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Part 1

Introduction



1. Background

In line with the increasingly serious energy crisis, investigations on the applications of
solar energy, a clean and inexhaustible energy source, have become ever more important
[1-3]. Up to now, the most extensive use of solar energy is to convert it into electric energy,
that is, the application of solar cells. However, there are also some problems in energy
storage, transmission and utilization efficiency with this route [4]. The direct conversion of
solar energy into usable chemical energy is another route, for example, the generation of
H2 by water decomposition reaction [5-7], and the conversion of CO: into fossil fuels such

as CH4 (Figure 1) [8, 9].
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Figure 1. Scheme of direct conversion of solar energy into usable chemical energy [1].

Recently, hydrogen peroxide (H202) has attracted a lot of attention as a promising
green fuel. As a clean and environmental-friendly green oxidant, H202 is widely used in
pulp and textile bleaching [10], sterilization [11], and wastewater treatment [12],
hydrometallurgy and electronics industries [13]. In addition, the development of H20:2 fuel
cells further enhances its potential value. The theoretical open circuit voltage of H202 fuel
cells (theoretical Voc = 1.1 V, comparable to 1.23 V of Hz fuel cells) is comparable to that of
H2 fuel cell [14]. In addition, H202 has the advantage of high energy density and can be

stored as an aqueous solution at normal temperature and pressure, which is safer and
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easier to transport [1]. Compared to other liquid fuels (such as methanol), H202 is more
environmentally friendly as the products are only water and oxygen, so some people call it
an ideal new solar fuel [15].

So far, anthraquinone (AQ) auto-oxidation has been the main process for the
industrial production of H202, accounting for more than 95% of global production.
(Scheme 1) [16]. The primary process of the AQ method consists of the following four
steps: i) hydrogenation of AQ to produce anthrahydroquinone (AHQ); ii) Oxidation of AHQ
to produce hydrogen peroxide and AQ; iii) Extraction of H202, purification and
regeneration of AHQ into AQ; iv) purification and concentration of H202. As a popular
technology, the AQ method has the advantages of cost-effectiveness and convenience for
mass production. However, as a critical step, AQ hydrogenation requires the precious
metal Pt as a catalyst to achieve it. In addition, the steps of hydrogenation and
concentration are energy-intensive and generate large amounts of waste, which is not

conducive to environmental protection.

OH
o

OH 7

A o
% AHQ \
o ey 0

@]
R R iv) Distillation
QT - QLT - o =25 o,
iii) Regeneration

o (0]
AQ AQ

Scheme 1. Schematic of the anthraquinone (AQ) process for the generation of H20».

2. Light-driven oxygen reduction for H202 production

Therefore, efforts have been made to develop new environmentally friendly methods
for the production of H202. Photocatalytic reactions have attracted widespread interest
from researchers since Fujishima and Honda first reported titanium dioxide catalyzed
hydrolysis under UV light in 1972 [17]. Recently, the production of H202 via photocatalytic
reaction processes has received increasing attention, which would be a meaningful
breakthrough in H202 chemistry [18]. Compared to the AQ method, the photocatalytic

method uses renewable sunlight as an energy source and the reaction can be carried out
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at room temperature and pressure, making it a safe and green method of H20:2
production.

Generally, there are two photocatalytic H202 production pathways, i.e., particulate
photocatalytic (PC) and photoelectrochemical (PEC) systems [2]. Conventional
photocatalytic generation of H202 from PC systems is based on inorganic semiconductors
such as BiVOs, TiO2, etc. [10, 19-21]. However, inorganic semiconductors are still
inefficient for photocatalytic H202 generation due to factors such as large band gap values
and high charge complexation rates. Recently, various PC systems based on
organic-polymer semiconductors have been developed for photocatalytic H2O2 generation,
the most representative of which is graphitic carbon nitride (CsN4) with a recorded
solar-to-H202 (STH) conversion efficiency of 0.61% [22-24]. However, as the strongly
oxidizing hydroxyl radicals (*OH) are inevitably generated during photocatalytic H202
production (H202+hv — 2¢OH or H202+e” + H" — *OH + H20), the stability of these
semiconductors is challenged [25].

For the systems of photoelectrochemical cells, oxidation and reduction reactions
occur on the photoanode and photocathode, respectively, i.e., the selectivity and activity
for ORR and WOR can be separately improved. Studies on WOR generating H202 have
mainly focused on the development of photoanode metal oxide materials [26]. Fuku et al.
reported that a WOs3/BiVO4 photoanode coated with a mesoporous Al2O3 layer could lead
to excellent oxidative H202 generation at a selectivity of ca. 80% [27]. Yin et al. developed
a BiVO4 photoanode with surface oxygen vacancies that showed a photocurrent density
of 4.32mA-cm™ at 1.23 Vvs. RHE [28]. However, H202 production via WOR by PEC
systems is restricted by the high redox potential for H2O2 production via WOR (1.74 V vs.
RHE; eq.1). Prevention of the decomposition of H202 at such high oxidation potential is
difficult since H202 usually serves as an excellent hole scavenger and an intermediate
reductant. In this case, accumulation of H20: is difficult in a PEC system that mainly relies

on WOR.



2H,0+2h" — H,0,+2H" E°=1.76 eV vs. RHE (1)

O,+2H" +2¢ — H,0, E°= 0.68 eV vs. RHE (2)
O,+e — ‘0, E°= -0.33eVvs. RHE (3)
‘0, +2H" +e” = H,0, E’= +144eVvs.RHE (4)

The use of a PEC system for boosting ORR (0.68 V vs. RHE; eq. 2) is a promising
strategy for H202 production. According to the electron transfer process and reaction
intermediates, the ORR to H202 can be further divided into direct 2e- ORR and indirect
2e- ORR pathways, i.e., a one-step two-electron Oz reduction process (eq. 2) and via a
superoxide radical intermediate (*O2") two-step one-electron O2 reduction process
(equations (3) and (4)). The reaction process and thermodynamics of H202 generation
through direct and indirect ORR processes are listed in equations (2)-(4). Clearly, the
reaction potential of the direct ORR (+0.68 V) is more positive than that of the indirect
ORR (-0.33 V), indicating that the direct ORR is thermodynamically favorable.
Nevertheless, from the viewpoint of reaction dynamics, the indirect ORR process is facile
and kinetically favorable, since only one electron is needed for each step, while the direct

ORR process needs two electrons.

3. Metal sulfides as photoelectrocatalysts

So far, many metal sulfides have been developed for photoelectric catalysis, as
shown in the periodic table of elements below, with the metal elements highlighted in red
(Figure 2) [29]. This is because metal sulfides have high light absorption coefficients and
suitable band gaps due to their S2p orbitals, which can enhance light absorption
compared to metal oxide semiconductors with O2p orbitals [30]. Furthermore, the
structures of metal sulfides are easily tunable in terms of morphology, crystallinity, and
chemical composition, leading to customizable chemical, electronic, optical, physical

properties.
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Figure 2. Common metal elements (highlighted in red) used to construct binary, ternary or quaternary
sulfide photoelectrodes for PEC applications [29].

However, metal sulfides also suffer from photo-corrosion during the
photoelectrocatalytic reaction, where metal sulfides are oxidized by photogenerated holes,
thereby damaging the material structure and leading to a reduction in performance. So far,
a series of strategies have been adopted to inhibit the photocorrosion and dissolution of
materials from improving the stability of metal sulfides. The main components include:

The use of sacrificial agents (such as Na2S and Na2SOs) in the electrolyte as vacancy
scavengers in the electrolyte to deplete the vacancies prone to photocorrosion;

Surface modification with co-catalysts to enhance oxygen production or the rate of
hydrogen evolution;

The modification or modulation of the semiconductor surface with metal oxides,
carbon-based materials, or polymers to achieve spatial separation of the semiconductor
from the electrolyte;

Nanostructured construction for fast separation of holes on electrode surfaces.

The structural tunability of metal sulfides can enable researchers to obtain desired
photoelectrochemical properties by adjusting the chemical composition and particle size
parameters. However, these complex parameters imply a huge amount of screening work
when selecting suitable electrodes. In this review, we simplified the main parameters for
evaluating the photoelectrocatalytic performance as photocurrent density. Furthermore,

photocurrent density (Jpn) is mainly determined by light absorption efficiency (nabs), charge



separation efficiency (nseperation), and charge injection efficiency (ninjection) (EQq. 5).

