the 
particles is significantly shorter in comparison to PEC and PV–EC systems, 
which renders it as the most simple system for water splitting.53 

 

Figure 7. Schematic illustrations of particulate photocatalytic (PC) systems: (a) 
one-step photoexcitation system, and (b) Z-scheme system consisting of oxygen 
evolution photocatalyst (OEP), hydrogen evolution photocatalyst (HEP), and an 

aqueous redox mediator. 

In the conventional PC system with one-step photoexcitation (Figure 7a), both 
OER and HER occur on the same photocatalysts and a thermodynamic 
prerequisite for the semiconductor is to have a suitable band gap (Eg) and band 
edge potentials.54 In other word, its VB maximum should be more positive than 
the H2O/O2 potential (1.23 VRHE), while the CB minimum is more negative 
than the H+/H2 potential (0 VRHE). Consequently, the minimum theoretical Eg 
to achieve overall water splitting is 1.23 eV, which translates into a wavelength 
of about 1000 nm (Equation 5),55 

( ) ( )
1240

g
hcE eV q nmλ λ= ≈        (5) 

where h is Planck constant (6.626 × 10-34 J s); c is the speed of light (2.998 × 
108 m s-1); and q is the electron charge (1.602 ×10-12 C per electron). When the 
overpotentials for both OER and HER half-reactions as well as the resistance 
losses are taken into account, the photon energy required to drive the overall 
water splitting increases to at least 1.6 eV, corresponding to λ < 775 nm.56 
Another common approach in PC systems is two-step photoexcitation (Figure 
7b), achieved through the use of two distinct photocatalysts for HER and OER, 
together with a shuttle redox mediator.43 It resembles the “Z-scheme” process 
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in natural photosynthesis. Compared to the single-step system, two-step 
system lowers the thermodynamic requirements for semiconducting material, 
while also introducing kinetic challenges due to the increase in backward 
electron transfer.43 Besides, collection of a mixture of gaseous products and 
their separation are the additional requirements for the PC systems. 
Unfortunately, these factors are rarely discussed, since the ηSTH values for PC 
systems (mostly around 1%) are too low to motivate researchers for 
considering the latter necessary processes.22,57,58 

1.4.4 Photoelectrochemical cell 
The PEC configuration employs two electrodes that perform OER at the anode 
and HER at the cathode. It is powered by directly harvesting solar energy on 
photoelectrodes instead of by external electricity supply. The light absorbers 
used in PEC water splitting systems include inorganic semiconducting 
materials, dye sensitized systems, organic semiconducting polymers, etc.59-61 

 

Figure 8. Schematic illustrations of PEC cells composed of a single light absorber 
and a counter electrode (CE): (a) photoanode–CE configuration and (b) 

photocathode–CE configuration. The back-side illumination is assumed only for 
demonstration purposes.   

As shown in Figure 8a, the basic form of PEC cells is one photoactive 
electrode paired with a counter electrode (CE) with only a catalytic function. 
The only light absorber in this system can be either an n-type semiconducting 
photoanode or a p-type photocathode. Under illumination, electron-hole pairs 
are generated by light absorption (E(hv) > Eg) of an n-type semiconductor 
(photoanode). Once the photogenerated charge carriers are separated, the 
electrons reach the back contact and then move to the CE, while the holes are 
transported to the photoanode||electrolyte interface. The surface-reaching holes 
drive water oxidation to produce O2. Meanwhile, at the CE side (e.g., platinum), 
the incoming electrons will reduce water and generate H2. The OER (EOx = 0 
– 0.059×pH, VNHE) and HER (ERed = 1.23 − 0.059×pH, VNHE) half-reactions 
depend on the pH of electrolyte. 

In the acidic electrolyte:  
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2 22 4 4H O h O H+ ++ ⎯⎯→ +         (6) 

24 4 2H e H+ −+ ⎯⎯→          (7) 

In the alkaline electrolyte:  

2 24 4 2OH h H O O− ++ ⎯⎯→ +         (8) 

2 24 4 4 2H O e OH H− −+ ⎯⎯→ +        (9) 

As shown in Figure 8b, the same processes can occur in the PEC device based 
on a p-type semiconductor (photocathode), except that HER and OER occur at 
the photocathode||electrolyte interface and the CE side, respectively.  

 
Figure 9. Energy diagrams at the interface between an n-type semiconductor and 
an electrolyte with a redox couple electrolyte in three cases: (a) before equilibrium, 
(b) in the dark equilibrium, and (c) under illumination. Here, Ef, ECB and EVB denote 
the Fermi level, CB and VB edges, respectively. The gap between Ef,n and Ef,p is 

the photovoltage (Vph). 

For redox reactions that occur at aqueous conditions, the 
photoelectrode||electrolyte interface is of critical importance in PEC water 
splitting. A more extensive illustration on the band energetics of a 
semiconductor/electrolyte contact is depicted in Figure 9. For a common n-
type semiconductor, its Fermi level (Ef), the highest energy level that an 
electron can occupy at 0 K, is usually near the CB edge, since the numbers of 
electrons in CB is greater than that of holes in VB.42,46 By contrast, the Ef of a 
p-type semiconductor is normally located close to the VB edge.  

When a semiconductor is immersed in an electrolyte, a so-called 
semiconductor/liquid junction (SCLJ) is spontaneously formed at the 
interfaces, since the Fermi level (Ef) in the semiconductor and the redox 
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potential of the electrolyte (ERedox) must align to reach thermal 
equilibrium.23,45,62,63 In the case of an n-type semiconductor (Figure 9b), its Ef 
is always more negative than the water oxidation potential E(H2O/O2), 
resulting in electron (majority carriers) transfer from semiconductor to the 
electrolyte. When the equilibrium is established, the density of the majority 
carriers (electrons) near the semiconductor surface decreases, leading to the 
formation of a positively charged space charge region (SCR), also known as 
the depletion layer (width of several microns), because this layer is depleted of 
electrons. A built-in electric field is therefore created across the SCR, inducing 
an upward band bending effect. This SCR and the subsequent band bending 
play the key role in charge separation and transfer of the photogenerated charge 
carriers. On the electrolyte side, a thin Helmholtz double layer (typically a few 
nm in width) is formed, consisting of the compact inner layer (Stern layer) 
followed by the diffuse outer layer (Gouy–Chapman layer).44 For p-type 
semiconductors, the above changes in band energetics are reversed, resulting 
in a negatively charged SCR and downward band bending.  

Under illumination (Figure 9c), the electron–hole pairs generated by photon 
absorption within the SCR can be separated by the built-in electric field. 
Photoexcited holes are driven toward the interface where they can drive water 
oxidation reaction, whereas photoexcited electrons are driven to the back 
contact of the photoanode and further transported to CE. Under illumination, 
the Fermi level will split into hole quasi-Fermi level (Ef,p) and electron quasi-
Fermi level (Ef,n) due to the increase in the concentration of minority holes, 
generating a photovoltage (Vph) given by the difference between Ef,n and Ef,p.64 
Usually, Vph alone is not large enough to drive the charge transfer for water 
splitting because of the kinetic requirements, which increase the overpotential 
in HER and OER, and thereby necessitating applied bias for a single light 
absorber PEC system.46 

In order to expand the light absorption, enhance charge separation and alleviate 
the semiconductor requirements for water splitting, a PEC tandem cell can be 
constructed using two or more light absorbers (including PV) with varying 
band gap energies. Figure 10a shows the quintessence of a PEC tandem cell 
in a photoanode–photocathode configuration. In this system, a photoanode 
with relatively wide Eg absorbs the high-energy portion of the incident solar 
irradiation, while the photons transmitted through the front material are then 
absorbed by a photocathode with a narrow Eg. Both of the photoelectrodes are 
immersed in the electrolyte and are connected through an external circuit. The 
photoanode and photocathode mediate water oxidation and water reduction, 
respectively. To ensure such complementary light absorption, the CB 
minimum of the photoanode must be more negative than the VB maximum of 
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the photocathode. The main advantages of the PEC tandem cell are the high 
STH conversion efficiency and increased photovoltage under bias-free 
operation. Apart from the photocurrent density, the onset potential of 
photoelectrode is another crucial parameter in a PEC tandem cell. It is 
favorable for the photoanode to have a relatively negative onset potential; at 
the same time, the photocathode with a relatively positive onset potential is 
ideal. The crossing point of their J–V curves give the corresponding STH 
conversion efficiency of the device (Figure 10b).  

 
Figure 10. (a) The schematic illustration of a dual–absorber tandem cell for PEC 
water splitting. (b) Idealized J–V responses and operating points achieved from 

PEC tandem cell (assuming illumination from photoanode side), and the crossing 
point determines the STH conversion efficiency. All data were assumed values for 

demonstration purposes.   

Several comprehensive reviews comparing various solar water splitting 
configurations have been published recently.22,44,50,65,66 Theoretically, the PEC 
photoanode–photocathode configuration can achieve a maximum ηSTH higher 
than 25% when paring an optimal band gap combination in the range of 1.65–
1.8 eV/0.95–1.15 eV.50 Nonetheless, it is extremely difficult to find such ideal 
materials that meet all requirements including suitable band gaps, band 
positions, intrinsic properties (hole and electron mobility) and stability, and 
therefore the achieved ηSTH values for existing devices fall far short of their 
theoretical maximum. The record of ηSTH for the photoanode–photocathode 
configuration for PEC water splitting was very recently achieved by the Li 
group.67 A Co4O4/pGO/BiVO4/SnOx photoanode was successfully coupled 
with a Pt/TiOx/PIP/CuOx photocathode based on an organic polymer (PBDB-
T:ITIC:PC71BM). This integrated system exhibited an unprecedentedly high 
ηSTH of 4.3%. For a single light absorber PEC cell, the maximum practical 
theoretical limit of ηSTH is estimated to be ca. 11% for a band gap of 2.26 eV,65 
assuming that the illumination area is equal to that of the photoelectrode 
available for each half-reaction of water splitting. This value is still far away 
from the ca. 31% thermodynamic limit,51 highlighting the considerable losses 
in reaction overpotentials and the indispensability of catalysts.51,65  
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On one hand, PEC cells have attracted a tremendous level of attention due to 
their lower system complexity and the ensuing construction cost compared to 
that of PV–EC systems. On the other hand, PEC cells surpass PC systems in 
many aspects, such as the obtained STH conversion efficiency, the safety of 
gas collection and separation, and the requirements of materials. To become 
more competitive than the PV–EC systems, the PEC devices should have a 
high ηSTH exceeding 10% with a lifetime of at least 10 years and scalability for 
practical solar hydrogen production.22,68,69 To meet the abovementioned 
criteria, the PEC performance of photoelectrodes and systems have to be 
continuously improved through innovative research efforts on materials 
development and configuration optimization.  

1.5 Photoelectrodes: material requirements 

The field of PEC-based solar fuel production (water splitting) was initiated by 
the epoch-making discovery of electrochemical photolysis of water on 
semiconducting TiO2 by Fujishima and Honda in 1972.70 Thereafter numerous 
studies on novel semiconducting materials have developed numerous 
candidates for PEC photoelectrodes in terms of their PEC performance as well 
as elucidated fundamental understanding of their intrinsic properties and 
working principles of these materials.  

In both cases, PEC water splitting for H2 production, and PEC CO2 reduction 
into various carbon-based compounds, the anodic reaction will most likely 
involve water oxidation on photoanodes.71 Due to the nature of multi-electron 
and multi-proton transfers, water oxidation typically requires substantial 
overpotentials.72 Therefore, development of efficient and robust photoanodes 
is critical for the successful assembly of PEC devices with high STH 
conversion efficiency. The thesis aims at innovating existing promising 
photoanode materials for highly efficient PEC water splitting. 

The option of a suitable photoanode and/or photocathode material is the most 
important part for PEC water splitting. An ideal photoelectrode material should 
simultaneously meet the following criteria: 

(ⅰ) Proper band gap energy and band positions.64,65,73 It is well known that 
ultraviolet radiation (UV, 280–400 nm), visible light (400–700 nm) and near-
infrared radiation (NIR, 700–2500 nm) account for 5%, 43%, and 52% of the 
natural sunlight spectrum, respectively. Therefore, the band gap of 
semiconductors must ensure substantial absorption of the solar spectrum, 
thereby obtaining a higher theoretical ηSTH. In the view of thermodynamics of 
water splitting reactions, on the other hand, desirable photoelectrodes should 
have the band edge positions that straddle the redox potential for water 
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oxidation (H2O/O2, 1.23 VRHE) and reduction (H+/H2, 0 VRHE) reactions and 
generate sizable photovoltages. 

(ⅱ) Efficient charge carrier kinetics.74 Generally, charge kinetics primarily 
consist of separation and transport, occurring in the bulk of semiconductor, and 
charge transfer at semiconductor||electrolyte interface for chemical reactions. 
The above processes occur in series on different time scales. Take BiVO4 
photoanode as an example, transient spectroscopic studies by Durrant and co-
workers showed that the time scales of charge transport in the bulk and at the 
surface are ps–ns and ms–s, respectively.75  

The above charge carrier dynamic processes are closely linked to the intrinsic 
bulk and the surface properties of photoelectrodes. The resulting photocurrent 
density (Jph) that eventually used for PEC water splitting reaction can be 
qualified by Equation 10: 

ph abs bulk surfaceJ J η η= × ×          (10) 

The photocurrent density, when the absorbed light completely converts into 
current, is denoted as Jabs. The ηbulk and ηsurface refer to the inner charge 
separation and transport efficiency and the charge transfer efficiency at 
interfaces, respectively, reflecting two major losses in photocurrent density by 
bulk and surface recombination.  

With regard to ηbulk, it is determined by two crucial parameters: the width of 
the depletion layer (WD) and the diffusion length (L, the average distance that 
a photoexcited carrier will travel before recombination). According to the 
traditional Gärtner model,76 ηbulk can be expressed as Equation 11, 
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where Lp is the minority carrier diffusion length (holes for an n-type 
photoanode), and α is the absorption coefficient that determines the depth (1/α) 
at which light of a particular wavelength penetrates into the semiconductor. It 
is clear that a wider WD and a longer Lp will be conducive to a higher ηbulk. The 
WD is proportional to the applied bias (Eapp), and it can be expressed by the 
following Equation 12,74 
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where ε0 and εr denote the vacuum permittivity (8.854×10-12 F m-1), and the 
dielectric constant of the semiconductor (e.g., 68 for BiVO4), respectively. ND 
is the donor density; q is the electron charge (1.602 ×10-12 C per electron); and 
Efb is the flat band potential, which equals to a specific Eapp that counteracts 
the band bending in the space charge region. For general metal oxide-based 
semiconductors, the values of WD are several nm. The donor density can be 
obtained according to the Mott–Schottky equation,42 

2 2
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 =         (13) 

where C is the capacitance of the space charge layer of the semiconductor (here 
is photoanode), kB is Boltzmann constant, T is the temperature (K), and A is 
the surface area. 