J oh = Mabs % Mseperation ** Minjection (5)

Specifically for oxygen reduction reaction, relevant stages in photoelectrochemical
reduction are: (1) light absorption by a semiconductor, (2) charge separation within the
semiconductor structure, (3) charge transfer to the back contact, and (4) charge transfer
to the liquid medium and carry out oxygen reduction reaction (Figure 3). The first step
corresponds to the light absorption efficiency. The second and third steps are related to
the charge separation efficiency. The fourth step is related to the charge injection
efficiency. Based on these three crucial parameters, solutions such as morphology control,
heteroatom doping, surface modification, and cocatalyst modification are proposed, which
will inspire the design and preparation strategies for not only metal sulfides but also

various high-performance photocatalysts.

E..

c\

Figure 3. Structure of a photoelectrochemical cell based on a p-type semiconductor.

4. Strategies for improving photoelectrocatalytic performance

For photocatalysts, the research on light absorption efficiency mainly focuses on the
effect of energy band structure and material structure. Most metal sulfide photoelectrodes
(except for ZnS and MnS) could absorb visible light since their band gaps are lower than
3.0 eV. Moreover, metal oxides generally can only absorb and utilize ultraviolet light due to
their large bandgap (>3.0 eV) [31]. The energy of ultraviolet light accounts for only about 2%

of the irradiated solar spectra, compared to about 47% for visible light (Figure 5) [32]. This
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means that the utilization rate of sunlight by metal sulfides is higher than that of most
metal oxides. More importantly, H2O2 decomposes easily under UV light, so for the
accumulation of H20z2, the reaction needs to be carried out under visible light.

However, when the bandgap is narrower, photogenerated electrons and holes are
also more likely to compound, resulting in a lower photogenerated current density. In
addition, the poor chemical stability of the sulfide material makes it prone to
photocorrosion. To address these issues, appropriate modifications are essential.

It should be noticed that, for a comprehensive introduction to the modification strategy,
some cases are not metal sulfide. But these strategies are general, and these strategies

can also be used to enhance the photogenerated currents of metal sulfide.

The solar spectra Energy distribution in the solar spectra

UV | Visible light Infra red

51 %

0,
ar % Infra red

Visible
light

Energy from the sun

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Wave length, nm

Figure 4. Solar spectra and energy content of visible light, IR and UV parts of the sunlight [32].

4.1 Light absorption efficiency

4.1.1 3D structures construct

In order to obtain efficient photocatalysts, the photoelectrode film material should be
thick enough to absorb more light, and at the same time, the photogenerated carriers in
the photoelectrode should be able to reach the interface participating in the catalytic
reaction. Therefore, the minority carrier diffusion length is crucial for carrier transport. The
morphology of the photoelectrode will affect the transport distance of photogenerated
carriers. Compared with conventional semiconductor photoelectrodes, the potential
advantages of one-dimensional (1D) nanostructured photoelectrodes are that the transfer
distance of minority carriers is relatively short, so the morphology control of

8



photoelectrodes is particularly important [33]. It is the preparation of porous structures or
1D nanostructures such as nanorods, nanotubes and nanowires that has attracted much
attention. In addition, the increase of surface reactive sites helps to reduce the charge
recombination of the material and improve its PEC performance.

Liu et al. [34] demonstrated a typical method for synthesizing ZnO nanorod arrays
and explained the working mechanism of the nanorod array (Figure 5). ZnO nanorod
arrays (NRAs) were synthesized by a hydrothermal method, and their size could be
controlled by adjusting the concentrations of reactants. Multiple scattering of UV light
between ZnO NRAs, resulting in increased light absorption. Due to the high density of
nanorods, little light scattering occurs on Z100, which can also be verified in transmittance
spectra. Furthermore, Z25 having the highest surface area ratio which provides the most
reactive sites for photocatalysis. Combining these two factors, Z25 produces about three

times the concentration of H202 as Z100 in 360 min.

|/ oo

Transmittance (%)

.m |

zio z28 zs0 z100 |

(ahv)’(w“av’cm")

e 0.0
28 28 3.0 3.2 34 80 120 180 240 300 360
E (eV)

Time (min)
Figure 5. (a) SEM images of 210, Z25, Z50 and Z100 (ZnO NRAs samples were named after their
reactants’ concentration as Z10, Z25, Z50 and Z100). (b) UV-vis transmittance spectra of the ZnO
nanorod arrays. (c) Tauc plots for the ZnO nanorod arrays. The inset was the band gap date for different
samples. (d) Schematic illustration of multiple scattering of light on ZnO nanorod arrays. (e) H2O;
generated by the ZnO nanorod arrays under UV irradiation [34].

Besides nanorod arrays, there are other types of 3D structures, such as nanosheet
arrays, pyramid arrays, etc., all of which aim to achieve better light absorption efficiency

and reduce carrier recombination. Song et al. [35] prepared CdS nanoflakes (CdS NFAs)
9



using thermal evaporation as a substrate. Subsequently, the CdIn2S4 surface layer was
obtained by cation exchange of CdS NFAs in the presence of InCls precursor at 500 °C
(Figure 6). The formation of a type Il heterojunction (Please see section 4.2.2 for details)
by CdS NFAs and CdIn2S4 layer improved the charge separation efficiency and hole

injection rate, which resulted in enhanced photocurrent.

(a) CdS nanoflake arrays CdS@CdIn,S, nanoflake arrays
i - =
Bl AVl | oA g y o -
/ , ,-';é’ “‘ ): \ ‘ cation exchange 4 4
! ‘ ! T L | ‘ i
3 \ A
A A = &\ Lad
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\ \ cvD v,
FTO o e
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Figure 6. (a) Schematic illustration of CdS@CdIn2S4 nanoflake preparation. (b) Time courses of the
photocurrent of the CdS and CdS@CdIn;S4 photoanodes. (c) Schematic illustration of CAS@CdIn2Sy
nanoflake for producing Hz [35].

4.1.2 Heteroatom doping

Doping of heteroatom ions is one of the most commonly used methods to improve the
PEC performance of photoelectrode materials, which can be divided into metal ion doping
and non-metal ion doping. And its effects can be summarized in the following four points:

By introducing additional electrons or holes, the carrier transport rate and separation
efficiency inside the electrode can be improved;

The band structure of semiconductor materials can be adjusted to improve the
utilization of light absorption;

The participation of heteroatom ions may also make conductivity of the material

10



increase, changing the onset potential;

The doping of heteroatom elements may also change the morphology of the material.

In addition, multi-element doping may produce synergistic effects to enhance the
photocatalytic performance of semiconductor photocatalysts further.

The sulfur atoms in metal sulfide are often been substituted by the Se atoms, i.e.,
Cu(In, Ga)Sz (CIGS) is frequently selenated to form Cu(ln, Ga)(S, Se):2 (CIGSSe) [36, 37].
Compared to metal oxides (bandgap of 2.2 - 3.5 eV), metal sulfides have significantly
smaller bandgaps (bandgap of 1.1 - 2 eV) [30]. However, some sulfides, such as
Cu2ZnSnS4 (CZTS), have a too large bandgap value, which makes it impossible to absorb
visible light sufficiently [38, 39]. To minimize the band gap, one approach is to partially
replace sulfur with selenium. Since the energy of the Se 4p orbital is higher than that of
the S 3p orbital, Se substitution can shift the valance band maximum (VBM) up and the
conduction band minimum (CBM) down, thereby reducing the band gap.

Ge et al. [40] prepared BaCuz2Sn(SexS1x)4 (BCTSSe) films with different Se/S ratios
using a co-sputtering method (Figure 7). It can be observed that as the ratio of selenium
increases, the bandgap value of the material decreases nearly linearly. Compared with
pure sulfide BCTS (when x = 0, FTO-1), the selenium-doped electrode exhibits improved
photocurrent. This improvement stems from the addition of selenium reduces the band

gap, resulting in the enhanced absorption efficacy of visible light.

BaCuz5ns, scs(s¢ sSo.)s

Ep=1 95:]

r5<5-ﬂso:sces&usa )s BaCu:Sn(Seo 53S0 47)s
* SLG L

— Parabola Fit
5=0.0637
—————r \'. =171 e

00 01 02 03 04 05 10
x=Sel(Se+S)

* FTO
—— Parabola Fit
50

02

00 02
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Figure 7. (a) Optical absorption coefficients of BCTSSe. (b) The band gaps of BCTSSe. (C) Photos of
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BCTSSe photocathodes under PEC testing. (d) LSV curves of BCTSSe photocathodes. (e) IPCE spectra
measured under 0 V vs. RHE [40].

lkeda et al. [41] successfully prepared Cu(ln, Ga)S: (CIGS) solid solutions with
different Ga contents by spray pyrolysis-sulfurization process, and tested the performance
of PEC based on CdS deposition layers and CIGS with different band gaps decorated with
Pt nanoparticles (Figure 8). It can be found from the SEM images that when the molar
ratio of Ga/(In+Ga) is 0.25, a significant increase in particle size is observed. With the
increase of Ga content, the photocurrent density and onset potential of the bright pole
gradually increased. As shown in Figure 12, when the molar ratio of Ga/(In+Ga) is 0.25,
the Pt-CdS/CIGS(25) photocathode can obtain the maximum photocurrent density of -6.8
mA/cm? (0 Vree ) and the most positive onset potential of 0.89 VrHe. However, further
increasing the Ga content is not conducive to improving the performance of PEC, which is

attributed to the narrowing of the light absorption range due to the excessively large band

gap.

Pt-CdS/CIGS(40)

Pt-CdS/CIGS(25)

‘“Hm‘ Pt-CdS/CIGS(10)
“I“ “”“ 15 mA cm”
Pt-CdS/CIGS(0)

T T T T T T T T T » T
00 01 02 03 04 05 06 07 08 09 1.0
Potential / V vs. RHE
(C} cds CIGS(0)  CIGS(10)  CIGS(25) CIGS(40) ooy o) (ay)
3.65 3.64 3.61 3.56_ cam

02 D LR R e L1 S

Current density / mA cm”

3.85 020
g

cBO !

Figure 8. (a) SEM images of CIGS with different molar ratios of Ga/(In+Ga). (b) J-V curves of
Pt-CdS/CIGS electrodes with different Ga contents. (c¢) Band positions of CIGS with different Ga contents
[41].
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4.2 Charge separation efficiency

4.2.1 Particle size and crystallinity

The particle size of the material is one of the important factors affecting the
photogenerated current. Most of the time, the large-sized particles represent the excellent
crystallinity of the material. The interface of contact between particles can lead to the
formation of some recombination centers, so the formation of large particles is generally
pursued for electrodes to obtain high photocurrent. In addition, large-sized particles
generally possess good mechanical strength, which is crucial for their practical
applications, such as the construction of tandem devices starting from nanostructures
[30].

Chernomordik et al. systematically investigated the factors governing crystal growth
and microstructure development during annealing of Cu2ZnSnSs (CZTS) films [42]. As
shown in Figure 9, two competing mechanisms, normal grain growth and anomalous grain
growth, affect the film microstructure. The temperature and time of annealing, sulfur vapor
pressure, and the presence or absence of impurities can significantly affect grain growth

and size.

700 °C
500 Torr

Quartz SLG Quartz SLG
50 Torr 50 Torr __500Torr 500 Torr

13



Figure 9. The effects of different annealing temperature, time, sulfur vapor pressure and substrate on the
microstructure of CZTS thin films were observed by SEM images [42].

Liu et al. synthesized BiVO4 by solid-liquid state reaction, and controlled the particle
size by adjusting the reaction time (Figure 10) [43]. The tightness of the contact between
the BiVOs4 particles and the FTO substrate affects the transfer of charges to the counter
electrode. It thus affects parameters such as photocurrent, onset potential, and resistance.
However, the charge separation efficiency plays a more significant role in the PEC
reaction. The better performance of BiVOas with large particle size in the oxygen evolution
reaction can be attributed to two points: i) the decrease in particle size leads to a higher
density of surface defect sites, resulting in more surface recombination centers; ii) large
particles Dimensional BiVO4 has better charge separation efficiency based on the band
bending induced by the space charge layer (SCL) [44]. It should be noted that a large
particle size does not necessarily mean that the material is not tightly connected to the
substrate. This problem can be effectively solved by using spin coating, ALD and other
preparation methods.
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Figure 10. (a) Cross-section SEM micrographs of BiVO4 photoanode and corresponding particle size. (b)

-V curves under light (full line) and dark (dashed line) conditions and Nyquist plots. (c) O evolution
reaction with time goes. (d) Different roles of particle size in controlling BiVO4 photoactivity in PEC and
PS systems [43].

Qin et al. prepared BiVOs4 photoanode with large particle size by chemical vapor

deposition (CVD) method (Figure 11) [45]. The particle size of BiVO4 can be controlled by
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adjusting the pH of the electrodeposition electrolyte of the Bi precursor. As the particle
size increases, the photocurrent is significantly enhanced, which is attributed to the

improved charge separation efficiency.
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Figure 11. (a) lllustration of the preparation process. (b) SEM image of BiVO,4 photoanodes. (c) J-V plot
of BiVO, photoanodes. (d) Nyquist plots of BiVO4 photoanodes [45].

4.2.2 Heterojunction construction

Generally, conventional heterojunction photocatalysts are classified into three types
(Figure 12), i.e., straddling gap (type |) [46], staggered gap (type Il) [47-49], and broken
gap (type Ill) [50, 51]. Among these three types of heterojunctions, type Il heterojunction
can enhance photocatalytic activity as it can effectively improve the charge separation
efficiency. Nonetheless, since the reduction and oxidation processes occur on
semiconductors with lower reduction and oxidation potentials, respectively, the redox
capacity of photocatalysts is reduced [52]. To overcome this problem, Z-type

heterojunctions are proposed, which can be divided into three categories, liquid-phase
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Z-type heterojunctions [53], all-solid-state Z-type heterojunctions [54-59], and direct

Z-type heterojunctions [60-62].
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Figure 12. (a) type-l, (b) type-ll, and (c) type-lll heterojunctions. (d) liquid-phase Z-scheme
heterojunction, (e) all-solid-state Z-scheme heterojunction, (f) direct Z-scheme heterojunction [53].

Wu et al. [63] synthesized ZnIn2S4 (ZIS) photoanode by hydrothermal method, and
P-doped ZIS was obtained by phosphine vapor phosphating (Figure 13). The n-type ZIS
and p-type P-doped ZIS form a p-n heterojunction, which can be verified from the
Mott-Schottky plot. Compared with the base ZIS, the photocurrent of the ZIS/P-ZIS is
greatly improved, which is attributed to the excellent charge separation efficiency. Kumar
et. al [62] report the fabrication of Z-scheme based core/shell/shell nanomaterials of
NaNbO3/CulnS2/In2S3 photoelectrode (Figure 13c). For comparison, the authors have also
performed a modified NaNbOs3/In2S3/CulnS2 photoelectrode with type |l heterostructure.
The enhanced photocurrent density under visible light irradiation indicates that the Z-type
system performs better than the type-ll heterostructure. This is due to the reduced
recombination of charge carriers by the Z-type system, revealed by the PL intensity and

short lifetime.
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4.2.3 Passivation layer modification

Since metal sulfide semiconductors are photoelectrochemically unstable, inert
surface coatings such as TiO2 are required to improve the stability of photoelectrodes.
Typically, the thickness of the passivation layer should be less than 100 nm to minimize
the effect on light absorption and allow charge carriers to tunnel through it [64]. In addition,
the passivation layer should be stable enough to not react with the electrolyte and not
easily be reduced by electrons or oxidized by holes. Usually, the passivation layer does
not provide a catalytic surface for the oxidation or reduction of water. Therefore, additional

cocatalysts may be required to reduce the overpotential to generate efficient
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photoelectrodes for oxygen reduction reactions. However, some passivation layers can
also prevent electron-hole recombination, leading to fast interfacial charge transfer rates.