The minority carrier diffusion length can be defined as Equation 14,77 

B
p

k TL D
q

μτ τ= =          (14) 

where D, τ, and μ denote the diffusion coefficient, lifetime, and mobility (m2 
V-1 s-1) for minority carriers, respectively. The mobility of charge carrier can 
be represented as Equation 15,77 

*
q
m

τμ =             (15) 

where m* is the effective mass of minority-carrier. It can be clearly seen that 
the minority carriers with faster mobility and a longer lifetime is highly 
favorable to a longer diffusion length, which in turn reduce the probability of 
charge carrier recombination in bulk, thereby improving ηbulk.  

Another important parameter of a photoelectrode is the electrical conductivity 
(δ), which can be defined as Equation 16,71 

nqδ μ=             (16) 

where n is the concentration of the charge carriers, typically spanning the range 
from 1015 to 1023 cm-3for metal oxide-based semiconductors.74 

An ideal photoanode should also have efficient charge transfer at interfaces 
(high ηsurface), that is, rapid surface OER kinetics. Surface states may exist on 
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semiconductor surface due to the termination of lattice periodicity (abrupt 
distortion) or adsorbed ions and they can act as surface recombination 
centers.77  

(ⅲ) Good stability for long-term PEC operation under illumination in aqueous 
electrolytes.  

(ⅳ) Earth abundant, nontoxic and low-cost component atoms.61 

1.6 Bismuth vanadate (BiVO4) 

According to the literature,78 photoelectrode materials can be classified in PV 
grade material (Si, III–V semiconductors, and chalcogenides, etc.) and non-PV 
grade semiconductor (metal oxides, transition metal (oxy)nitrides, carbon-
based materials, etc.). In general, metal-oxide based semiconductors have 
poorer intrinsic optoelectronic properties (such as carrier mobility and 
diffusion length) than their PV-grade counterparts. However, the low cost, 
ready availability, and intrinsic stability are certainly attractive aspects of 
visible light responsive metal oxide-based photoelectrodes, which are the most 
studied class of material for PEC water splitting.79-81 Among many potential 
photocatalysts, BiVO4 is one particular success story and has received 
immense interest as a promising photoanode material in the past decade.82,83 

The photocatalytic activity of BiVO4 for water oxidation was first reported by 
Kudo et al. in 1998.84 BiVO4 has three polymorphs: monoclinic scheelite, 
tetragonal scheelite, and tetragonal zircon, and the most photoactive phase is 
the monoclinic scheelite structure (space group of I2/b with a =5.1935 Å, b = 
5.0898 Å, c = 11.6972 Å, and β = 90.387°).71,85 As illustrated in Figure 11a 
and 11b, in the monoclinic scheelite crystal system, each Bi ion is coordinated 
by eight O atoms from eight different VO4 tetrahedral units, where V ion is 
coordinated by four O atoms.85 Besides, the significant distortion of local 
environments of Bi and V (the loss of the fourfold symmetry) has been reported 
to play a key role for the higher photocatalytic activity of monoclinic BiVO4 
relative to the other two polymorphs.55,86 
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Figure 11. (a) Crystal structure and (b) the side view (c-axis) of the structure.80 
Adapted with permission from reference 80. Copyright 2017 IOP Publishing. (c) 
The electronic structure of monoclinic BiVO4.87 Adapted with permission from 
reference 87. Copyright 2014 the American Chemical Society. (d) Theoretical 

absorption photocurrent density (under AM 1.5G illumination) and ηSTH of TiO2, 
WO3, Fe2O3, and BiVO4 and (e) the corresponding band gap structures. 

The band gap of monoclinic BiVO4 is reported to be 2.4–2.5 eV, and the color 
is vivid yellow.88 Figure 11c shows the electronic structure of BiVO4, which 
has been thoroughly studied by many groups using various theoretical and 
experimental techniques.87,89-91 The CB is mainly composed of V 3d states with 
contributions from Bi 6p and O 2p, while VB is made of hybridized orbitals 
from Bi 6s and O 2p states.87,90 The CB edge position is very close to the 
thermodynamic potential of H2 evolution, and the VB edge position is reported 
to ca. 2.4 VRHE, which provides sufficient driving force for photogenerated 
holes to oxidize water.64,90 According to Mayer’s review, BiVO4 displayed the 
highest photovoltage (> 1.0 V, the potential gap between photocurrent onset 
potential and thermodynamic water oxidation potential) among common metal 
oxide based photoanode materials with visible-light responsive photocatalytic 
activity (eg., Fe2O3, WO3, and ZnFe2O4).63 Moreover, the Eg of BiVO4 allows 
it to absorb ~11% of solar light spectrum, which gives a theoretical maximum 
photocurrent of ~7.5 mA cm-2, and a corresponding ηSTH of 9.2% (Figure 11d). 
The recognition of these intriguing features of BiVO4 has provided the impetus 
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for extensive research to exploit its great potential not only in the PC systems 
as an oxygen evolution photocatalyst but also inter alia in the PEC cells as a 
photoanode. 

1.7 Strategies to enhance PEC performance of BiVO4 

When unmodified BiVO4 is employed as a photoanode for PEC water splitting, 
its PEC performance is usually unsatisfactory. The major limiting factors 
include sluggish carrier transport property, severe surface recombination, and 
slow water oxidation kinetics.71,83,92 For example, according to the research by 
Abdi and co-workers, the carrier mobility of BiVO4 is only ∼4 × 10−2 cm2 V−1 
s−1.93 Even though a long carrier lifetime of 40 ns compensates for its low 
mobility to an extent, the carrier diffusion length of BiVO4 is only ~70 nm. To 
address one or more of the abovementioned limitations, a multitude of 
strategies, such as improvements of the synthesis methods, heterojunction 
construction, element doping, loading of water oxidation catalyst, 
postsynthetic treatments, or combinations thereof, have been rapidly 
developed in recent years. Consequently, the past decade has witnessed 
burgeoning development in BiVO4-based photoanodes as PEC performance 
records were being broken continuously. As summarized in a recent review 
article by Lee et al. in 2019,83 to date, BiVO4-based photoanodes can generally 
achieve a high photocurrent density around 4–6 mA cm-2 at 1.23 VRHE and a 
photovoltage of 0.8–1.0 V, while exhibiting good stability.  

1.7.1 Synthetic methods 
Facile and effective methods for synthesis of photoelectrode materials are 
prerequisites for achieving efficient PEC devices for solar water splitting. It 
not only determines the physicochemical property of materials such as 
morphology of nanostructure, state of defects, crystallinity and facet 
orientation, and conductivity, but also affects the efficacy of the ensuing 
modifications.94 

Metal-organic decomposition (MOD) is a popular synthesis route to fabricate 
thin-film based BiVO4 photoanodes.95-99 Typically, it is performed using an 
organic solution containing inorganic salts or organometallic species of Bi and 
V precursors. These precursor solutions are deposited on a transparent 
conducting substrate by spin coating, spray pyrolysis, or drop casting; then 
they are transformed into crystalline BiVO4 through an annealing process 
(generally at 350 °C–600 °C). The ease of tuning compositions (the ratio of Bi, 
V and other dopant ions) is the major advantage of MOD. However, the phase 
separation upon drying, the poor contact between BiVO4 and the conducting 
substrate, and the lack of uniformity have been claimed as significant 
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drawbacks especially when scaling the process, resulting in PEC performances 
far below expecations.100,101  

Electrodeposition or electrochemical synthesis followed by a thermal 
conversion process is an ideal and simple solution-based method for a plethora 
of reasons that include its broad applicability to many semiconductors and 
catalysts, the easy manipulation of synthetic variables (e.g., compositions of 
the plating solutions, pH, temperature, deposition time), uniform and 
controllable thickness of the films, and tight layer contact.94 In 2012, Choi’s 
group first developed an electrodeposition method for BiVO4 preparation using 
a plating solution consisting of Bi(NO3)3 and VOSO4.102 Since the relationship 
between particle size and the hole diffusion length of BiVO4 is well-known, 
Choi’s group performed a series of modifications on the electrodeposition 
conditions and remarkable enhancement was achieved.82,103-105 They 
successfully synthesized nanoporous BiVO4 films by thermal conversion of 
electrodeposited BiOI using a proper V source (VO(acac)2 in DMSO solution). 
The bare BiVO4 and BiVO4/FeOOH/NiOOH exhibited impressive 
photocurrent densities of 1.8 mA cm-2 and 4.2 mA cm-2 at 1.23 VRHE, 
respectively.82 Benefiting from this nanostructuring engineering, a high ηbulk 
up to 90% was obtained without any doping or heterojunction formation, as 
the average particle size (~76 nm) is similar to the hole diffusion length of 
BiVO4 (70–100 nm).106,107 By far, this well-established protocol by Choi’s 
group is one of the most successful and commonly used synthesis methods, 
and the PEC performance of BiVO4 has made rapid strides thereafter. 

Crystal facet engineering has recently emerged as a strategy for the design and 
fabrication of efficient BiVO4 photoanodes for PEC water splitting.108-112 In 
practice, semiconductors with low crystal symmetry often display anisotropic 
properties between different facets; the charge separation efficiency can thus 
be dramatically influenced by the crystallographic orientation and selective 
exposure of specific facets.113,114 For example, Zheng’s group successfully 
demonstrated a preferentially [001]-oriented BiVO4 photoanode via a laser 
ablation process, exhibiting a Jph of 3.9 mA cm-2 at 1.23 VRHE under AM 1.5G 
illumination.111 More surprisingly, when such a BiVO4 substrate was further 
surface etched and decorated with a cobalt–phosphate (Co–Pi) oxygen 
evolution cocatalyst, the integrated photoanode obtained a superior 
photocurrent density of ~6.1 mA cm-2, which was among the highest 
performance known for BiVO4 in a single light absorber PEC cell.  

1.7.2 Doping 
In order to enhance the ηbulk of BiVO4, doping (i.e., the introduction of auxiliary 
elements into the material) has been widely applied to increase the majority 
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carrier concentration as well as conductivity of BiVO4.81 Tuning the band edge 
positions and Eg can also be achieved by atomic doping.115 Molybdenum (Mo) 
and tungsten (W) have been widely proven to be the most effective dopants for 
BiVO4.116-119 Both of them have 6 valence electrons, donor-doped BiVO4 is 
therefore obtained when V5+ is substituted by W6+ or Mo6+ to a certain degree. 
For example, Krol et al. introduced a gradient W-doped BiVO4 homojunction 
(namely, dopant amount increased from 0% at the surface to 1% at the 
FTO/BiVO4) by spray pyrolysis and an evident enhancement in charge 
separation efficiency to ~60% at 1.23 VRHE was achieved.119 In addition, the 
concentration of dopants should be controlled very carefully, since excessive 
dopants will have an adverse impact on ηbulk, including the decrease in the 
width of depletion layer and the increase in charge recombination.  

1.7.3 Heterojunction formation 
In addition to the use of dopants, the charge separation efficiency of BiVO4 
can also be improved by the formation of type Ⅱ heterojunctions between 
BiVO4 and other semiconducting materials by regulating the energy band 
alignment. In the case of n/n-type heterojunction, WO3 has been the most 
frequently coupled semiconductor,120-123 owing to its band positions (ECB of 
0.42 VRHE and EVB of 3.12 VRHE)123 well-matched with BiVO4 (ECB of 0.02 VRHE 
and EVB of 2.42–2.52 VRHE)83. This WO3/BiVO4 heterostructured photoanode 
achieved the highest photocurrent density among currently reported metal 
oxide-based photoanodes. Pihosh et al. fabricated a helical WO3/BiVO4/Co–
Pi photoanode by glancing angle deposition (GLAD), gaining a record Jph 6.72 
mA cm-2

 at 1.23 VRHE and a strikingly high incident photon-to-current 
efficiency (IPCE) of 90% at 470 nm.124 The n/p-type heterojunctions have also 
been exploited for aiding charge transport and expanding light absorption. It is 
worth noting that the successful demonstrations of n/p-type heterojunctions are 
not limited to inorganic p-type semiconductor (like Co3O4,125-127 NiO,128 
LaFeO3,129 etc.). Various organic semiconducting polymers, such as carbon 
nitrides (C3N4)130 and covalent triazine frameworks (CTFs)131,132 have recently 
been explored to complement BiVO4-based photoanodes as heterojunctions for 
PEC water oxidation. 

1.7.4 Loading cocatalysts 
The surface engineering of BiVO4 (e.g., loading water oxidation catalysts and 
constructing passivation layer for surface states) aims at accelerating the 
surface charge transfer, increasing the kinetics for catalytic OER, and 
improving the photostability during PEC testing.133-135 To solve these issues, 
BiVO4-based photoanodes are usually coupled with a wide range of efficient 
oxygen evolution catalysts. 
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Cobalt phosphate (Co–Pi), which was first reported by Kanan and Nocera,136 
has been the most commonly applied and widely effective cocatalyst that both 
enhances photocurrent density and lowers the onset potential for BiVO4 
photoanodes.96,119,124,137-139 In addition to Co–Pi, various transition metal-based 
oxides,128,140-142 (oxy)hydroxides,143-148 phosphates/phosphides,149-152 
molecular catalysts,153-158 and plentiful forms of metal-organic polymeric 
materials159-167 have proved to be effective strategies to enhance the PEC 
performance of BiVO4-based photoanodes by the following characteristics: i) 
dramatic increase in Jph; ⅱ) obvious cathodic shift of onset potential (Von), and 
ⅲ) improving long-term stability, as illustrated in Figure 12. In the PEC cells, 
the overpotential for water oxidation (ηOER) is partially compensated by the 
photovoltage provided by the photoanode. Accordingly, PEC water oxidation 
can occur at a potential lower than 1.23 VRHE. Therefore, instead of ηOER and 
Tafel parameters for electrocatalysts, the Von and the net Jph for water oxidation 
at 1.23 VRHE are the essential parameters for evaluation of the PEC 
performance.133 

 
Figure 12. Highlighting the ideal enhancement in PEC performance of 

photoanodes by loading cocatalysts: (a) changes of photocurrent density and 
onset potential; and (b) and stability improvement.  