Wang et al. [65] prepared an Al-ZnO/CdS photoanode and deposited TiO2 as a
passivation layer through atomic layer deposition (ALD) to enhance the photostability
(Figure 14). When the number of ALD cycles is small, the photocurrent is increased, which
may be based on the enhancement of the charge transfer rate, and when the number of
ALD cycles is high, the photocurrent is shown to decrease, which may be due to the
affected light absorption. With the increasing of ALD cycles, the photostability of
photoanodes are extended. In addition to acting as a passivation layer to physically
isolate the contact between the electrode and the electrolyte, TiO2 also prevents

electron-hole recombination and improves the charge separation efficiency.
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Figure 14. (a) Schematic diagram of the fabrication of Al-ZnO/CdS/TiO, photoanode. (b) Stability
measurement. (c) Bandgap structure of Al-ZnO/CdS/TiO, photoanode [65].

4.2.4 Conductive layer modification

The metal layer can form a Schottky junction with the semiconductor, where the
equilibrium arrangement of the Fermi level (Er) of the metal and the semiconductor

creates a built-in electric field in the depletion region near the interface [66]. Driven by this
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electric field, photoexcited electrons from the semiconductor are transferred to the metal
layer (Figure 15). The Schottky barrier not only promotes the separation of
photogenerated electrons and holes, but also inhibits the recombination of
photogenerated charge carriers on the semiconductor surface. The metal layer also
physically isolates the electrode from the electrolyte and provides active sites for the

photocatalytic reduction reaction.
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Figure 15. (a) Schematic diagram of electron transfer between semiconductor and metal layers under
light irradiation. (b) Schematic diagram of Schottky barrier formation [66].

Kumagai et al. [67] reported the effects of the conductive layers on the Cu(ln,Ga)Sez2
(CIGS) photocathodes (Figure 16). In this study, the degree of contact between the Pt
particles and the photocathode was enhanced by inserting a Mo layer at the interface
between the two phases. The Ti layer acts as a protective layer to isolate the contact
between the electrode and the electrolyte. As a result, the Pt/Mo/Ti/CdS/CIGS electrode
exhibited an enhanced photocurrent density and stability compared with the base CIGS

photocathode.

19



(b)

(‘d) (A) Conventional Pt/CdS/CIGS photocathode

Water
Invalid active sites

‘ 2H* H,  Noactive site “ithPubbles py (octive site)
J rQ

1/ mA nm‘z(gecmelric)

(B) Photocathode with conductor layer
Water  Smooth electron transfer to active site!
Qmmmr_laxe_ H,
\ ) 7*

, s
G{g /
h+ 4
Photocathode (CIGS)

1/ mA ecm®(geometric)
a )

1/ mA cm™(geometric)
&

-25H 0V,

,MM PUCAS/CIGS kst [ PUTICASICIGS |
ot . L

30
0 15 30 45 60 75 90 0 15 30 45 60 75 90
time / minute time / minute
0 — o T
0.5V,

e

{1/ mA cm z(genmelr\c)
o
H

1/ mA em*(geometric)
@

H DVR&E

.

F'rIMo/CdSICIGS ] v PUo/TICASICIGS |

B0l 30k

0 15 30 a5 60 75 80 0 15 30 45 B0 75 90
time / minute time / minute
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4.3 Charge injection efficiency

4.3.1 Co-catalyst modification

Co-catalyst modification is one of the important means to improve the PEC
performance of the photoelectrode [68]. Appropriate co-catalysts can effectively reduce
the activation energy required for the reaction and reduce the adsorption energy to the
reactants, thereby increasing the reaction rate and increasing the selectivity of the
reaction. At the same time, the co-catalyst also acts as an oxidation or reduction center,
so that the carriers are concentrated on the surface of the co-catalyst, thereby protecting
the electrode from photocorrosion and improving the photostability of the electrode. There
are many types of co-catalysts[69, 70], and the most used are noble metal catalysts such
as Au [71] and Pt [72], etc. Due to its high cost, it later began to explore transition metals
[73, 74] and alloys [75, 76] co-catalysts. In addition, metal oxides [77], metal hydroxides
[78], metal phosphides [79], metal sulfides [80], carbon-based materials [81, 82],
biological enzyme [83] cocatalysts, etc., have also been significantly developed. Among

these cocatalysts, noble metal nanoparticles (NPs) deposition, such as Au NPs, show
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surface plasmon resonance (SPR) effect, which is one of the most common ways to
extend the light absorption range of semiconductors [69]. The visible light absorption
range can be tuned by changing conditions such as the morphology and size of noble
metal nanoparticles.

Hirakawa et al. [19] synthesis Au/BiVO4 photocatalytic for H2O2 production by a direct
two-electron reduction of oxygen (Figure 17). In the UV-Vis absorption spectra,
Auo.2/BiVO4 showed visible light absorption at about 600 nm compared with bare BiVOa,
which was attributed to the SPR of Au particles. The calcination temperature and the
amount of Au doping have a significant impact on the size of Au particles, which in turn
directly affects the amount of H202 generated. Comparative experiments show that

smaller Au particles could generate H202 more efficiently.
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Figure 17. (a) Absorption spectra of BiVO4 and 0.2 wt% Au loaded BiVOs. (b) Effects of calcination
temperature. (c) Effects of Au loaded amount. (d) Photocurrent response [19].

After loading Pd nanoparticles on BiVOs, Fuku et al. [20] found that Pd/BiVO4 could
efficiently generate H202 from water and Oz under visible light irradiation (Figure 18). After
screening a series of metal cocatalysts, it was found that Pd has the highest oxygen
reduction activity. By control the amount of loaded smaller Pd NPs supported selectively
on the reductive surfaces of the BiVOs facilitate H202 production from O2. The authors

found that smaller size Pd NPs were deposited on the reduced surface of BiVOas by
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phosphate ion coating. The smaller Pd NPs promoted H202 generation synergistically by
catalyzing the 2e™ reduction of O2, while simultaneously inhibiting the 4e™ reduction of Oz

and the two-electron reduction of H202 to H20.
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Figure 18. (a) Effects of metal co-catalyst species. (b) SEM images of 0.1 wt% and 1.0 wt% Pd-BiVO.. (c)
Effects of Pd loading using IMP (red line) and PAD (bule line) methods. (d) TEM images, size
distributions of Pd NPs prepared using the PAD method at different pH value. (e) Proposed mechanism
[20].

4.3.2 Facet engineering

Zhang et al. [84] predicted the effect of different crystal planes of Cu2ZnSnS4 (CZTS)
on the hydrogen evolution reaction by density functional theory (DFT) calculations (Figure
19). For CZTS, there are usually several identifiable crystal planes (112), (220) and (312).
The adsorption sites of hydrogen ions on all faces were observed to be on top of the S
atoms. However, the free energy of hydrogen ions on different crystal planes is different,
which also brings about changes in adsorption energy. Overall, (220) has the smallest free

energy and is expected to have the best hydrogen evolution efficiency.
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5. Summary

Photoelectrocatalytic H20O2 generation is a promising method for the direct conversion
of solar energy into chemical energy. Metal sulfides as photocathodes have the
advantages of suitable band gap values, high absorption coefficients, fast charge carrier
kinetics, and structural tunability. However, metal sulfides are also limited by factors such
as photocorrosion, which requires necessary modifications to enhance their stability and
H20:2 production rate. Therefore, here we focus on modification strategies and simplify the
main parameter for assessing photocatalytic performance to the photocurrent density.
Furthermore, photocurrent density (Jpn) is mainly determined by light absorption efficiency

(nabs), charge separation efficiency (fseperation), and charge injection efficiency (finjection).
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Based on these three key parameters, a series of strategies are summarized for
improving the PEC performance of metal sulfide electrodes.

(1) In order to achieve high light absorption efficiency, a suitable band gap and good
light absorption are necessary, for which heteroatom doping and methods of constructing
3D structures can be used. In addition, the SPR effect caused by noble metal loading can
also increase light absorption to a certain extent.

(i1) In order to improve the charge separation efficiency, it is necessary to reduce the
recombination of electrons and holes as much as possible and increase the carrier
transport rate. Large-sized particles, metal ion doping, heterostructure construction, and
modification of protective or conductive layers are all effective methods to improve charge
separation efficiency.

(iii) In order to improve the efficiency of charge injection, the most commonly used
methods are cocatalyst modification and facet engineering.

It is worth noting that these methods of improving PEC performance may affect more
than one parameter, so photoelectrodes are often modified in multiple ways. In addition,
the stability of metal sulfide electrodes can also be improved based on the above
strategies, for example, using a protective layer or conductive layer to physically isolate
the photoelectrode from the electrolyte; using a cocatalyst to remove photogenerated

holes to achieve the effect of protection.

6. Research perspectives

The purpose of this study was to reduce the cost of preparing hydrogen peroxide by
the PEC method and to make it competitive with the AQ method in the future. CusBiSs
(CBS) and CusVS4 (CVS) were selected as photocathodes in this thesis since they are
safe, non-toxic, rich in constituent elements, and inexpensive. Spray pyrolysis was
employed for electrode preparation since it is cost-effective, can be applied on a large
scale, and has a fast deposition rate.

Although both materials possess suitable conduction band values and bandgaps,
they do not appear to possess high photocurrent densities and high stability. In order to

improve the efficiency of charge separation and injection, further modifications have to be
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made to the electrodes. In the following work, we applied these modification strategies to
the prepared CBS and CVS photocathodes and effectively increased the photocurrent
density. With further research, we believe that it will be possible to achieve an
environmentally friendly and cost-effective industrial generation of hydrogen peroxide

through the PEC method.
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PART 2

Visible light-driven H:0. synthesis by a Cu3BiS;
photocathode via a photoelectrochemical indirect

two-electron oxygen reduction reaction
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1. Introduction

Hydrogen peroxide (H20:) has received increasing attention as a product of artificial
photosynthesis, a promising strategy for solar energy conversion [1-3]. Additionally, H202
has the advantage of high energy density and can be stored as an aqueous solution at
normal temperature and pressure [4]. The development of H20: fuel cells (theoretical Voc
= 1.1V, comparable to 1.23 V of Hz fuel cells) has made H202 become a new ideal solar
fuel [5, 6]. Generally, there are two photocatalytic H202 production pathways, i.e.,
particulate photocatalytic (PC) and photoelectrochemical (PEC) systems. The PC system
has the advantages of convenience and high profitability [7-10]. However, the oxidation
reaction and reduction reaction on the surface of the catalyst proceed simultaneously, and
thus excellent activity and selectivity for both oxygen reduction reaction (ORR) and water
oxidation reaction (WOR) are needed [10]. Tada et.al reported a carbonate-modified
surface Au nanoparticle-loaded rutile TiO2 for ORR to generate H202. Unfortunately,
HCOOH as a sacrificing electron donor was needed [11]. For the systems of
photoelectrochemical cells, oxidation and reduction reactions occur on the photoanode
and photocathode, respectively, i.e., the selectivity and activity for ORR and WOR can be
separately improved. Studies on WOR generating H202 have mainly focused on the
development of photoanode metal oxide materials [12]. Fuku et al. reported that a
WO3/BiVO4 photoanode coated with a mesoporous Al2Os3 layer could lead to excellent
oxidative H202 generation at a selectivity of ca. 80% [13]. Yin et al. developed a BiVOa4
photoanode with surface oxygen vacancies that showed a photocurrent density of
4.32mA-cm™ at 1.23 Vvs. RHE [14]. However, H202 production via WOR by PEC
systems is restricted by the high redox potential for H202 production via WOR (1.74 V vs.
RHE; eq.7). Prevention of the decomposition of H202 at such high oxidation potential is
difficult since H202 usually serves as an excellent hole scavenger and an intermediate
reductant. In this case, accumulation of H20: is difficult in a PEC system that mainly relies
on 2e” WOR.

2H,0+2h" - H,0,+2H" E’=176 Vvs.RHE (1)
O,+2H" +2¢ > H,O, E’= 0.68 Vvs.RHE (2)
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The use of a PEC system for boosting 2e” ORR (0.68 V vs. RHE; eq. 2) is a
promising strategy for H202 production. Up to now, only a few kinds of semiconductors
have shown activity for PEC 2e” ORR, most of which were organic materials that showed
activity via a photosensitizer effect with dyes [15, 16]. However, these photo-responsive
dyes were often toxic. For example, the accumulation of porphyrin in the human body can
lead to porphyria [17]. In addition, most of the processes for preparation of organic
photosensitizers were complicated, thus increasing their preparation costs. Alternatively,
inorganic materials have the advantage of high carrier mobility. Besides, their preparation
steps are relatively simple, which reduces the manufacturing cost. However, the only
successful inorganic p-type semiconductor system for photocatalytic H2O2 production was
Gd-doped CuBi204/CuO. Unfortunately, this system required an electrolyte of 0.1 M KOH
since the CuO coating could be easily decomposed under acidic and neutral conditions
[18]. In this case, such strong alkaline conditions restricted the accumulation of H202 and
limited the maximum concentration of H202. Furthermore, the O2p orbitals of metal oxides
usually result in a deep valence band, thus leading to a large bandgap (2.2 - 3.5 eV) and
an undesired light usage [19].

Copper-based sulfides, such as CulnS2 [20-22], and Cu2ZnSnS4 [23, 24], have
attracted increasing attention for solar to chemical conversion efficiency due to their
suitable bandgaps and high absorption coefficients (>10° cm™) [25]. Their S2p orbitals
could enhance light absorption (bandgap of 1.1 - 2 eV) compared with metal oxide
semiconductors with O2p orbitals [26]. Additionally, copper-based sulfides were not easily
dissolved under acidic or neutral conditions. In this case, sulfides are promising inorganic
materials for preparation of photocathodes for H202 production via 2e™ ORR [27, 28]. Li
et.al reported a particle-on-flower nanostructure Au-CusBiSs for PEC HER [29]. They
coated Au-CusBiSs nanoparticles with a flower-like structure on ITO glass to prepare
thin-film electrodes to obtain a larger specific surface area and more active sites. Spray
pyrolysis deposition (SPD) and electrophoresis deposition (EPD) are both excellent
methods for preparing thin films (details can be seen in Table 2-1). Previously, we
prepared CusBiSs (CBS) thin-film electrodes by using EPD for PEC H2 evolution [30].

However, particles of different sizes resulted in an unsmooth and porous surface of the
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electrode after the electrophoresis process. The unsmooth surface usually resulted in a
poor charge transfer between the interface of p-n junctions (CBS/In2Ss), thus leading to
unsatisfactory photocurrents. Additionally, the Pt surface of the previous system is not
suitable for H202 production since Pt usually reduces the change of free energy (AG) of
intermediates during HER 4e™ ORR reaction (usually resulting in a high selectivity for
HER and 4e” ORR) [31]. A promising PEC system would enable efficient charge transfer
for high activity and have a desirable surface for good selectivity. Thus, seeking a practical

strategy for CBS to achieve PEC H20: production is still of great importance.

Table 2-1. Comparison of spray pyrolysis deposition (SPD) and electrophoresis deposition

Prepare methods Advantages Disadvantages
Precursor solvent  * High efficiency « Low tap density
* Low cost

— =__ Air
Spray nozzle = N, « Possibility to large product

volumes and sizes

___» Substrate * Precisely controlled
— Heating plate stoichiometric ratios
. . « Controllability of material
Spray pyrolysis deposition properties
* High efficiency * Low crystallinity
» Low cost » Possibility of shedding
Substrate Pt flake

* Possibility to large product
volumes and sizes

Electrolyte * Deposition in nanometer
thickness
Electrophoretic deposition

In this study, an efficient cathode of In2S3s/CBS was fabricated by the combination of
simple spray pyrolysis deposition (SPD) on a molybdenum-coated glass (Mo-SLG) and
chemical bath deposition (Scheme 1). The electrode photocurrent during H202 production
increased 131 times than that without In2S3 modification, which is 3 times higher than that
in our previous work in the same bias conditions (0.35 V vs. NHE). After the deposition of
Au as a co-catalyst, H2O2 was obtained through an indirect 2e” ORR at a rate of 5.5
mg-L"-h""-cm™ with a Faraday efficiency of 71%. To the best of our knowledge, it is the

first report of a sulfide-based photocathode for photoelectrochemical synthesis of H20x2.
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Furthermore, this work provides a practical strategy for designing a highly efficient CBS

photocathode and is easily accessible for other inorganic photocathodes._

~

Precursor film

1

preparation b et :
? recursor solvent | '--

I

1

1

Spray nozzle «—  —— Qir Substrate + Pt flake ‘
2
\ Sulfurization
___+ Substrate Electrolyte /

Heating plate

\ Spray pyrolysis deposition (SPD) Electrophoresis deposition (EPD)/

0, ®e ST
S A
Photocathode Pt coil

PEC H,0, synthesis

Chemical bath

Physical vapor

In,S; modification deposition of metals

Scheme 1. Flow chart of Au-In2S3/CusBiSs photocathode preparation.