When used for electrocatalytic water oxidation in the dark, the standalone 
catalysts typically lower the activation energy of OER. In other words, they 
evolve O2 at lower overpotentials. When they are applied to photoanode 
surfaces, the origin of the enhancement in Von and Jph remains a controversial 
topic.168 Many have assumed that cocatalysts can collect or store 
photogenerated holes to drive water oxidation at more cathodic potential than 
that without cocatalysts.169-175 In this view, the photogenerated holes will 
transfer to the cocatalyst, which is thermodynamically favorable, compared to 
the direct transfer to the electrolyte. Conversely, others have argued that 
cocatalysts serve as a surface state passivator to suppress surface 
recombination.176-181 In this perspective, the ability of the photoanode itself to 
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oxidize water is enhanced by the cocatalyst’s passivating effect, namely, more 
surface-reaching holes can be used to conduct water oxidation. Another 
explanation is the formation of Schottky-type heterojunctions at the 
semiconductor||catalyst interface, leading to increased band bending that 
contributes to charge separation.182-184 

In order to investigate the precise role of the cocatalysts on photoanode 
surfaces, several special experimental techniques have been developed, which 
are generally classified into two broad catagories: electrochemical techniques 
and spectroscopic techniques.185 Among electrochemical techniques, intensity 
modulated photocurrent spectroscopy (IMPS) is a powerful tool for analyzing 
the behaviors of charge transfer and surface recombination at the 
photoelectrode||electrolyte interfaces. As stated in the name, the 
photoelectrode is illuminated with an AC modulated light source at a constant 
applied bias and the phase shift in photocurrent is recorded. It is important to 
note that the resulting data are analyzed based on a first-order kinetic model, 
provided that charge transfer and surface recombination are linear processes.186 
As the light intensity is sufficiently low, the band bending, density of majority 
carriers and space-charge capacitance are assumed to remain constant during 
the modulated illumination.176,186 The recombination rate constant (krec) and 
charge transfer rate constant (ktrans) of the photoelectrode can then be extracted 
from the IMPS data. Thanks to the pioneering work by Peter’s group,187 the 
IMPS measurement has been widely employed in the PEC field to understand 
the surface carrier dynamics in photoelectrodes.160,176,180,188-192 For instance, 
Krol and co-workers used IMPS to examine the role of Co–Pi on BiVO4 and 
found that Co–Pi acted as a passivation layer to reduce surface recombination 
rather than a catalytic layer to enhance the water oxidation kinetics.176  

Two important spectroelectrochemical techniques are transient absorption 
spectroscopy (TAS) and photoinduced absorption (PIA) spectroscopy, 
developed by Durrant’s group.75,167,175,183,193,194 The former technique (TAS) is 
a pump-probe technique, where a short laser pulse initiates the photoexcitation 
of charge carriers and the probe monitors the optical absorption as a function 
of time, thus obtaining the charge carrier concentration and giving a profile of 
the dynamics. PIA spectroscopy is a modified version of TAS, employing a 
long-paused light emitting diode (LED) excitation (at 365 nm for BiVO4), and 
aiming at examining the hole concentration on the photoanode surface under 
steady-state conditions. For example, Durrant’s group recently used TAS to 
elucidate the interfacial charge behavior in BiVO4 photoanodes decorated by 
Ni/FeOOH cocatalysts and observed fast hole transfer from BiVO4 into the 
catalysts.175 Furthermore, operando PIA measurements showed that PEC 
water oxidation on BiVO4/MOOH surface is driven by oxidized catalyst states, 
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MOOH(++). After catalyst layers have collected the holes from BiVO4, 
MOOH(++) species are spatially separated from the photogenerated electrons, 
thereby suppressing surface recombination. Even if TAS and PIA can provide 
important information that is not accessible by electrochemical techniques, it 
is still challenging to acquire accurate information from the given absorption 
signals due to the complex PEC processes in a composite photoanode and the 
difficulty in performing in situ spectroscopic measurements.185 

1.7.5 Photocorrosion suppression 
As the PEC performance of BiVO4-based photoanodes continues to improve, 
their photostability become an increasingly important issue for practical 
applications.195 According to a report from Toma et al., BiVO4 suffers from 
photoelectrochemical instability when the applied bias is above 1.1 VRHE and 
below 0.2 VRHE.196 In addition, several other reports point out that vanadium 
leaching from the BiVO4 surface into the electrolyte is the major compositional 
change as a result of photocorrosion.195,197,198 Both the activity and stability of 
BiVO4-based photoanodes tend to be higher in borate buffer compared to those 
in phosphate buffer and non-buffer solutions,83 which is likely due to borate’s 
well-known effect as a good proton acceptor.199-201  

In general, loading oxygen evolution catalysts onto photoanodes can 
kinetically suppress photocorrosion, because they expedite interfacial charge 
transfer to avoid charge accumulation on the photoanode surface.102,135,202 
Applying an inner protection layer (often between semiconductor and catalysts) 
is also a common strategy for photocorrosion prevention.197,203,204 The 
protection layer should be thin enough so that it will not interfere with the 
charge transfer from the photoelectrode to the electrolyte or catalyst layer. On 
the other hand, it should be conformal and completely cover the surface of the 
semiconductor particles. Another ingenious strategy reported by Choi’s group 
is to tune the composition of the electrolyte by adding V5+ species (V2O5).195 
Using this strategy, their BiVO4/FeOOH/NiOOH photoanode exhibited a long-
term stability for 500 h at 0.6 VRHE in 1.0 M borate buffer (pH 9.3) and can be 
considered to represent a breakthrough in the photostability of BiVO4-based 
photoanodes. By far, the highest recorded stability in the PEC field was 
reported by Domen’s group,202 who demonstrated an ultra-stable 
NiFeOx/Mo:BiVO4/Ni/Sn hybrid photoanode that allowed oxygen evolution at 
0.6 VRHE for ≈1100 h in a 1.0 M borate buffer (pH 9.0). 

1.8 The aim of this thesis 

A highly efficient and robust photoanode is still in high demand for practical 
applications of PEC devices. The recently emerged and flourished 
modification strategies of BiVO4 have positioned it as the most promising 
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metal oxide-based photoanode material. Therefore, the aim of this thesis is to 
exploit novel catalytic systems (including postsynthetic treatment of borate 
species; NiFeV layered double hydroxides; cobalt-sites-rich conjugated 
microporous polymers; and cobalt phytate complex), which are applied to 
surface engineering on BiVO4 photoanodes, highlighting new opportunities to 
deeper understand and further improve BiVO4 photoanodes. The systematic 
investigation of the photoelectrochemical performance and charge kinetics 
behaviors in these elaborately modified BiVO4 photoanodes is described in this 
thesis. 
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2.  
Characterization Methods 

2.1 Material characterization 

The crystal structures were characterized by powder X-ray diffraction (PXRD, 
D8 Advance Bruker with Cu Kα (λ=1.5406 Å) radiation. The surface chemical 
states of samples were characterized by X-ray photoelectron spectroscopy 
(XPS) (ESCALAB Xi+, Thermo Fisher, UK) with a monochromatized Al Kα 
radiation source (1486.6 eV). All XPS spectra were calibrated according to C 
1s referencing peak (284.8 eV). The surface morphology was determined by 
field emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan) 
equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. The 
high-resolution transmission electron microscopy (HR-TEM) images, high-
angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images, EDS mappings, and selected area electron diffraction (SAED) 
patterns were collected on a TEM, JEOL JEM2100F or a TEM, Talos F200X. 
Raman spectra were recorded on a Witec Alpha300 RAS Raman microscope 
with an excitation wavelength of 532 nm. Fourier transform infrared (FT-IR) 
spectra were obtained by Nicolet 6700 Flex (Thermo Fisher™). The UV-vis 
spectra were collected by UV-vis diffuse reflectance (UV3600, Shimadzu, 
Japan) spectrophotometer. The actual amount of oxygen evolution was 
determined by gas chromatography (GC-2014 SHIMADZU, helium carrier 
gas). The measurements of near-edge X-ray absorption fine structure 
(NEXAFS) spectroscopy were carried out at the Elettra synchrotron radiation 
facility in Trieste, Italy. The elemental amounts were measured by inductively 
coupled plasma optical emission spectroscopy (ICP-OES, Thermo Scientific 
iCAP 6000).  

2.2 Photoelectrochemical measurements 

All photoelectrochemical tests were carried out on a CHI 660E potentiostat at 
room temperature (RT) with a three-electrode system, where a BiVO4 
photoanode, a saturated Ag/AgCl electrode (4 M KCl), and a platinum mesh 
(1 × 1 cm2) acted as the working electrode (WE), the reference electrode (RE) 
and the counter electrode (CE), respectively. A 1.0 M borate buffer solution 
(pH = 9.3, 1.0 M H3BO3 adjusted by KOH) worked as the electrolyte and the 
pH value of electrolyte was measured on a 781 pH/Ion Meter, Metrohm. The 
illumination source for all PEC measurements was a NEWPORT LCS-100 
solar simulator (type 94011A-ES, a 100 W Xenon arc lamp with an AM 1.5G 
filter). The back-side illumination was employed for all BiVO4-based 
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photoanodes and the illuminated area was 0.5 × 0.5 cm2. For sulfite oxidation, 
Na2SO3 (0.2 M) was added into the electrolyte, working as a hole scavenger.  

Current density–potential (J–V) curves were recorded by linear sweeping 
voltammetry (LSV). Cyclic voltammetry scanning was performed in the dark 
at different scan rates (10, 50, 100, 150, 200, and 250 mV/s) in a potential 
range without Faradaic processes. And then the electrochemical active surface 
areas (EASA) were evaluated by electrochemical capacitance measurement 
derived from CV plots. Electrochemical impedance spectroscopy (EIS) 
measurements were performed from 100 kHz to 0.01 Hz at 0.6 VRHE under AM 
1.5G illumination. Mott-Schottky (MS) measurements were perform at 1 kHz 
frequency in the dark. The photovoltages (Vph) were derived from the 
difference of as-measured open-circuit potentials (VOC) between dark and 
illumination conditions. The incident photon-to-current efficiency (IPCE) 
were measured by Zahner CIMP-QE/IPCE system at 1.23 VRHE. Intensity-
modulated photovoltage spectroscopy (IMPS) measurements were carried out 
on a Zahner IMPS electrochemical workstation with the scanning frequency in 
the range of 0.1 Hz–10 kHz at an amplitude of 5 mV. A LED light source (420 
nm, 10 mW cm-2) was used for modulated illumination. The photocurrent 
responses were recorded as a function of frequency under illumination at 
different applied potentials.  

2.3 The related parameters and equations 

The conversion of the recorded potential versus Ag/AgCl RE (EAg/AgCl) to the 
potential against reversible hydrogen electrode (RHE) was achieved according 
to the Nernst equation:  

0.197 0.059RHE Ag AgClE E pH= + + ×       (17) 

The applied bias photon-current efficiency (ABPE) was calculated based on 
the J–V assuming 100% Faradaic efficiency by Equation 18:82 
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The light harvesting efficiency (LHE) was calculated by Equation 19, 

( ) ( )% 1 10 ALHE λ−= −          (19) 

where A(λ) is the light absorbance at wavelength λ measured by UV-vis 
spectroscopy. 
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As mentioned in Section 1.4.4, the photocurrent density can be described as 
follows: 

ph abs bulk surfaceJ J η η= × ×          (20) 

The Jabs is the absorbed photocurrent density assuming the absorbed photons 
were completely converted into current, which is estimated by integrating the 
overlapped area between the AM 1.5G radiation spectrum (Figure 11d) and 
the UV-vis spectrum. 

When adding Na2SO3 as a hole scavenger, it is deemed that surface charge 
recombination can be eliminated (ηsurface assumed to be 100%) because sulfite 
oxidation is much faster (both kinetically and thermodynamically) than water 
oxidation.205 The charge separation efficiency in bulk (ηbulk) and surface charge 
transfer efficiency (ηsurface) can thus be defined as following equations: 

100%sulfite
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J
J

η = ×          (21) 
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J

J
η = ×          (22) 

where Jsulfite and JH2O are the photocurrent densities for PEC sulfite oxidation 
and water oxidation, respectively. 

The measurements of H/D kinetic isotope effect (KIE) were carried out by 
comparing photocurrent densities in 0.1 M anhydrous borax (Na2B4O7) H2O 
and D2O solution at different overpotentials (η) according to a previous report 
by Li et al:160 
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In order to measure accurate KIE values, overpotentials should be carefully 
corrected. All the differences in free energy of formation (ΔformationG) of H2O 
(-237.18 kJ mol-1) and D2O (-246.49 kJ mol-1), corresponding equilibrium 
potentials of H2O (1.229 VRHE) and D2O (1.262 VRDE, RDE = reversible 
deuterium electrode), and EAg/AgCl potentials of H2O (0.197 V) and D2O (0.184 
V) must be taken into account when calculating overpotentials using the Nernst 
equation.160,206  
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The pD values were calculated following the relation: 

0.4readingpD pH= +           (24) 

The Faradaic efficiency (FE) was calculated by comparing the actual amount 
of O2 detected by GC and the theoretical amount of O2 converting from the 
integrated charge (Q) passed according to Faraday’s Law, as described by 
Equation 25, 
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where F is Faraday constant (≈96485 C mol-1). Prior to FE measurement, the 
system was flowed with helium for 30 min for degassing. 

For IMPS characterization, the phenomenological rate constants for interfacial 
charge transfer (ktrans) and charge recombination (krec) were derived from IMPS 
plots composed of two semicircles at first and fourth quadrant. The 
intersections of the semicircles with the real axis at low and high frequency 
denotes to I1 and I2, respectively; and the frequency fmax refers to the apex of 
the upper semicircle, reflecting the relaxation in the hole concentration.186 
Since I1, I2 and fmax are obtained, these two rate constants ktrans and krec can thus 
be calculated by: 

a2 m x trans recf k kπ = +           (26) 
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The ratio I1/I2 represents the fraction of surface-reaching holes that can be 
injected to the electrolyte, that is, the so-called effective “charge transfer 
efficiency (ηCT)”.176,186 
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2.4 Preparation of bare BiVO4 photoanode 

The synthesis method of nanoporous BiVO4 photoanode used in this thesis was 
according to the well-established Choi’s protocol with minor modifications 
(Figure 13).82 In brief, a 50 mL aqueous solution containing 0.04 M Bi(NO3)3 
and 0.4 M KI was prepared and its pH value was adjusted to 1.7 by HNO3. 
Afterwards, a 20 mL ethanol solution containing 0.23 M p-benzoquinone was 
mixed with above solution by vigorous stirring or 5 min sonification to obtain 
the plating solution for electrochemical synthesis of BiOI precursor. The 
electrodeposition of BiOI electrodes was performed in a typical three-electrode 
cell: a clean fluorine doped tin oxide (FTO) glass substrate (electrodeposited 
area = 1 × 1 cm2), a saturated Ag/AgCl electrode (4 M KCl), and a platinum 
mesh electrode (1 × 1 cm2) worked as the WE, RE, and CE, respectively. Prior 
to electrodeposition, the FTO substrates were thoroughly washed by Milli-Q 
water, ethanol and acetone, successively. Cathodic deposition was carried out 
potentiostatically at -0.1 VAg/AgCl for 3 min at RT. The as-prepared BiOI 
electrodes were thoroughly washed with Milli-Q water followed by ambient 
drying.  