2. Experimental section
2.1 Chemicals

Unless otherwise stated, all of the chemicals used in the study were of analytical
grade and used without further purification. All solutions were prepared by using ultra-pure
water. Bi(NOz3)3-5H20, Cu(NOs3)2-3H20, S powder, InClz-4H20 and nitric acid of analytical
grade were purchased from Wako Pure Chemical Industries, Ltd., Japan. C2HsNS of
analytical grade was purchased from Tokyo Chemical Industry, Japan. Mo/SLG substrate

was purchased from GEOMATEC Co. Ltd., Japan.

2.2 Fabrication of a Cu3BiS3 photocathode

In this study, typically, 0.9 M Cu(NOs3)2-3H20 (99.9%) and 0.3 M Bi(NOz)3-5H20
(99.9%) were fully dissolved in 10% aqueous HNOs solution with stirring for 8 h and then
the two solutions were mixed at a volume ratio of 1:1 to obtain the precursor solvent. The

temperature of the reaction stage was controlled at 380 °C, and 5 mL of the precursor
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solvent was sprayed onto an Mo/SLG substrate (16 mm x 20 mm). The spraying time was
controlled at 7 min. The precursor film was put into a glass tube together with 0.5 g of
sulfur (99.9%), evacuated to 102 Pa, and then heated at 550 °C for 1 h. The heating rate
was controlled at 5 °C/min. After cleaning with ammonia aqueous solution (25%) and

ammonium sulfide (99.9%), the CBS photocathode was obtained.

2.3 Modification with n-type buffer layers

2.3.1 Surface modification with an n-type In2Ss layer

An n-type In2Ss layer was formed by the chemical bath deposition method. During the
process, 2.5 mmol of InClz (99.9%), 10 mmol of thioacetamide (99.9%) and 0.6 mL of
acetic acid (99.9%) were added into 100 mL of ultrapure water and stirred until they were
completely dissolved. The electrode was immersed in the aqueous solution, and the bath
was heated at 65 °C for 30 minutes. After that, the electrode was taken out, washed with

ultrapure water, and then annealed at 100 °C for 20 minutes to obtain In2Ss/CBS.

2.3.2 Surface modification with an n-type CdS layer

An n-type CdS layer was formed by the chemical bath deposition method. 79.6 mL of
ultrapure water, 12.5 mmol of Cd(CH3COQ)2:2H20 (99.9 %), 220 mmol of SC(NH2)2
(98 %) and 20.4 mL of NHs aqueous solution (25 %) were added to the beaker and the
mixture was stirred until they were completely dissolved. The electrode was immersed in
the aqueous solution, and the bath was heated at 65 °C for 9 minutes. After that, the
electrode was taken out, washed with ultrapure water, and then annealed at 200 °C for 10

minutes to obtain CdS/CBS.

2.3.3 Surface modification with an n-type ZnS layer

An n-type ZnS layer was formed by the chemical bath deposition method. 74.4 mL of
ultrapure water were added 0.16 mol of ZnSO4-7H20 (99.9%), 0.6 mol of SC(NH2)2 (98%)
and 15.6 mL of NH3 aqueous solution (25%) were added to the beaker and the mixture
was stirred until they were completely dissolved. The electrode was immersed in the

aqueous solution, and the bath was heated at 80 °C for 15 minutes. After that, the
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electrode was taken out, washed with ultrapure water, and then annealed at 100 ° C for 10

minutes to obtain ZnS/ CBS.

2.4 Deposition of Au
Au layers were sprayed onto the In2S3/CBS surfaces to a thickness of 2 nm using a
programmable sputter coater (SC-701HMC II, Sanyu Electron Co.) with an Au disc target

material (49xt0.5/4N). Pt, Cu, Ag, and Ni layers were prepared by similar spray strategies.

2.5 Characterization of catalysts

The crystalline phases were characterized by using a powder X-ray diffraction (XRD)
instrument (MiniFlex Il, Rigaku Co.) with CuKa (A = 1.5418 A) radiation (cathode voltage:
30 kV, current: 15 mA). The absorption properties of an Au-In2S3s/CBS electrode were
measured using the diffuse reflection method with a UV-VIS spectrometer (UV-2600,
Shimadzu Co.) attached to an integral sphere at room temperature. X-ray photoelectron
spectroscopy (XPS) measurements were performed by using a Kratos AXIS Nova
spectrometer (Shimadzu Co.) with a monochromatic Al Ka X-ray source. The binding
energy was calibrated by taking the C1s peak of contaminant carbon as a reference at
284.6 eV. Raman spectroscopy measurements were performed with 532 nm excitation

wavelength (NRS-5100, JASCO Co.).

2.6 Photoelectrochemical (PEC) measurement

The PEC performance of the CBS electrode was investigated in a three-electrode
configuration by using a silver-silver chloride (Ag/AgCl) reference electrode and a Pt coill
counter electrode. In order to avoid the influence of Pt?*, an H-type electrolytic cell is used,
and the Nafion™ membrane is used for isolation. The electrolytes were 0.1 M
Eu?*-containing aqueous solution, 0.1 M Na2SOs solution (pH = 6) or 0.1 M phosphate
buffer solution (pH = 7). All electrolytes were stirred and purged with N2 gas or O2 gas for
30 min before PEC measurement. In the case of 0.1 M phosphate buffer solution (pH = 7),
the measured potential vs. Ag/AgCl was converted to RHE by Nernst's equation (Er+E =

Eaginger + 0.059 pH + 0.197). Linear sweep voltammetry and chronoamperometry
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measurements were carried out by an automatic polarization system (HSV-110, Hokuto
Denko Co.) under visible light (420-800 nm) irradiation. The scan rate for the linear sweep
voltammetry was 10 mV/s™. For details of the reaction device, please refer to the

supporting information Figure 2-1.

Potentiostat |

1
|
|
\'-—_

Counter electrode Work electrode
Nafion Reference electrode

Figure 2-1. (a) Photograph of H-type electrolytic cell for oxygen reduction reaction. (b) Schematic

diagram of H-type electrolytic cell for oxygen reduction reaction.

In the experiments of trapping superoxide radicals, the non-aqueous electrolyte was
acetonitrile with 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPFs) and 0.5 M
acetic acid (CH3COOH) dissolved. The Ag/Ag® electrode was used as a reference
electrode and the electrolyte inside was acetonitrile with 0.1 M TBAPFe and 0.01 M
AgNOs dissolved. The Pt coil was used as a counter electrode. A Nafion™ membrane was

used to separate anolytes and catholytes.

2.7 Analysis of products

The amount of H202 was determined by a colorimetric method using PACKTEST
(WAK-H202, KYORITSU CHEMICAL- CHECK Lab., Corp.) equipped with a digital
PACKTEST spectrometer (ED723, GL Sciences Inc.). H2gas was detected by an on-line
gas chromatograph (GC) with a thermal conductivity detector (Agilent Technology Co.

Micro GC) equipped with an MS-5A column.
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3. Results and discussion

3.1 Comparison of electrodes prepared by electrophoretic deposition
and spray pyrolysis deposition

(a) (b)
Before Sulfurization Spray pyrolysis After Sulfurization —— Spray pyrolysis
—— Electrophoresis Electrophoresis
Y v |«—mo-sLG ———Mo-SLG

Intensity (a.u.)
Intensity (a.u.)

Bi,0, PDF#50-1088 :
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Figure 2-2. XRD analysis of Cu3BiS3 electrodes prepared by SPD and EPD. (a) XRD analysis of
photocathode films before sulfurization and (b) after sulfurization.

Table 2-2. XRD analysis of several main peaks of Cu3BiSs.