A ca. 100 μL dimethyl sulfoxide (DMSO) solution containing 0.2 M 
VO(acac)2 was dropped onto the surface of BiOI electrode. The BiOI 
electrodes were finally converted to BiVO4 by an annealing process at 450°C 
for 2 h in air (ramp rate is 2 °C min–1). After the thermal conversion, excess 
V2O5 existing on the BiVO4 surface was removed by immersing in a 1M NaOH 
solution for 30 min. The fresh BiVO4 electrodes were thoroughly washed with 
Milli-Q water and dried at RT for further surface modifications. 

 
Figure 13. Synthetic scheme for preparing bare BiVO4 electrodes. 
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3.  
Remarkable Synergy of Borate and 

NiFeV LDH Dual Modifications on BiVO4 
Photoanode  
(Paper I and Paper Ⅱ) 
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3.1 Introduction 

PEC water splitting has been widely investigated as one of the most attractive 
ways for converting solar energy into hydrogen. Among metal oxide light 
absorbers, BiVO4 has emerged as a promising photoanode material for PEC 
cells owing to its suitable band gap for light harvesting and favorable band 
positions for O2 evolution, decent chemical stability and environmental 
inertness. Nevertheless, like most photoanode materials, unmodified BiVO4 
suffers from its poor charge transport property, severely high surface 
recombination rate and low catalytic activity for OER, resulting in an 
unsatisfactory PEC performance.71,83  

To tackle these limiting factors, numerous approaches have been developed 
that usually adopt nanostructuring,82,118 element doping,119 heterojunction 
formation,123,130 loading of oxygen evolution cocatalysts,153,154 and 
combinations thereof. Apart from these classical and well-investigated 
strategies, the recent emergence of various postsynthetic treatments has shed 
light on further improving and understanding BiVO4 photoanodes for PEC 
water splitting. The concept of postsynthetic modification is proposed by 
Smith and co-workers in a very recent review.207 As the name suggests, the 
modifications are made after the synthesis of BiVO4 electrodes. Instead of 
introducing additional materials (e.g., other semiconducting materials as 
heterojunction, catalyst layer, protection layer, etc.), postsynthetic treatments 
emphasize modification of the defect chemistry of the existing photoelectrodes 
with major effects on ηbulk, ηsurface, or both.207 To date, many successful 
demonstrations of postsynthetic treatments on BiVO4 photoanode have been 
reported, such as second annealing under specific atmospheres (e.g., H2,208-210 
N2,143,211 O2,212 and argon213,214), UV curing,215 illumination-dependent 
treatments216-222), acid vapor etching,111 electrochemical treatment,223 plasma 
etching,142,224,225 and soaking treatments in specific solutions.226-230 

In this Chapter, a novel and efficient postsynthetic approach was demonstrated 
to boost PEC performance of BiVO4. The BiVO4 photoanode was decorated 
with borate via an extremely simple immersion process. Without any 
cocatalyst, doping, or heterojunction, a notable increase in photocurrent 
density (3.5 mA cm-2 at 1.23 VRHE) and a low onset potential are readily 
achieved on the borate-treated BiVO4 (denoted as “B-BiVO4”). A series of 
control experiments and charge kinetic studies were performed to investigate 
the origin of this PEC enhancement. The chemisorption of borate species 
contributed not only to expedite water oxidation kinetics but also to reduce 
surface recombination by trapping states on BiVO4. Furthermore, when 
integrated with a NiFeV LDH cocatalyst, both the PEC performance and the 
photostability of B-BiVO4 were simultaneously improved. 
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3.2 Design and synthesis 

The B-BiVO4 photoelectrodes were obtained by soaking pristine BiVO4 in a 
0.5 M borate buffer solution (the same as the electrolyte used in PEC testing) 
at pH 9.3 for 12 h under ambient conditions. The electrode and electrolyte were 
placed in a capped dark brown bottle, as shown in Figure 14. After treatment, 
the electrodes were removed from solution, rinsed with Milli-Q water, and then 
naturally dried in air. These conditions for borate treatment were optimized 
through systematical control experiments including optimizing borate 
concentration, pH value, immersion time, and temperature. 

 

Figure 14. Schematic illustration of the synthesis of B-BiVO4 and B-BiVO4/NiFeV 
photoanodes. 

Subsequently, NiFeV cocatalysts were carefully drop-casted onto B-BiVO4 to 
prepare B-BiVO4/NiFeV photoanodes (Figure 14). The molar ratio of each 
element in NiFeV was 3:0.2:1 and the LDH particles were synthesized using a 
one-step hydrothermal method.231 Prior to drop casting, NiFeV powders were 
ultrasonically dispersed in a mixed solvent containing H2O, isopropanol and 
Nafion (1:0.25:0.01) at a concentration of 0.5 mg mL-1. Before material 
characterization and PEC measurements, the mass loading of cocatalysts was 
optimized to 10 μg cm-2. 
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3.3 Results and discussion 

3.3.1 Physical characterization of B-BiVO4  

 
Figure 15. Physical characterizations of BiVO4 and B-BiVO4: (a) Top-view SEM 
images; (b) XRD patterns; (c) UV-vis diffuse spectra; (d) Raman spectra; XPS 

spectra of (e) Bi 4f, (f) V 2p, (g) O 1s and (h) B 1s, respectively; and (i) Boron K-
edge NEXAFS spectrum for B-BiVO4. 

The structural changes of BiVO4 upon borate modification were analyzed by a 
series of physical characterizations. Figure 15a shows a typical SEM images 
of nanoporous BiVO4 composed of coral-like particles (thickness of ~700 nm), 
while no obvious morphological changes were observed between bare BiVO4 
and B-BiVO4. In Figure 15b−d, the almost coincident XRD patterns, UV-vis 
absorption spectra, and Raman spectra of BiVO4 and B-BiVO4 suggested that 
the intrinsic properties (e.g., crystal structure, light absorption, and bandgap) 
of bulk BiVO4 were almost unchanged. One can thus deduce that borate 
treatment only affected the surface of BiVO4.  

The surface composition and electronic states of BiVO4 and B-BiVO4 were 
investigated by XPS. As can be seen in Figure 15e−g, the peaks of Bi 4f, V 
2p, and the O 1s at 529.4 eV (lattice oxygen) did not show considerable shifts 
before and after modification. The only noticeable change was the peak of O 



   36

1s at 531.6 eV, which is commonly indexed to chemisorbed −OH groups.191 
According to the peak areas, the relative ratio of the chemisorbed oxygen 
species peak to the lattice oxygen peak was evidently higher for B-BiVO4 than 
that of bare BiVO4 However, there was no identifiable signal of B 1s in the 
XPS spectra (Figure 15h) for B-BiVO4 relative to bare BiVO4, most likely due 
to the nature of boron as a very light element as well as its very low sensitivity 
for boron element. In order to verify the presence of trace amounts of borate 
species on the surface of B-BiVO4, NEXAFS spectroscopy at the boron K-
edge was performed for B-BiVO4, as shown in Figure 15i. To our delight, a 
small peak at ca. 194.1 eV was detected, which corresponds to the boric 
acid/borate species.232 These results provided solid evidence for the presence 
of borate species on B-BiVO4 by surface chemisorption. 

3.3.2 PEC performance of B-BiVO4 

 
Figure 16. (a) J−V curves of BiVO4 and B-BiVO4 photoanodes under AM 1.5G 

illumination (Dashed line: dark current densities) in a borate buffer at pH 9.3. (b) 
ABPE values derived from J−V curves. (c) IPCEs and (d) chopped-light 

chronoamperometry plots for BiVO4 and B-BiVO4 at 0.7 VRHE. 
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The PEC activity of BiVO4 and B-BiVO4 photoanodes were measured in a 
three-electrode “half-cell” test configuration under AM 1.5G illumination 
using a borate buffer (pH 9.3) as electrolyte. As can be seen in Figure 16a, 
bare BiVO4 and B-BiVO4 photoanodes showed negligible dark currents. Under 
illumination, a high photocurrent density of 3.5 mA cm-2 at 1.23 VRHE was 
achieved for B-BiVO4, in contrast to only 1.6 mA cm-2 for bare BiVO4. 
Moreover, a noticeable ~0.25 V cathodic shift of onset potential (defined at 0.1 
mA cm-2

 Jph) was obtained for B-BiVO4 (0.32 V) relative to bare BiVO4 (0.57 
V). This surprising enhancement in PEC performance was also clear in the 
ABPE (Figure 16b) and IPCE (Figure 16c) measurements. The maximum 
ABPE value (calculated from LSV) of B-BiVO4 reached 1.1% at 0.7 VRHE, 
whereas it was only 0.23% at 0.9 VRHE for BiVO4. The IPCE (at 0.7 VRHE) of 
the B-BiVO4 photoanode was overall higher than 30% before 460 nm, 
displaying a universal double increment compared to that of BiVO4. Under 
chopped light illumination (Figure 16d), bare BiVO4 only generated a low Jph 
of 0.25 mA cm-2 at 0.7 VRHE, while B-BiVO4 generated nearly 1.7 mA cm-2, 
underlining the important role played by the borate treatment.  

As listed in Table 1, the PEC performance of such an undoped and cocatalyst-
free B-BiVO4 photoanode was strikingly superior to most single BiVO4 
counterparts that were only modified by postsynthetic treatments. Even 
compared to those modified BiVO4 photoanodes with higher Jph, obviously, 
borate treatment would be the desired methodology due to its lower demand 
for additional equipment, such as light sources or plasma reactors. 
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Table 1. Summary of PEC performances for BiVO4 photoanodes only modified by 
postsynthetic treatments. 

Postsynthetic 
treatment method 

Jph a)     
[mA cm-2] 

Vonset   
[V] 

Testing condition Year 

Borate immersion  
(B-BiVO4) 3.5 0.32 0.5 M borate, pH 9.3 2019 

H2 annealing208 2.4 0.5 0.5 M Na2SO4, pH 6.8 2013 

N2 annealing143 2.8 0.4 0.5 M phosphate, pH 7.2 2015 

UV curing215 1.2 0.42 0.1 M phosphate, pH 7 2016 

EC b) treatment223 2.5 0.42 1 M borate, pH 9.5 2017 

Photocharging217 4.3 0.25 0.1 M PBA c), pH 10 2017 

HNO3 etching111 3.9 0.6 0.5 M phosphate, pH 7 2018 

Li/EDA d) soaking227 2.3 0.65 0.5 M phosphate, pH 7 2018 

Ar annealing213 2.9 0.55 1 M borate pH, 9.3 2019 

H2-plasma etching142 2.9 0.5 0.5 M phosphate, pH 7 2019 

Photoetching219 1.8 0.45 1 M borate pH, 9.0 2020 

NH4F treatment229 3.2 0.42 0.5 M borate pH, 9.5 2020 

NH4Cl treatment228 2.7 0.38 0.5 M borate pH, 9.5 2020 

Na2SO3 treatment230 3.18 0.51 0.2 M phosphate, pH 7 2020 

O2 annealing212 0.7 0.5 0.1 M phosphate, pH 7.5 2020 

Photopolarization220 4.6 0.23 1 M borate, pH 9.5 2020 

Photopolarization221 4 0.3 1 M borate, pH 9.5 2021 

Ar-plasma etching224 2.21 0.65 0.2 M phosphate, pH 7 2021 

Ar-plasma etching225 4.32 0.25 0.5 M phosphate, pH 7 2021 

Na2SO3 treatment226 2.2 0.76 0.5 M Na2SO4, pH 6.6 2021 

a) Photocurrent density at 1.23 VRHE; b) EC = electrochemical; c) PBA = phosphate-
borate-acetate buffer; d) EDA = ethylene diamine. 
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Figure 17. J−V curves of BiVO4 photoanodes treated (a) with different soaking 

solutions at pH 9.3±0.1 for 12 h; (b) in a borate solution with different 
concentrations at pH 9.3 for 12h; (c) in a 0.5 M borate solution at pH 9.3 for 

different durations; (d) in a 0.5 M borate solution at pH 9.3 at different 
temperatures (by oil bath) for 25 min; (e) in a 0.5 M borate solution with different 
pH values for 12 h, respectively. (f) Increments of photocurrent density at 1.23 

VRHE of B-BiVO4 that underwent borate treatments with different pH values relative 
to the bare BiVO4. 
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To unveil the origin of PEC performance enhancement in B-BiVO4, synthetic 
variables during borate immersion were elaborately investigated, as shown in 
Figure 17. Firstly, the possibility that the PEC enhancement was derived from 
alkaline conditions (OH− ions) was excluded, as negligible change in Jph was 
observed before and after soaking bare BiVO4 in a NaOH aqueous solution at 
pH 9.3 overnight. A comparison with different soaking solutions at the same 
molar concentration and pH value was conducted (Figure 17a). It was found 
that neither NaClO4 nor NaOAc brought about any PEC improvement in 
photocurrent density of BiVO4. Although a very small increment in Jph 
appeared upon phosphate treatment, it is still far below the Jph value of B-
BiVO4.  

Next, the effects of borate modification were investigated in greater detail by 
tuning the concentration, immersion duration, temperature, and pH value of 
solution. Notably, both higher molar concentration and longer immersion 
times were advantageous to yield higher PEC performances for B-BiVO4 
(Figure 17b−c), highlighting the surface adsorption of borate species on 
BiVO4. With prolonged immersion times over 12 h, the transformation of 
BiVO4 to B-BiVO4 tended to be complete since no further promotion in Jph 
was observed. Interestingly, as the treatment temperature raised, the increase 
of photocurrent density by borate treatment was greatly expedited and B-
BiVO4 reached its optimum Jph within only 30 min (Figure 17d). 