SPD EPD
2-Theta hkl FWHM (26) Peak height (nm) FWHM (26) Peak height (nm)
23.095 200 0.157 560 0.178 60
28.054 211 0.157 535 0.187 76
28.995 031 0.155 570 0.184 113
31.271 131 0.153 780 0.193 138
33.836 122 0.158 321 0.179 77

The CusBiSs (CBS) electrode was prepared via a two-step method. Firstly, a mixture
solution of Bi and Cu was sprayed onto an Mo/SLG substrate. After formation of a mixed
thin film of Bi2Os and CuO by calcination at the high temperature of 550 °C, the
as-prepared metal oxide film was sulfurized in a vacuum-sealed quartz tube. A CBS
electrode was also prepared by EPD (EPD was used for preparation of BizO3 and CuO as
a sulfurization precursor film.) for comparison. XRD spectra were used to verify the
crystallinity of the as-prepared electrodes. As illustrated in XRD patterns (Figure 2-2a), it
was speculated that the main components of the precursor film prepared by SPD were
amorphous Bi203 (JCPDS No. 50-1088) and CuO (JCPDS No. 48-1548). The film

prepared by the EPD method showed an amorphous crystalline structure, which is
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unfavorable for further sulfurization to obtain a highly crystalline CBS electrode. On the
other hand, the film prepared via SPD shown higher crystallinity. Typical diffractions of
CuO (35.4°, 38.7° and 48.7°) and Bi2O3 were clearly observed, indicating a precursor film
with high crystallinity. After the sulfurization process, the XRD patterns obtained by
measuring the films prepared by SPD and EPD (Figure 2-2b) perfectly matched with the
standard spectrum of CBS (JCPDS No. 43-1479), indicating that a CBS photocathode
could be prepared by both methods. It is noteworthy that the full width at half maximum
(FWHM, diffractions at 23.1°, 28.1°, 29.0°, 31.1° and 33.8°, details shown in Table 2-2) of
the CBS electrode prepared by EPD was bigger than those by SPD, thus, a significantly
higher crystallinity of the electrode prepared by SPD. Improved crystallinity of a
photoelectrode usually results in an improved charge transfer in bulk phase, thus leading

to a potentially higher photocurrent and more satisfactory activity.
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Figure 2-3. SEM photographs of CusBiS; electrodes prepared by SPD and EPD. (a) Schematic
diagram for preparation for CusBiSs photocathodes via (upper) electrophoresis and (lower) spray
pyrolysis. (b) Top-view SEM photographs of photocathode films prepared by EPD before sulfurization
and (c) after sulfurization and (d) those of photocathodes films prepared by SPD before sulfurization and
(e) after sulfurization. (f) Cross-sectional SEM photograph of photocathode films prepared by EPD and (g)
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prepared by SPD after sulfurization.

The morphologies of the as-prepared CBS electrodes were characterized by
scanning electron microscopy (SEM). An obvious difference was found in the structures of
the CBS electrodes prepared by SPD and EPD. The precursor films prepared by EPD
were composited by several large stacked microspheres (Figure 2-3b). During the
subsequent sulfurization process, these microspheres grew to form protruding particles,
and obvious gaps between microspheres (enclosed by yellow dotted lines) were formed
as shown in Figures 2-3c and 2-3f. This untight film may significantly affect the charge
transmission, thus resulting in unsatisfactory photoelectrochemical performance. The
precursor film prepared by SPD (Figure 2-3d) showed a sponge-like morphology.
Although the surface is porous, the tiny particles of Bi2O3s and CuO formed a generally flat
surface. During the further sulfurization process, a compact and uniform electrode with a
thickness of ca. 2.1 ym was formed (Figures 2-3e and 2-3g). This is beneficial for the
charge transfer between the Mo glass and the CBS layer, which may lead to a potentially
large photocurrent. Additionally, the smooth surface of the CBS electrode is also beneficial
for the charge transfer between the interface of CusBiSs (p-type) and In2Ss (n-type). A
satisfactory charge transfer between the p-n junctions also results in high
photoelectrochemical performance of a photocathode.

UV-vis absorption spectra of CBS electrodes are shown in Figure 2-4a. A similar
absorption edge is observed in both samples prepared by EPD and SPD, indicating that
the phase structure of CBS films has no change. In addition, the CBS electrode samples
prepared by EPD had a higher background absorption at longer wavelengths (A> 700 nm)
than that of CBS electrodes samples prepared by SPD, and the band gap was also
increased (1.62 eV vs. 1.58 eV) (Figures 2-4b and 2-5), indicating a higher density of
defects [32].

To further analyze the band structure of as-prepared CBS electrodes, Mott—Schottky
analysis was performed. The as-prepared CBS was confirmed to be a p-type
semiconductor due to the negative slope in the Mott-Schottky plot (Figure 2-4c) [33]. For

p-type semiconductors, Eris usually located near the valence band (VB). That is, the flat
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band potential is 0.1-0.3 eV lower than the VB potential [34]. As shown in Figure 2-4c, Evs
was confirmed to be 0.44 V (0.64 V vs. RHE). Based on the above results, the Ecg of the
CBS electrode prepared by SPD could be considered to be located at -1.13 V vs. RHE. As
a comparison, the bandgap of the electrode prepared by EPD was calculated to be 1.62
eV, which has a slight blue-shift compared to that for the electrode prepared by SPD (1.58
eV) (Figure 2-5). The difference between the band structures of electrodes prepared by
EPD and SPD may be due to the compactness and thickness of the cathodic film [35].

To investigate selectivity of the CBS electrode for ORR, the current-potential
response was investigated in an Ar-saturated electrolyte under illumination of a Xe lamp
(USHIO UXL-500SX2, 420< A <800 nm, 100 mW/cm?). Eu(NOs); was added to the
solution as an electron scavenger (Figure 2-4d). The CBS electrode exhibited a cathodic
photocurrent in response to irradiation of incident light, confirming that the prepared thin
film was a p-type semiconductor [36]. The photocurrent increased when the electrode
potential was shifted to a negative potential. Accordingly, a cathodic photocurrent could
be observed at 0.4 V vs. RHE (pH=6), indicating that photoelectrochemical production
occurred at the bias of ca. 0.7 V vs. NHE, and thus a 2e™ ORR could occur on the surface

of the electrode.
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Figure 2-5. (a) Tauc plot for the CusBiS; electrode prepared by electrophoresis deposition. (b)
Mott—Schottky plots of CusBiS; electrode prepared by electrophoresis deposition. (¢) Current—potential
curve of the Cu3BiS; electrode prepared by electrophoresis deposition in Ar-saturated Eu(NO3)s solution
(0.1 M, pH = 6) with chopped illumination from visible light (420-800 nm, 100 mW/cm?). (d) Comparison
of the bandgaps of CusBiS; electrodes prepared by SPD and EPD.

SPD was thought to be more advantageous than EPD for the preparation of a CBS
electrode [37]. To compare the effects of the two preparation strategies on
photoelectrochemical-catalytic activities, we fabricated a typical three-electrode cell by
using CBS thin films (prepared by EPD or SPD) as working electrodes. Measurement of
Tafel plots was carried out in a 0.1 M Nz-saturated Na2SO4 solution (0.1 M, pH = 6) at 25
°C. The Tafel curve is an intuitive basis for judging the activity of the catalyst. Generally,
for HER and ORR, the smaller the Tafel slope means the better activity [38]. As shown in
Figure 2-6a, the linear regions of the Tafel plots were fitted well to the Tafel equation.
Furthermore, the Tafel slope of the electrode prepared by SPD (79 mV dec™) was smaller
than that of the electrode prepared by EPD (137 mV dec™). This may be attributable to the
greater density of the thin film prepared by SPD, which accelerates carrier transfer. Under
the same conditions, the photocurrent of the denser film increased ca. 1.5 times than the
untight film prepared by EPD and the dark current was also reduced due to the
disappearance of small particles on the surface (Figure 2-6b). In addition, we conducted
a comparative experiment and found that H202 could not be generated without
photoirradiation, indicating that the electrode is undergoing a self-reduction reaction under
dark current (Figure 2-7). From the perspective of solar-to-chemical energetic conversion,

the CBS electrode prepared by SPD was better than that prepared by EPD.
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Figure 2-6. Comparison of the photoactivity of electrodes prepared by electrophoresis and spray
pyrolysis deposition. (a) Tafel plots of CBS films made by the spray pyrolysis deposition (pink) and the
electrophoresis deposition (green) with their associated linear fittings (dashed lines) in Na SO, solution
(0.1 M, pH = 6). (b) Time courses of the photocurrents of CBS electrodes made by the spray pyrolysis
deposition (pink) and the electrophoresis deposition (green) in Ar-saturated Eu(NOs)s solution (0.1 M, pH
= 6) with visible light (420-800 nm, 100 mW/cm?) irradiation under a potentiostatic condition at 0 V vs.