What is particularly noteworthy is that the efficacy of postsynthetic borate 
treatment was highly pH-dependent. As seen in Figure 17e−f, the optimal pH 
range of 9−10 generated the highest improvement in photocurrent density, 
where the well-known pKa value of boric acid (9.24) is exactly located.233 All 
the above results by means of control experiments not only optimized 
treatment conditions but also confirmed that the PEC enhancement stemmed 
from the modification by adsorbed borate species, which was most likely 
attributed to [B(OH)4]− with a tetrahedral geometry when considering the 
mildly alkaline condition. Smith et al. also put forward the notion that the 
chemisorption of the electrolyte anionic species, borate in their case of 
photocharged BiVO4, led to surface restructuring by altering the electronic and 
catalytic properties of BiVO4.218  

Many reported illumination-based postsynthetic strategies, despite their 
varying Jph enhancements, were subject to several equivocal interpretations 
and confused denotations like “photocharging”,216-218 “photoetching”,219 and 
“photopolarization”.220,221 Unfortunately, they generally ascribed the PEC 
enhancements to the exposure of light and overemphasized the efficacy of 
illumination under open-circuit or potentiostatic conditions, while 
underestimating the electrolyte effects. After carefully checking those 
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publications, it should be pointed out that borate solution, in almost all cases, 
was chosen for treatment. It was also found that the photocharging effect on 
the increased Jph was very limited when BiVO4 was subjected to a Na2SO4 
solution as compared to the borate solution.217 Their treatment conditions and 
results, in turn, supported our assertion that the enhanced PEC performance of 
B-BiVO4 was predominantly determined by the borate itself. Since borate 
treatment was performed in the dark overnight in our case, the impact of indoor 
lighting should be imperceptible, thereby ruling out any contribution of 
illumination on PEC performance of B-BiVO4.  

 
Figure 18. (a) J−V curves of B-BiVO4 before and after J-t testing in a borate buffer 

(pH 9.3) at 0.6 VRHE and (b) the corresponding J−t curve. (c) J−V curves of B-
BiVO4 before and after J-t testing in a borate buffer (pH 9.3) containing 0.2 M 

Na2SO3 at 0.6 VRHE and (d) the corresponding J−t curve. 

To examine the stability of B-BiVO4, a long-term J−t measurement was 
conducted in a borate buffer (pH 9.3) at 0.6 VRHE under 1 Sun illumination and 
the J−V plots before and after J−t testing were recorded. As shown in Figure 
18a−b, the borate-induced enhancement of the photocurrent density gradually 
degenerated after a short time (< 0.5 h). By contrast, when the J−t 
measurement was performed for the PEC sulfite oxidation, which is kinetically 
faster than water oxidation, a stable Jph after 1 h photolysis was obtained for 
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B-BiVO4. (Figure 18c−d) This result is in good agreement with Choi’s 
previous work, which reported that the surface accumulation of 
photogenerated holes on BiVO4 accounted for the degradation of the 
efficiency.102,195 In other words, as long as the consumption of the surface-
reaching holes by ensuing OER is fast enough, instead of accumulation for 
surface recombination, the stability of B-BiVO4 can be significantly improved. 
Also, we realized that there is still ample room for further improving the Jph of 
B-BiVO4 to get closer to its theoretical value (7.5 mA cm-2). Keeping this in 
mind, we further improved the PEC performance and photostability of B-
BiVO4 by virtue of NiFe-based layered double hydroxide (LDH), which has 
been acknowledged as a highly efficient electrocatalyst for water 
oxidation.234,235 In addition, the synergy of borate and LDH modification on 
PEC performance and charge carrier kinetics will be discussed.  

3.3.3 Physical characterization of B-BiVO4/NiFeV 

 
Figure 19. (a) The TEM image and HAADF-STEM image of NiFeV nanosheets 
with corresponding elemental mappings. (b) The SEM image of B-BiVO4/NiFeV 

photoanode with corresponding elemental mappings. 

After borate modification, NiFeV LDH cocatalysts were deposited on B-
BiVO4 by drop casting (10 μg cm-2) to maintain an intact surface of B-BiVO4. 
The morphological features of NiFeV LDHs were initially identified by TEM 
(Figure 19a), revealing the typical structure of rippled and ultra-thin 
nanosheets with a thickness of 3–5 nm and a dimension around several hundred 
nanometers.236 After loading NiFeV LDHs, the surface of BiVO4 was covered 
by the distributed nanosheets with some aggregate phases that most likely were 
generated during drying stage (Figure 19b). Yet, loading of the cocatalysts did 
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not induce any evident morphological change on the coral-like nanostructure 
of BiVO4 particles itself.  

 
Figure 20. (a) XRD patterns of NiFeV LDHs, B-BiVO4 and B-BiVO4/NiFeV 

photoanodes. High-resolution XPS spectra of (b) Ni 2p, (c) Fe 2p, (d) Bi 4f, (e)V 
2p, and (f) O 1s for B-BiVO4/NiFeV. 

The crystal structures of the as-prepared B-BiVO4/NiFeV photoanode were 
investigated by XRD. As shown in its XRD pattern (Figure 20a), apart from 
those diffraction peaks belonging to monoclinic BiVO4, a visible peak at 2θ = 
11.4°, which corresponds to the (003) lattice plane from LDH,237,238 was found 
relative to that of B-BiVO4, whereas other peaks of NiFeV were not 
discernable for BiVO4/NiFeV because of the very low loading amount. The 
successful immobilization of NiFeV on B-BiVO4 was also confirmed by XPS 
spectra. As shown in Figure 20b−c, clear signals of Ni 2p and Fe 2p were 
detected for B-BiVO4/NiFeV. Figure 20d−e showed the typical Bi 4f and V 
2p signals of BiVO4. In the XPS spectra of O 1s (Figure 20f), the peaks at 
binding energies at 529.8 eV and 531.7 eV can be ascribed to the lattice oxygen 
and surface hydroxyl species, respectively.191  
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3.3.4 PEC performance of B-BiVO4/NiFeV 

 
Figure 21. (a) J−V curves of BiVO4, B-BiVO4, BiVO4/NiFeV, and B-BiVO4/NiFeV 

photoanodes under AM 1.5G illumination (Dashed line: the J−V curve of BiVO4 for 
sulfite oxidation) (b) J−V curves of samples measured in the dark.(c) ABPEs and 
(d) IPCEs (measured at 1.23 VRHE) of photoanodes (e) Transient photocurrents 

responses under chopped illumination at 0.6 VRHE. (f) Long-term stability testing of 
B-BiVO4/NiFeV photoanode for 24 h at 0.6 VRHE. 
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The PEC performances of BiVO4, B-BiVO4, BiVO4/NiFeV and B-
BiVO4/NiFeV photoanodes were evaluated in a borate buffer at pH 9.3 under 
AM 1.5 G illumination. As illustrated in Figure 20a, on the basis of pre-
enhancement by borate treatment (Jph of 3.5 mA cm-2 at 1.23 VRHE), B-
BiVO4/NiFeV achieved a remarkable photocurrent density of 4.6 mA cm-2

 at 
1.23 VRHE, which was approximately 3 times higher than that of bare BiVO4 
(1.6 mA cm-2). Moreover, an ultra-low onset potential of ca. 0.2 V was 
obtained for the integrated photoanode by virtue of the cocatalyst, which was 
evidenced by the J−V curve of BiVO4/NiFeV with the same Von. After loading 
the LDH cocatalysts, the photocurrent can be generated at a lower bias (< 0.6 
VRHE), in line with the results of the dark current density shown in Figure 21b. 
This synergistic effect of borate and cocatalyst co-modification was also 
reflected in both ABPE and IPCE measurements. As shown in Figure 21c, the 
maximum ABPE of B-BiVO4/NiFeV reached 1.85% at ca. 0.6 VRHE, 
apparently surpassing both singly modified counterparts, i.e., B-BiVO4 and 
BiVO4/NiFeV. Besides, the maximum IPCE at 1.23 VRHE of B-BiVO4/NiFeV 
was even up to ~80% at 380 nm (Figure 21d).  

Under chopped light illumination, the decay of Jph for each light on-off cycle 
provides a sign of its interfacial charge transfer property. As can be seen in 
Figure 21e, B-BiVO4/NiFeV not only had the highest photocurrent density but 
also showed the smallest transient spikes, indicative of the effective 
suppression of surface recombination by this dual modification. Single borate 
treatment can also alleviate these transient spikes, implying its contribution to 
the reduction of the surface recombination. In addition, the poor stability of B-
BiVO4 was significantly improved by loading NiFeV LDHs. As illustrated in 
Figure 21f, after 24 h photolysis in borate buffer at 0.6 VRHE, despite a minor 
decay in photocurrent density after extension of the time > 18h, more than 80% 
of the initial Jph was retained for the B-BiVO4/NiFeV photoanode (faradaic 
efficiency of 95%), underlining the indispensable role of cocatalysts in PEC 
water splitting.  

As mentioned in Section 2.3, the obtained photocurrent density is theoretically 
governed by three main factors: the light harvesting efficiency (LHE), charge 
separation efficiency in bulk (ηbulk), and surface charge transfer efficiency 
(ηsurface). The investigation of synergistic effects by borate and LDH co-
modification on carrier kinetics was thus centered on these three factors. 
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Figure 22. (a) LHE, (b) ηbulk, and (c) ηsurface of BiVO4, B-BiVO4, BiVO4/NiFeV, and 
B-BiVO4/NiFeV photoanodes (d) MS plots of photoanodes measured under the 

dark at 0.5 kHz. (e) EIS plots (Inset: the equivalent circuit model) collected at 0.6 
VRHE under AM 1.5G illumination. (f) VOC values under illumination and in the dark. 
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The LHEs of photoanodes were derived from their corresponding UV-vis light 
absorption curves, as presented in Figure 22a. Yet, the LHE curves of all 
photoanodes were found to be almost superimposable, indicating that no 
additional “bonus” or “penalty” in light absorption was offered by the borate 
or NiFeV LDH modifications. The ηbulk was quantified via comparison of the 
photocurrent density of sulfite oxidation and the maximum absorbed 
photocurrent density.  

As seen from Figure 22b, the overall photoanodes exhibited a very high bulk 
charge separation efficiency >80% at 1.23 VRHE, thanks to Choi’s 
nanostructuring method.82 We noticed that loading NiFeV can only slightly 
increase ηbulk compared to the uncatalyzed photoanodes, while the effect of 
borate treatment on ηbulk was even more trivial. From the Mott-Schottky (MS) 
plots in Figure 22c, it can be observed that the slopes for modified BiVO4 
photoanodes were only marginally smaller than bare BiVO4, suggesting that 
the influence of borate and cocatalyst modification on donor density was 
limited. This result coincided with what was observed by Wang et al. in their 
case of BiVO4/NiFe LDH, whom proposed that a heterojunction may form 
between BiVO4 and NiFe LDH.239 It can thus be concluded that both 
modifications had very little impact on the bulk properties of BiVO4. 

The ηsurface was quantified by comparing photocurrent densities of water 
oxidation and sulfite oxidation and the results are shown in Figure 22d. Unlike 
ηbulk, ηsurface exhibited a great difference between the different BiVO4-based 
photoanodes. For bare BiVO4, its ηsurface was only 31% at 1.23 VRHE, 
betokening the severe surface recombination of bare BiVO4. After borate 
treatment, the ηsurface of B-BiVO4 was significantly improved and reached 70% 
at 1.23 VRHE, even higher than that of BiVO4/NiFeV (~65%). However, 
BiVO4/NiFeV had a higher ηsurface than B-BiVO4 especially at potentials lower 
than 0.9 VRHE. After co-modification, surprisingly, an outstanding ηsurface > 80% 
was achieved for B-BiVO4/NiFeV over the entire potential range and the ηsurface 
value at 1.23 VRHE reached 90%. The trends for the surface charge transfer 
efficiency were in good agreement with their PEC performances as illustrated 
in Figure 21a. Furthermore, these results evinced that the synergistic 
modification of borate and cocatalysts can significantly facilitate interfacial 
charge transfer and effectively inhibit surface recombination.  

To investigate the interfacial charge transfer in the photoanodes, EIS analyses 
were conducted. Figure 22e shows the Nyquist plots of BiVO4 photoanodes 
and their fit with an equivalent circuit model, where CPE, Rs, and Rct are 
denoted to the constant phase angle element, the series resistance, and the 
charge transfer resistance at semiconductor||electrolyte interface, 
respectively.140,240 Clearly, the semicircles of the EIS plots for the modified 
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BiVO4 photoanodes were significantly smaller than that of bare BiVO4, while 
no significant differences in the Rs values (around 55 Ω) were found for all 
samples. Specifically, NiFeV/B-BiVO4 has the smallest Rct of only ~290 Ω at 
0.6 VRHE, which was nearly 5 times lower compared to that of pristine BiVO4 
(~1400 Ω), suggesting that the fastest interfacial charge transfer rate was 
achieved by virtue of the synergistic modification. Besides, the Rct values of 
B-BiVO4 and BiVO4/NiFeV were approximately 520 Ω and 370 Ω, 
respectively, exhibiting a similar trend as that of ηsurface in Figure 22d. The 
photovoltage represents the difference between electron and hole quasi-Fermi 
levels under illumination and it can be calculated from the difference between 
open-circuit voltages measured under illumination and in the dark, As expected, 
both borate and LDH modifications were favorable for gaining higher Vph 
values than bare BiVO4 (Figure 22f), that is, greater driving force for water 
oxidation by photogenerated holes.154 B-BiVO4/NiFeV showed the highest Vph 
of 0.37 V compared to other BiVO4 photoanodes, again highlighting the 
additive contribution of the synergistic modification on the enhancement of 
band bending and the increase in surface hole concentration.165  

3.3.5 Charge kinetics study 
The process of charge transfer at the photoanode||electrolyte interface can be 
thought of as the competition between the process of catalytic water oxidation 
and surface charge recombination.160 The deuterium kinetic isotope effects 
(KIEs) were analyzed to obtain in-depth information of proton transfer and 
reveal the rate-determining step (RDS) for photoelectrocatalytic water 
oxidation with these photoanodes.241 The KIE values were calculated by 
comparing the photocurrent densities between water oxidation and deuteroxide 
oxidation. As seen in Figure 23a−b, the KIE of standalone NiFeV LDH and 
bare BiVO4 was around 2.5 and 1.5, respectively, which are consistent with 
primary KIEs. This indicated that the RDS of each catalytic process, i.e., 
electrochemical water oxidation on NiFeV and photoelectrochemical water 
oxidation on BiVO4, involved O−H bond cleavage. After borate treatment, the 
KIE value of B-BiVO4 was distinctly reduced to 1.2, indicative of a secondary 
KIE (Figure 23c). It was understandable because borate has been reported to 
serve as strong proton acceptors and play a key role in proton transfer.199,200 
When the LDH cocatalysts were immobilized on both BiVO4 and B-BiVO4 
substrates (Figure 23d−f), the Jph displayed negligible difference between H2O 
and D2O solutions, and KIEs ≈ 1.0 were obtained for BiVO4/NiFeV and B-
BiVO4/NiFeV over the entire overpotential range. The results evinced that 
O−H bond cleavage is not involved in the RDS of the whole PEC process in 
those two cases. In other words, the integration of NiFeV LDH could expedite 
the proton transfer processes on the BiVO4 surface. Similar results have been 
reported in the cases of BiVO4/Co@Cucurbit[5]uril160 and Fe2O3/Ir-based 
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molecular catalyst photoanodes.180 Wang et al. also point out that the 
interfacial hole transfer from BiVO4 into the catalyst, instead of the counterpart 
from catalyst into the electrolyte, tend to be rate-limiting.180 Therefore, borate 
and especially LDH cocatalysts indeed improved the catalytic water oxidation 
kinetics at the surface of the BiVO4 photoanode.  

 

Figure 23. (a) J−V curves of NiFeV on FTO electrodes measured in borate 
containing H2O (solid line) and D2O (dashed line) solutions with 95% iR 

compensation, respectively; inset: corresponding KIEs at different overpotentials. 
J−V curves measured under AM 1.5G illumination in borate H2O (solid line) and 

D2O (dashed line) solutions for all photoanodes: (b) BiVO4, (c) B-BiVO4, (d) 
BiVO4/NiFeV, and (e) B-BiVO4/NiFeV. (f) Summary of KIE values of water 

oxidation reaction on photoanodes at different overpotentials. 
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Figure 24. IMPS plots of (a) BiVO4 and (b) B-BiVO4/NiFeV photoanodes at 

different potentials, respectively. (c) The rate constants of (c) krec, and (d) ktrans 
extracted from IMPS spectra. (e) The charge transfer efficiency (ηCT) defined as 

ktrans/(ktrans+ krec). (f) Scheme of working principles in bare BiVO4 and B-
BiVO4/NiFeV. 

To obtain in-depth understanding of the surface recombination or passivating 
effect, intensity modulated photocurrent spectroscopy (IMPS) was analyzed to 
obtain two rate constants for surface recombination (krec) and interfacial charge 
transfer (ktrans). As shown in Figure 24a−d, the krec of B-BiVO4/NiFeV was 
evidently lower than that of bare BiVO4 over the entire bias range. At 0.6 VRHE, 
the maximum point of ABPE of B-BiVO4/NiFeV, its krec was only 0.14 s-1, 
which was nearly two orders of magnitude below that of bare BiVO4 (12.7 s-
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1). Even at 0.3 VRHE, B-BiVO4/NiFeV still had a significantly lower krec of 4.6 
s-1 than bare BiVO4 (15.9 s-1). The sharp difference of krec strongly supported 
the pivotal role of synergistic effects in the suppression of surface 
recombination on BiVO4. These results were in accordance with the 
remarkable enhancement in Jph of at the lower applied potential range (< 0.6 
VRHE) as illustrated in Figure 24a, which was not available by either of the 
singly modified BiVO4.  

Regarding the ktrans, although ktrans of B-BiVO4/NiFeV was somewhat lower 
relative to bare BiVO4, their ktrans values were of the same order of magnitude 
and did not change much as the increase of Eapp in both cases. Although this 
result was not expected, similar phenomena have been previously reported in 
several cases, such as BiVO4/Co−Pi,176 BiVO4/Co-LaFeO3,129 and 
Fe2O3/NiFeOx.188 Herein, the slightly smaller ktrans for B-BiVO4/NiFeV did not 
suggest slower water oxidation kinetics than bare BiVO4. It should be pointed 
out that the premise for typical IMPS theory is a simple model of one-electron 
charge transfer reaction.176,186 However, when IMPS applied to the case of 
multi-step processes (e.g., PEC water oxidation), the resulting krec and ktrans are 
phenomenological values as pseudo first-order rate constants, and they are 
associated with the kinetics of the elementary steps.242 According to the reports 
by Peter et al., phenomenological ktrans are greatly affected by the real 
recombination rate constant.242 Herein, the ktrans obtained from IMPS most 
likely reports on the RDS of the whole interfacial charge transfer process from 
photoanode to electrolyte.129,188 After all, LDH has been widely confirmed as 
a highly efficient catalyst for water oxidation,231,236,237 not to mention the 
obvious enhancement in dark current density observed in our case. The charge 
transfer efficiency (ηCT) values derived from IMPS, defined as ktrans/(ktrans+ krec), 
are shown in Figure 24e. Across the entire Eapp range, B-BiVO4/NiFeV 
exhibits a much higher ηCT than that of BiVO4, showing similar trends of ηsurface 
in Figure 22d. The surface recombination tends to be the dominant factor in 
ηCT compared to the charge transfer. 

Taken together, the above charge kinetics results (KIE and IMPS) 
demonstrated that synergistic modifications on PEC enhancement had dual 
functionality: the main role was as “passivating effect”, devoting to reduce 
surface recombination; and the secondary role was as “catalyst”, accelerating 
water oxidation kinetics. Consequently, the interfacial charge transfer property 
of BiVO4 and the ensuing photocurrent density and photostability were 
significantly boosted by borate and NiFeV co-modification. As schematically 
summarized in Figure 24f, the synergy of borate and NiFeV modifications 
were surface engineering of BiVO4 rather than bulk engineering. The borate 
species in B-BiVO4 not only served as a passivator when they self-anchored to 
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surface defects for the surface recombination reduction, but also assisted 
proton transfer and modified local catalytic site for water oxidation. By virtue 
of the high catalytic activity, NiFeV contributed more to the inhibition of 
surface recombination and promotion of catalytic kinetics, thereby achieving 
dual enhancements in both PEC performance and stability. 

From B-BiVO4 to B-BiVO4/NiFeV, we not only discovered a novel surface 
engineering strategy by borate treatment to enhance PEC performance of 
BiVO4, but also successfully demonstrated the great potential of such a 
postsynthetic modification that can effectively supplement other modification 
approaches. This positive cooperation was also found in the case of B-
BiVO4/NiFe (3.7 mA cm-2 at 1.23 VRHE) and B-BiVO4/NiV (4.3 mA cm-2 at 
1.23 VRHE). Recently, several follow-up reports referred our work and designed 
their integrated photoanodes based upon B-BiVO4 substrates, exhibiting 
impressive PEC performance as well as long-term stability: B-BiVO4/FeOOH 
(4.96 mA cm-2 at 1.23 VRHE)243 and B-BiVO4/NiFeOx (5.22 mA cm-2 at 1.23 
VRHE)244. 

3.4 Conclusion 

In Chapter 3, we demonstrated an interesting approach for surface engineering 
of BiVO4 by a simple borate modification. The undoped and co-catalyst free 
B-BiVO4 showed a high photocurrent density of 3.5 mA cm-2. The 
chemisorption of borate species contributed not only to expedite water 
oxidation kinetics but also to reduce surface recombination by trapping states 
on BiVO4. When we integrated a classical LDH cocatalyst on B-BiVO4, both 
PEC performance and photostability of B-BiVO4 were synergistically 
improved. Benefiting from the remarkable synergy of borate and LDH, B-
BiVO4/NiFeV achieved an outstanding photocurrent density of 4.6 mA cm-2 at 
1.23 VRHE and an ultra-low onset potential of 0.2 V with superior stability. This 
work provided new insights in the design of integrated photoanodes for higly 
efficient PEC water splitting. 
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4.  
Integrating Cobalt-sites-rich Aza-fused 
Conjugated Microporous Polymer with 

BiVO4 Photoanode 
 (Paper III) 
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4.1 Introduction 

Recently, various organic conjugated polymers have evolved as candidate 
materials for photocatalysts or photoelectrodes for solar water splitting. The 
great interest in these materials basically comes from their unique 
optoelectronic properties by virtue of their delocalized π-systems and diverse 
synthetic modularity, which endow them with efficient light absorption and aid 
the charge transfer.245,246 Besides, they generally possess a high level of 
systematic tunability over the optoelectronic properties and periodic network 
structures.247 For instance, graphitic carbon nitride polymer (g-C3N4), an n-
type semiconducting material with a band gap of ~2.7 eV, has been reported 
to be a potential photoanode material in PEC water oxidation.248,249 Apart from 
g-C3N4, an extended series of conjugated microporous polymers (CMPs)250,251 
and covalent triazine frameworks (CTFs)252,253 were also found to have 
considerable photocatalytic activity in water oxidation.  

Unfortunately, when these conjugated polymers are used as standalone 
photoanodes, their PEC performance is far from being optimal in comparison 
with most inorganic counterparts, and the corresponding device stability is 
usually questionable.60 A feasible avenue to the object of efficient PEC water 
splitting could be design and construction of hybrid photoelectrodes composed 
of BiVO4 and organic conjugated polymers. According to the reports, several 
conjugated polymers can be matched with BiVO4 via controllable band 
alignment to form a heterojunction, thereby boosting PEC performance of 
BiVO4 for water splitting.131,132 From another perspective, many CMPs are 
shown to be an intriguing platform for the development of efficient 
heterogeneous catalysts for water splitting reactions, owing to their uniform 
chemical environments and good system stability.254,255 More importantly, 
their unique microporous skeleton has limitless potential and versatility for 
further functionalization by introducing redox-active species within the 
frameworks.256 Consequently, CMP-based heterogeneous catalysts could be an 
effective modifier for surface engineering of BiVO4, albeit very limited 
number of reports exist on this topic.  

In a very recent report from our group, an aza-fused CMP decorated with single 
cobalt sites via metal-ligand coordination was demonstrated as a highly 
efficient heterogeneous oxygen evolution catalyst.257 This two-dimensional 
material exhibited an excellent electrocatalytic activity for OER, with a high 
turnover frequency (TOF) of 0.73 s-1 (at 300 mV) and a very low overpotential 
of 289 mV (at 10 mA cm-2) measured in alkaline conditions (1.0 M NaOH, pH 
13.6). In this Chapter, we describe the preparation of BiVO4/CMP composite 
photoanodes, and a careful assessment of their PEC performances, 
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demonstrating a novel surface engineering approach for BiVO4 to boost PEC 
water splitting. 

4.2 Design and synthesis 

The aza-fused CMP was synthesized using a protocol reported by Xu’s 
group,250 as shown in Figure 25. The product was then converted into ultra-
thin nanosheets by a protonation-assisted exfoliation process under acidic 
conditions.258 The exfoliated CMPs were denoted as “eCMP”. The subsequent 
decoration with Co (Ⅱ) within the frameworks of eCMP was performed by 
cobalt (II) acetate treatment in an anhydrous DMF solution under 
ultrasonication for 8 h at ambient temperature, and the products were denoted 
as “eCMP-Co”. 1 mg of fresh eCMP-Co was ultrasonically dispersed in 4 mL 
of a mixed solvent consisting of H2O, ethanol, and Nafion (1:1:0.02) for 2 h to 
form a homogeneous ink. Finally, the eCMP-Co ink was carefully drop-casted 
onto a BiVO4 electrode (mass loading of 5 μg cm-2) and dried in air to obtain 
the BiVO4/eCMP-Co photoanode. 

 

Figure 25. Synthetic route and structure of aza-fused CMP. 
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4.3 Results and discussion 

4.3.1 Physical characterization of BiVO4/eCMP-Co 

 

Figure 26. (a) Schematic representation of BiVO4/eCMP-Co photoanode. (b) Top-
view SEM images of BiVO4/eCMP-Co. (c) XRD patterns of samples. (d) The 

HAADF-STEM image with corresponding elemental mappings. (e) High resolution-
XPS spectra of Co 2p, N 1s and C 1s, respectively. 

The as-prepared BiVO4/eCMP-Co photoanode is schematically illustrated in 
Figure 26a. The morphology and microstructure BiVO4/eCMP-Co was 
examined by SEM observation (Figure 26b). As expected, the eCMP-Co 
displayed layered structures scattered on the coral-like BiVO4 surface with an 
archipelago-like distribution. It has been reported that CMP nanosheets are 
prone to aggregate and restack together even after exfoliation owing to the 
strong interlayer π–π interactions.251,258 On the other hand, this property makes 
the formation of an uniform film with a good contact to substrates extremely 
challenging,131,249 even though we used Nafion as a supporting adhesive in our 
case. This was also evidenced by the XRD pattern (Figure 26c) of pure eCMP-
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Co, showing a characteristic peak at 27° that was attributed to the restacking 
of exfoliated nanosheets. There was no distinct change in the crystal structure 
of BiVO4 because of the amorphous nature of the aza-fused CMPs. The 
successful deposition of eCMP-Co on the BiVO4 surface was confirmed by 
HAADF-STEM image, and its corresponding EDS mappings (Figure 26d), 
and XPS measurements (Figure 26e). Notably, the two peaks located at 781.4 
(Co 2p3/2) and 796.9 eV (Co 2p1/2) in the Co 2p spectrum came from eCMP-
Co and were assigned to Co2+ complexes,160 which did not appear in the 
spectrum of bare BiVO4. 

4.3.2 PEC performance of BiVO4/eCMP-Co 

 
Figure 27. (a) J−V curves of BiVO4 and BiVO4/eCMP-Co photoanodes under AM 
1.5G illumination in a borate buffer at pH 9.3; dotted line: the J−V curve of BiVO4 

for sulfite oxidation; and dashed line: dark current densities of samples. (b) ABPEs 
of photoanodes, (c) IPCE values of photoanodes at 1.23 VRHE. (d) Chopped-light 

photocurrent responses at 0.6 VRHE. 

The PEC performance of the BiVO4/eCMP-Co photoanode was tested in a 
borate buffer at pH 9.3. As shown in Figure 27a, the eCMP-Co decoration 
enabled the BiVO4 photoanode to obtain a substantially improved photocurrent 
density from 1.7 mA cm-2 to 4.3 mA cm-2 at 1.23 VRHE. Besides, the 
photocurrent onset potential of BiVO4/eCMP-Co was more negative than that 
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of bare BiVO4, reaching ~0.2 VRHE. Based on these LSV results, the maximum 
ABPE value of BiVO4/eCMP-Co was calculated to be 1.62% at 0.6 VRHE 
approximately, which is ca. 6 times higher than that of BiVO4 (0.27% at 0.9 
VRHE). Likewise, the maximum IPCE value (at 1.23 VRHE) of BiVO4/eCMP-
Co reached 75% at 390 nm, whereas that of bare BiVO4 was only 29%. Under 
chopped light illumination (Figure 27d), smaller transient spikes of 
photocurrent for BiVO4/eCMP-Co was observed, implying that surface 
recombination was substantially inhibited.  

 
Figure 28. (a) J−t curves of BiVO4 and BiVO4/eCMP-Co photoanodes under AM 

1.5G illumination in a borate buffer at pH 9.3 for 1 h. Corresponding top-view SEM 
images of BiVO4/eCMP-Co photoanode (b) before and (c) after J-t testing. (d) 

High-resolution XPS spectra for the BiVO4/eCMP-Co before (top) and after 
(bottom) J-t testing for Co 2p, N 1s, and C 1s, respectively. 

During photolysis at 0.6 VRHE (Figure 28a), the photocurrent density of 
BiVO4/eCMP-Co showed a slow decline from 2.4 mA cm-2 to 1.9 mA cm-2 
over 1 h (Faradaic efficiency: ~94%), which could be explained by the 
detachment of eCMP-Co catalysts from BiVO4 surface. Besides, no obvious 
morphology changes before and after J-t testing can be observed by SEM 
(Figure 28b−c). According to ICP-OES analysis, the total Co2+ content of 
BiVO4/eCMP-Co evidently decreased from 14.3 nmol cm-2 to 10.9 nmol cm-2 
after the stability test. The Co 2p and N 1s signals also appeared in the XPS 
spectra for the analyzed samples (Figure 28d). According to the report by 
Kurungot and co-workers, cobalt modified CMP is a very stable electrocatalyst 
under alkaline conditions,254 and no cobalt traces were detected in the 
electrolyte after electrochemical stability test according to their ICP-OES 
results. Our previous work also revealed that eCMP-Co had a good catalytic 
current stability under the near-neutral conditions,257 although cobalt oxide 
species might form during the OER test. Hence, the origin of the decreased 
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photocurrent in the stability test is less likely due to the leaching of Co (Ⅱ) ions 
from the framework. Analogous stability issues also appeared in 
BiVO4/covalent triazine-based polymer hybrid photoanode254 reported by 
Yang et al. as well as other BiVO4/metal-organic complex photoanodes (eg., 
BiVO4/Co4O4 cubane153 and BiVO4/Co@Cucurbit[5]uril160). This revealed 
that the trade-off between long-term stability and efficiency, in the specific 
group of “BiVO4/organic” hybrid photoanodes for PEC water oxidation, is still 
tricky to address.131 

4.3.3 Charge kinetics study 
As shown in Figure 29a, the deposition of eCMP-Co heterogeneous catalysts 
dramatically improves the surface charge transfer efficiency of BiVO4, 
maintaining above 80% of ηsurface when Eapp > 0.6 VRHE and even reaching 86% 
at 1.23 VRHE. This was indicative of the effective restraint of surface 
recombination by eCMP-Co.  

The behavior of interfacial charge transport was further quantitatively analyzed 
by EIS (Figure 29b). The diameter of the semicircles in Nyquist plots depicted 
the interfacial charge transfer resistance (Rct). Notably, the BiVO4/eCMP-Co 
photoanode manifested a much smaller Rct value of 240 Ω at 0.6 VRHE 
compared to that of bare BiVO4 (1087 Ω). This evinced that the charge transfer 
at the electrode/electrolyte interface was accelerated by eCMP-Co, in 
accordance with its high ηsurface. Besides, BiVO4/eCMP-Co photoanode was 
found to have a high photovoltage of ~0.41 V (Figure 29c), indicating a greater 
driving force for water oxidation than bare BiVO4.  

It should be noted that the introduction of eCMP-Co did not affect BiVO4 bulk 
properties, such as doping level or carrier density, which was supported by the 
comparable slopes in the Mott-Schottky plots (Figure 29d). Considering the 
negligible difference in both UV-vis absorption spectra and J−V curves of 
sulfite oxidation, it can therefore be reasonably deduced that the PEC 
enhancement of BiVO4/eCMP-Co can be predominantly ascribed to the 
improvement of interfacial charge transfer efficiency.  

It is well-known that the interfacial charge transfer is mainly influenced by two 
factors: the rate of surface recombination and the rate of the catalytic OER 
process. From KIE analyses, it was found that the KIE values of pristine 
eCMP-Co catalysts and bare BiVO4 were about 1.7 and 1.5, respectively. In 
contrast, BiVO4/eCMP-Co had a KIE of unity close to 1.0 at all applied 
potentials, revealing that the O−H bond cleavage was no longer involved in the 
RDS for the PEC water oxidation (Figure 29e−f). Mirica and co-workers also 
reported that the built-in phenanthroline moieties in their CMPs contributed to 
efficient proton conduction.259 Therefore, our KIE results highlighted the role 
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of eCMP-Co in the proton transfer, and the water oxidation kinetics on BiVO4 
surface was indeed facilitated by eCMP-Co. 

 

Figure 29. (a) ηsurface of BiVO4 and BiVO4/eCMP-Co photoanodes. (b) EIS plots 
(Inset: the equivalent circuit model) recorded at 0.6 VRHE under AM 1.5G 

illumination. (c) The transient photovoltage response tested under illumination and 
in dark. (Inset: photovoltages of samples). (d) MS plots of photoanodes measured 
in dark at 1 kHz. (e) J−V curves of photoanodes in borate H2O (solid line) and D2O 

(dashed line) solutions, respectively. (f) Corresponding KIE values. 
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Figure 30. IMPS plots of (a) BiVO4 and (b) BiVO4/eCMP-Co photoanodes at 

different applied biases, respectively. The rate constants of (c) krec, and (d) ktrans 
extracted from IMPS spectra. (e) The charge transfer efficiency (ηCT) defined as 

ktrans/(ktrans+ krec). (f) Scheme of working principles in bare BiVO4 and (b) 
BiVO4/eCMP-Co. 

The passivating behavior of eCMP-Co was examined by IMPS. Apparent 
recombination and transfer rate constants (krec and ktrans, respectively) were 
extracted from the data, in which Figure 30a−b showed typical IMPS 
responses of bare BiVO4 and BiVO4/eCMP-Co in the complex plane. A 
pronounced decrease in krec over the entire potential range was observed for 
BiVO4/eCMP-Co (Figure 30c). In sharp contrast, the krec values of bare BiVO4 
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were much higher than those of BiVO4/eCMP-Co, remaining nearly constant 
as Eapp increased. For example, at 0.6 VRHE (the maximum point of ABPE), the 
krec of BiVO4/eCMP-Co was only 0.65 s-1, more than 20 times lower than that 
of bare BiVO4 (15.2 s-1). These results provided compelling evidence that 
surface recombination of BiVO4 was substantially suppressed by loading 
eCMP-Co. As seen in Figure 30d, the ktrans of BiVO4/eCMP-Co was kept 
somewhat higher than BiVO4 at all applied biases, although the ktrans values for 
both cases did not show a significant increase as the raising of Eapp. As a result, 
the charge transfer efficiency (ηCT, derived from IMPS) of BiVO4/eCMP-Co 
considerably surpassed that of bare BiVO4. Figure 30f schematically depicts 
the overall effects of eCMP-Co on charge transfer and surface recombination 
of BiVO4. From the above discussion, in our case of BiVO4/eCMP-Co, the 
suppression of surface recombination played a decisive role in the PEC 
enhancement. 

4.4 Conclusions 

In this Chapter, the newly developed eCMP-Co, a conjugated polymer-based 
heterogenous catalyst, was successfully introduced on BiVO4 for PEC water 
oxidation by a simple drop-casting method. The BiVO4/eCMP-Co hybrid 
photoanode exhibited a high photocurrent density of 4.3 mA cm-2 with a very 
low photocurrent onset potential (nearly 0.2 VRHE) and a high ABPE of 1.62% 
at 0.6 VRHE. Kinetic studies (EIS, KIE and IMPS) showed that eCMP-Co not 
only served as an excellent OER catalyst to expedite the water oxidation 
reaction for BiVO4, but also served as a “passivator” to prevent surface 
recombination. This work provide new insights into the design of conjugated 
polymer/inorganic semiconductor hybrid photoelectrodes for PEC water 
splitting.  
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5.  
Ultra-thin Nanolayers of Photodeposited 

Cobalt Phytate on BiVO4 for Efficient 
Photoelectrochemical Water Oxidation 

(Paper IV) 
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5.1 Introduction 

Cobalt-based catalysts are commonly integrated with BiVO4 photoanodes for 
raising photocurrent density, lowering the onset potential and improving 
photostability.260 A more important reason is that they generally exhibit high 
OER activity themselves under near-neutral pH conditions, which match well 
with the ideal conditions (i.e., neutral and mildly basic solutions, pH 6–10) in 
terms of chemical stability for BiVO4.136,203 Since the pioneering work on 
cobalt phosphate (Co–Pi) was reported by Nocera and co-workers,136 a wide 
range of Co–based catalytic systems have been intensively explored and 
further used for surface decoration of BiVO4 photoanodes to boost PEC water 
oxidation.133,261 However, some of them are powder-based electrocatalysts, 
like the eCMP-Co shown in the last Chapter, and are prone to aggregation and 
detachment from the electrode during the application as cocatalysts for 
photoanodes, leaving BiVO4 partially exposed to the electrolyte, thereby 
resulting in unsatisfactory stability.161 In addition, the thickness of the catalyst 
layer should be precisely controlled because it may largely affect the light 
absorption, charge transport, and water permeability.160 Therefore, the surface 
engineering of BiVO4 by highly efficient cocatalysts in the form of an ultra-
thin and intact nanolayer is a sought-after solution.164 

Phytate, also known as inositol hexaphosphoric phytate, is an organophosphate 
compound that occurs naturally in general biomass, like cereals, legumes and 
crops.262,263 Phytate possesses six adjacent electronegative phosphate groups, 
exhibiting excellent coordinating ability to a variety of transition metal ions.264 
Several reports have also showed that metal-phytate complexes are highly 
efficient and robust catalysts for electrochemical water oxidation.265-267 

In this chapter, we constructed an amorphous, ultra-thin and uniform cobalt 
phytate nanolayer by photo-assisted electrodeposition on nanoporous BiVO4 
to obtain an integrated photoanode (denoted as “BiVO4/CoPhy”) for efficient 
PEC water oxidation. The PEC performance of BiVO4/CoPhy was estimated 
and the role of CoPhy on the PEC enhancement was elucidated by charge 
kinetic studies. 
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5.2 Design and synthesis 

The bare BiVO4 electrodes were prepared according to a previously reported 
method by Choi et al.195 Cobalt phytate was introduced onto BiVO4 
photoanodes by a well-established photo-assisted electrodeposition method 
reported by Gamelin et al.96 In brief, it was performed under AM 1.5G 
illumination (back-side) in a typical three-electrode configuration, where a 
BiVO4 photoanode, a saturated Ag/AgCl electrode (4 M KCl), and a platinum 
mesh (1 × 1 cm2) acted as the WE, RE, and CE, respectively. CoPhy was 
deposited at 1.2 VAg/AgCl for 90 s in an aqueous solution containing 1 mM 
Co(NO3)2 and 0.167 mM sodium phytate (C6H6O24P6Na12) after optimization 
of photodeposition conditions.  

5.3 Results and discussion 

5.3.1 Physical characterization of BiVO4/CoPhy 

 

Figure 31. Physical characterizations of BiVO4/CoPhy photoanode: (a) the top-
view SEM image; (b) the TEM image; (c) the XRD patterns; (d) the UV-vis diffuse 

reflectance spectra; and (e) the HAADF-STEM image with corresponding 
elemental mappings. 

As shown in Figure 31a, the as-prepared BiVO4/CoPhy photoanode exhibited 
typical nanocoral-like features without morphological differences compared to 
that of bare BiVO4. Furthermore, the TEM image in Figure 31b clearly 
demonstrated that the BiVO4 nanoparticle surface was compactly wrapped 
around an amorphous and uniform CoPhy nanolayer with a thickness of ca. 4 
nm. The introduction of such an ultra-thin CoPhy catalyst layer did not bring 
significant change in the monoclinic phase of BiVO4 (Figure 31c), and the 
absorption edge of BiVO4/CoPhy was consistent with bare BiVO4 with Eg of 
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2.43 eV (Figure 31d). The HAADF-STEM image of BiVO4/CoPhy as well as 
its corresponding EDS mappings further confirmed the uniform distribution of 
each element from CoPhy on BiVO4 (Figure 31e). 

 
Figure 32. High resolution-XPS spectra of bare BiVO4 and BiVO4/CoPhy 

photoanodes: (a) Co 2p, (b) P 2p, (c) C 1s, (d) Bi 4f, (e) V 2p, and (f) O 1s, 
respectively. 

The surface chemical states and composition of BiVO4/CoPhy were analyzed 
by XPS. As shown in Figure 32a−b, clear signals of Co 2p and P 2p were 
detected for BiVO4/CoPhy photoanode, which were not observed for the bare 
BiVO4. In Figure 32c, the XPS spectra of C 1s for bare BiVO4 showed three 
peaks at 284.8, 285.9, and 288.3 eV that were assigned to C−C, C−O, and C=O 
from contaminant carbon source, respectively. For BiVO4/CoPhy, the peak at 
286.4 eV was assigned to the C−O bond of phytate.265 No obvious shifts in the 
binding energies of both Bi 4f and V 2p spectra were observed for 
BiVO4/CoPhy relative to bare BiVO4 (Figure 32d−e). For the O 1s spectra of 
BiVO4/CoPhy, three peaks can be clearly identified (Figure 32f). In detail, the 
peak at 529.6 eV belonged to lattice oxygen from BiVO4 itself, while the peaks 
at 530.8 eV and 532.3 eV were attributed to P−O and P=O from phytate, 
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respectively.268 These XPS results further confirmed the successful surface 
decoration by the cobalt phytate cocatalyst on the BiVO4 film. 

5.3.2 PEC performance of BiVO4/CoPhy 

 

Figure 33. (a) J−V curves of BiVO4 and BiVO4/CoPhy photoanodes under AM 
1.5G illumination in a borate buffer at pH 9.3; dotted line: the J−V curve of BiVO4 

for sulfite oxidation; and dashed line: dark current densities of samples. (b) 
ABPEs. (c) IPCE values of photoanodes at 1.23 VRHE. (d) Chopped-light 

photocurrent responses at 0.6 VRHE. 

The PEC performances of samples were tested in a borate buffer at pH 9.3 
under AM 1.5 G simulated illumination. The J−V curves in Figure 33a 
showed that BiVO4/CoPhy exhibited a high photocurrent density of 4.3 mA 
cm-2 at 1.23 VRHE, which was much higher than that of unmodified BiVO4 (1.7 
mA cm-2). Furthermore, the photocurrent onset potential of BiVO4/CoPhy 
photoanode showed a significant cathodic shift of ~0.4 V compared to bare 
BiVO4, reaching ~0.2 VRHE. In Figure 33b, the maximum ABPE value of 
BiVO4/CoPhy photoanode was found to be 1.46% at around 0.63 VRHE, 
showing the high photoconversion efficiency by virtue of CoPhy; in sharp 
contrast, that of BiVO4 was only 0.26% at ca. 0.9 VRHE. As shown in Figure 
33c, the IPCE value of BiVO4/CoPhy acquired at 1.23 VRHE was near 70% in 
the wavelength range of 360−460 nm, which is evidently higher than that of 
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bare BiVO4 (about 30%). In addition, the photoresponse of BiVO4/CoPhy 
under chopped light conditions was fast and reproducible (Figure 33d), 
showing much smaller photocurrent spikes compared to that of bare BiVO4 at 
each light on-off cycles. This indicated that the undesired surface 
recombination of BiVO4 was significantly alleviated by integration with 
CoPhy cocatalysts. 

 

Figure 34. (a) J−t curves of the BiVO4/CoPhy photoanode under AM 1.5G 
illumination in a borate buffer at pH 9.3 for 10 h. (b) Corresponding J−V curves of 
BiVO4/CoPhy before and after stability testing. (c) The top-view SEM and (d) TEM 

images of tested BiVO4/CoPhy. (e) the HAADF-STEM image of tested 
BiVO4/CoPhy photoanode with corresponding elemental mappings. 

The long-term stability of the BiVO4/CoPhy photoanode was assessed in the 
same borate buffer at pH 9.3 with a constant bias of 0.6 VRHE. As shown in 
Figure 34a, the CoPhy modified BiVO4 photoanode exhibited acceptable 
stability with a slight decay (18% of the initial Jph loss) after 10 h photolysis 
(Faradaic efficiency: ~93%). The tested BiVO4/CoPhy still had a photocurrent 
density of ~3.8 mA cm-2 at 1.23 VRHE (Figure 34b). It was hard to find any 
distinct differences in morphology of BiVO4/CoPhy before and after J−t 
testing by SEM observation. In Figure 34c, an in-depth morphological 
detection by TEM revealed that the catalyst layer became rough instead of 
being initially conformal on the surface of BiVO4, albeit with complete 
coverage. The corresponding element mappings still showed the uniform 
distribution of Co, P, and C, further confirming the preservation of the CoPhy 
cocatalyst on the surface of BiVO4. 
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Figure 35. High resolution XPS spectra of BiVO4/CoPhy photoanodes before and 
after stability testing: (a) Co 2p, (b) P 2p, (c) C 1s, (d) Bi 4f, (e) V 2p, and (f) O 1s, 

respectively. 

To obtain more information about the structural transformation of CoPhy after 
long-term water photolysis, XPS measurements were performed. The high-
resolution Co 2p spectrum of tested BiVO4/CoPhy photoanode was shown in 
Figure 35a. The satellite peak especially for Co 2p3/2 diminished, and slight 
negative shifts in the binding energies were observed relative to the spectra of 
BiVO4/CoPhy before J−t testing. This was indicative of the formation of high-
valent states of cobalt, most likely caused by photogenerated holes during PEC 
conditions.164 According to the ICP-OES measurements, it was found that the 
amount of cobalt in BiVO4/CoPhy was almost unchanged (3.7 nmol cm-2) after 
the stability test, thereby ruling out the possibility of cobalt leaching. Besides, 
the P 2p signal, P−O and P=O signals in the O 1s spectra, and C−O signals 
originating from phytate in the C 1s spectra were all decreased in the analyzed 
sample, indicative of the reduction of P content and partial conversion of 
phytate to hydroxides. Such a structural evolution of cobalt phytate has 
previously been reported in electrocatalytic water oxidation.265-267 
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5.3.3 Charge kinetics study 

 
Figure 36. (a) ηsurface of BiVO4 and BiVO4/CoPhy photoanodes. (b) EIS plots (Inset: 
the equivalent circuit model) recorded at 0.6 VRHE under AM 1.5G illumination. (c) 

J−V curves of CoPhy on FTO electrodes in borate H2O (solid line) and D2O 
(dashed line) solutions with 95% iR compensation, respectively; inset: 

corresponding KIEs at different overpotentials. J−V curves of (d) bare BiVO4 and 
(e) BiVO4/CoPhy photoanodes measured in borate H2O (solid line) and D2O 

(dashed line) solutions, respectively. (f) Summary of KIE values of water oxidation 
reaction on photoanodes at different overpotentials. 
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Generally, the introduction of an ultra-thin layer of oxygen evolution 
cocatalyst on BiVO4 does not affect the carrier density or doping level in the 
bulk of BiVO4.82 Likewise, it does not affect the light absorption properties of 
BiVO4 as evidenced by the similar UV-vis absorption spectra for bare BiVO4 
and BiVO4/CoPhy. Therefore, the impressive enhancement in PEC 
performance by CoPhy primarily resulted from the improvement of the 
interfacial charge transfer efficiency. After integration of the cocatalyst, the 
ηsurface value (Figure 36a) was dramatically increased from 35% to 91% at 1.23 
VRHE, suggesting the crucial role of CoPhy in the inhibition of surface 
recombination. Furthermore, the EIS plots (Figure 36b) of BiVO4/CoPhy 
presented a much smaller RCT (derived from the diameters of the semicircles) 
compared to that of bare BiVO4, indicating that CoPhy can greatly accelerate 
the charge transfer for surface water oxidation. The KIE measurements were 
performed to obtain in-depth information on proton transfer for investigating 
the RDS in the whole PEC water oxidation process. The average KIE value of 
CoPhy on the FTO electrode was measured to 1.7 (Figure 36c), indicating that 
O−H bond cleavage was involved in the RDS of electrochemical water 
oxidation for CoPhy. As seen in Figure 36d−e, the J−V curves of 
BiVO4/CoPhy in H2O and D2O electrolytes were nearly identical, whereas 
those of BiVO4 exhibited distinct differences. Accordingly, the KIE values 
(Figure 36f) of BiVO4/CoPhy and bare BiVO4 were measured to 1 and 1.6 (on 
average) over the entire overpotential range, respectively. These results 
revealed that O−H bond cleavage was not involved in the RDS for PEC water 
oxidation by BiVO4/CoPhy. In other words, since the CoPhy cocatalyst greatly 
expedited the water oxidation kinetics on BiVO4 surface, the hole transfer from 
BiVO4 into the catalyst layer rather than the catalytic process was rate-
limiting.170,180 

The surface recombination behavior of samples was further investigated by 
IMPS. The key parameters krec, and ktrans for BiVO4 and BiVO4/CoPhy 
photoanodes were derived from each IMPS response in Figure 37a and Figure 
37b, respectively. As presented in Figure 37c, the krec value of BiVO4/CoPhy 
was considerably lower relative to that of unmodified BiVO4 at all applied 
potentials. For example, at 0.6 VRHE, the krec value of BiVO4/CoPhy was only 
0.36 s-1, whereas that of bare BiVO4 was up to 9.1 s-1. Unlike krec, the ktrans 
values (Figure 37d) for both BiVO4 and BiVO4/CoPhy were very similar (3−4 
s-1). When krec, and ktrans were translated into charge transfer efficiency (ηCT, 
Figure 37e), it was found that the ηCT of BiVO4/CoPhy was much higher than 
that of BiVO4, which can be attributed to the remarkable passivating effect of 
CoPhy in reduction of the surface recombination. The overall function of 
CoPhy in charge transfer and surface recombination are illustrated in Figure 
37f. As the ktrans was not significantly influenced, a smaller krec mainly 
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contributed to the increase in the interfacial charge transfer efficiency, in turn, 
boosting PEC performance. 

 
Figure 37. IMPS plots of (a) BiVO4 and (b) BiVO4/CoPhy photoanodes at different 
applied biases, respectively. The rate constants of (c) krec, and (d) ktrans extracted 
from IMPS spectra. (e) The charge transfer efficiency (ηCT) defined as ktrans/(ktrans+ 

krec). (f) Scheme of working principles in bare BiVO4 and (b) BiVO4/ CoPhy. 
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5.4 Conclusions 

In this Chapter, a well-established cobalt phytate cocatalyst was introduced on 
the surface of BiVO4 by photo-assisted electrodeposition, in the form of a 
uniform and ultra-thin (~4 nm) catalyst layer. A high photocurrent density of 
~4.3 mA cm-2 at 1.23 VRHE could be obtained for the as-prepared BiVO4/CoPhy 
photoanode, in addition to a low photocurrent onset potential of ~0.2 VRHE and 
good photostability. CoPhy not only functioned as a highly efficient cocatalyst 
to improve the water oxidation kinetics, but also played a decisive role in the 
reduction of surface recombination, which accounted for the increase of the 
interfacial charge transfer efficiency. This work offers a new strategy for 
surface engineering of BiVO4 photoanodes by coupling with metal-organic 
complex cocatalysts. 
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6.  
Concluding Remarks 

This thesis presents our efforts on the design and fabrication of BiVO4-based 
photoanodes by surface engineering for efficient photoelectrochemical water 
splitting. A series of surface engineering strategies and related cocatalysts were 
developed and applied to BiVO4 to enhance PEC performance, including 
borate modification at the molecular level, inorganic layered double 
hydroxides, conjugated microporous polymer-based heterogeneous catalyst, 
and a metal-organic complex. The PEC performances of these composite 
photoanodes were systematically evaluated in view of efficiency and stability. 
The origins of the PEC enhancement were thoroughly investigated by a series 
of charge kinetics studies.  

In Chapter 3, a facile borate treatment on BiVO4 at the molecular level was 
discovered. Without using traditional element doping or loading of a cocatalyst, 
the as-prepared B-BiVO4 surprisingly obtained a photocurrent density as high 
as 3.5 mA cm-2. The chemisorption of borate species on BiVO4 not only 
accelerated water oxidation kinetics but also suppressed surface recombination. 
After further loading of NiFeV cocatalysts on the B-BiVO4 substrate, the as-
prepared B-BiVO4/NiFeV achieved an outstanding photocurrent density of 4.6 
mA cm-2 at 1.23 VRHE, an ultra-low onset potential of 0.2 V, and good long-
term stability. This work features a remarkable synergy of postsynthetic 
treatment and cocatalyst decoration, providing insightful understanding of 
integrated photoanode design for PEC water splitting. 

In Chapter 4, a microporous conjugated polymer-based heterogeneous catalyst 
with abundant cobalt coordination sites was applied to surface engineering of 
BiVO4. The as-prepared BiVO4/eCMP-Co hybrid photoanode exhibited a high 
photocurrent density of 4.3 mA cm-2 with a very low photocurrent onset 
potential of 0.2 VRHE. Charge kinetics investigation reveals that eCMP-Co 
serves as an excellent OER catalyst to expedite the catalytic water oxidation 
reaction on BiVO4 surface. More importantly, it plays a pivotal role in the 
prevention of surface charge recombination as a “passivator”. This work opens 
up a new avenue for developing hybrid photoelectrodes based on conjugated 
polymer/inorganic semiconductor in PEC systems. 

In Chapter 5, a uniform and ultra-thin cobalt phytate cocatalyst layer is 
introduced onto the BiVO4 surface by classical photo-assisted 
electrodeposition. The as-prepared BiVO4/CoPhy composite photoanode also 
achieved an impressive photocurrent density of 4.3 mA cm-2 at 1.23 VRHE. 
CoPhy not only improved the water oxidation kinetics, but also significantly 
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suppressed surface charge recombination on BiVO4. This work provides a new 
surface engineering strategy for BiVO4-based photoanodes by coupling with 
metal-organic complex cocatalysts. 
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7.  
Future Outlook 

Inspired by natural photosynthesis, artificial photosynthesis that aims at 
converting sunlight, water, and CO2 into chemical fuels is drawing a 
tremendous level of research interests, which will certainly continue to 
increase in the future actuated by the trend of carbon neutrality. Solar-driven 
water splitting for green hydrogen production has been intensively studied in 
the past half-century in the context of photovoltaic techniques, particulate 
photocatalysts, and photoelectrode systems. Priority is often given to the solar-
to-hydrogen energy conversion by solar water splitting devices. In particular, 
the criteria for practical hydrogen production by PEC systems include a high 
efficiency above 10% with a long enough lifetime (at the year-level), 
scalability (up to the order of km2) and low enough H2 production cost (~5 
$ kg-1). Obviously, there is still a long way to go before large-scale practical 
applications of PEC devices can be realized. 

In the field of PEC water splitting, the development of efficient, robust and 
cost-effective photoanode materials has been demonstrated to be very 
demanding. BiVO4, as one of the most promising photoanode materials, has 
made rapid progress since the discovery of its photocatalytic activity 20 years 
ago, thanks to the increased of understanding of its intrinsic properties and 
working principles in parallel with the flourishment of diverse modifications. 
However, the already-achieved photocurrent density (5−6 mA cm-2) and STH 
conversion efficiency for BiVO4-based photoanodes approaches its theoretical 
maximum value, especially in the past five years. In the future, further PEC 
improvement should be devoted to extending light harvesting with the help of 
another light absorber, thereby reaching >10% ηSTH for practical use. Moreover, 
the corresponding system stability should be considered simultaneously. 

In addition, the scope of applications for PEC devices based on BiVO4 or other 
semiconducting materials can be extended to simultaneously produce H2 and 
high value-added chemicals using appropriate hole scavengers, such as 
lignocellulosic biomass, plastic waste, alcohols, and other organic compounds. 
Also, the PEC water oxidation reaction can be coupled with the reduction of 
organics for value-added chemical production.  
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