VRHE.
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Figure 2-7. (a) Time courses of the photocurrent of CusBiS3 electrodes in an O-bubbling phosphate
buffer electrolyte (0.1 M, pH = 7) with a potentiostatic condition at +0.4 V vs. Vrue under visible light
(420-800 nm, 100 mW/cm?) irradiation and dark room. (b) Corresponding generated H;O».

3.2 Modification with In2S3 for formation of p-n junctions

In order to improve the responsiveness of the CBS electrode to light, an n-type
semiconductor could be used to modify the electrode for forming p-n junctions, a
well-known strategy for improving the responsiveness to light by increasing the separation
efficiency of electrons and holes [39]. In the previous work, the best photo-response could

be obtained when In2S3 was selected for modification [40].

Figure 2-8. (a) Top-sectional SEM image of In2S3/CusBiSs. (b) Cross-sectional SEM image of
IN2S3/CusBiSs.
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As shown in Figure 2-8 in supplementary material, In2Ss was uniformly attached to
the surface of the CBS electrode, which showed a lamellar flower-like structure. According
to the SEM cross-sectional view, the thickness of In2Ss was ca. 130 nm. Furthermore, the
noble metal deposition improved the photoelectric performance and acted as a protective
layer for the p-type layer electrodes. The distribution of the Au, In2S3, CBS and Mo-SLG
were clarified by the SEM image and corresponding mapping of the section of the

as-prepared electrode (Figure 2-9 and 2-10).

Figure 2-9. (a) Top-sectional SEM image of Au-In,S3/CusBiSs. (b) Cross-sectional SEM image of
Au-InzS3/CusBiSs. (c) Cross-sectional SEM image of Au-In2S3/Cu3BiSs.

To make the characterization of the electrode sufficient, we added SEM and EDS
mappings of the cross-sectional of Au-In2S3/CusBiSs electrodes to clarify the distribution
of the Au, In2S3, CBS and Mo-SLG; XPS spectra of Au-In2S3/CusBiSs electrodes to prove
the valence state of elements in the electrode; Electrochemical impedance spectroscopy

(EIS) to compare the ability of charge transfer before and after modification.
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1.0 pm CuK ———21.0pm 1.0 ym AuM

Figure 2-10. Energy dispersive spectroscopy on the scanning electron microscope (EDS-SEM).
EDS map showing detection of Bi (violet), S (orange), Cu (yellow), In (cyan) and Au (bule).

mnL

The elemental compositions and the chemical states of the elements were further
verified by XPS analysis (Figure 2-11). As displayed in Figure 2-11a, main peaks of
952.2 eV, 932.3 eV were found in Cu 2p spectra. This doublet was assigned to the Cu” in
CBS. In Bi 4f spectra (Figure 2-11b), main peaks of 161.3 eV, 158.1 eV and 163.4 eV
were found and these peaks were attributed to typical values of S 2p, Bi®* 472 and Bi®*
4fsi2, respectively [41]. In Figure 2-11c, the 3d core of In splits into 3ds2 (445.1 €V) and
3ds2 (452.6 eV), which were consistent with the values for In®" [42]. It can be observed
from Figure 2-11d that Au 4f signal composed of two peaks at 84.4 eV (Au 4f7,2) and 88.1

eV (Au 4fs12), which were consistent with Au® [43].
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and Au 4f (d).
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performed the absorption of visible light (Figure 2-12).

Figure 2-12. UV-vis spectra of InySs/Mo, CusBiSs/Mo, In;S3/CusBiSs/Mo and Au-InzS3/CusBiSs/Mo

electrodes.

Figure 2-13a shows linear sweep voltammograms (LSV) of Au-CBS, In2S3/CBS and
Au-In2S3/CBS in O2-bubbling phosphate buffer electrolyte (0.1 M, pH = 7) under chopped
illumination from visible light (420-800 nm, 100 mW/cm?). By blocking the light source

once every 2 seconds, the current generated by the light irradiation was illustrated directly.
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When an In2Ss buffer layer was used to modify the CBS electrode, the photocurrent of the
Au-In2S3/CBS electrode became the highest at ca. -125 pAcm™ under the base potential
of +0.4 V vs. RHE. Compared with the electrode that was not modified with In2S3z (Au-CBS)
under the same bias potential, the photocurrent of Au-In2S3/CBS electrode prepared by
SPD was significantly increased by 131 times. Nevertheless, the photocurrent of the
electrode (Au-In2S3/CBS) prepared by EPD increased only ca. 5 times than that of
Au-CBS under same condition according to our previous study [30]. This result may be
attributed to the smooth CBS electrode surface that made the charge transfer at the
interface between the two semiconductors easier, resulting in a larger photocurrent.
Electrochemical impedance spectroscopy (EIS) of the samples were performed in a
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?)
irradiation. The exchange of charge carriers between the catalyst and the electrolyte at
the interface is generally called the charge transfer process. The smaller semicircle in the
Nyquist diagram indicates better charge transfer kinetics. With the modification of In2Ss,
the charge transfer resistance of CBS electrode decreased obviously, and this value even
further decreased after the modification of Au nanoparticles (Figure 2-13b). The results
were in line with the conclusion of the previous LSV test. The increase in the charge

transfer rate during the PEC process can be manifested as an increase in the

photocurrent.
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Figure 2-13. Comparison of Cu;BiS; electrodes with and without modification. (a) Linear sweep

voltammograms of Au-CusBiSs, In;S3/CusBiSs and Au-InS3/CusBiSs electrodes in  O,-bubbling

phosphate buffer electrolyte (0.1 M, pH = 7) under chopped illumination from visible light (420-800 nm,

100 mW/cm?) irradiation. (b) Nyquist plots of CusBiS; (red), In2S3/CusBiS; (orange) and Au-In,S3/CusBiS;

(blue) in a phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?)
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irradiation.

3.3 Optimization of the co-catalytic layer for H2O2 production

To investigate the optimized co-catalyst for the as-prepared electrode, several metals
were loaded on In2S3/CBS electrodes. The activities of the as-prepared metal-modified
In2S3/CBS electrodes were compared by measuring the photocurrents. The oxygen
reduction reaction was carried out in an Oz-saturated phosphate buffer electrolyte (0.1 M,
pH = 7) with visible light (420-800 nm, 100 mW/cm?) irradiation under a potentiostatic
condition at +0.4 V vs. Vrue. The concentration of H202 produced by the Au-loaded
electrode within one hour was 1.5 mg/L and a Faraday efficiency of ca. 64% was obtained,
indicating an obvious advantage over other metal-loaded and non-loaded electrodes
(Figure 2-15). It is worth mentioning that the photocathodic compartment was gas-proof,
which means the Au-loaded In2S3/CBS electrode showed selectivity for 2e” ORR since Hz
was not detected. The high selectivity may be due to the high activity of Au nanoparticles
for ORR. The critical step was the formation of O-Au bonds with a corresponding

decrease in the activation energy of molecular oxygen [44].
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Figure 2-15. Comparison of the activities of Cu3;BiSs electrodes with different loading metals for
generating H,0.. (a) Time courses of the photocurrents of metal-loaded In,S3/Cu3BiS3 electrodes in an
O-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?)
irradiation under a potentiostatic condition at +0.4 V vs. Vrue. (b) Amounts of generated H,O» by
metal-loaded In,S3/CusBiS; electrodes with visible light (420-800 nm, 100 mW/cm?) irradiation for 1 h
and corresponding Faraday efficiencies.

In order to explain this, we need first to understand how the oxygen reduction

reaction proceeds in our system. O> molecule initially adsorbs on the active sites and
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then reduced by electrons to generate superoxide radicals (*O2 ), which could be
easily disproportionated in water to generate H>O,. Among them, the adsorption of O
molecules is the first and rate-determining step [45]. Based on DFT calculations
(Figure 2-16), the free energy required for the formation of Au-O bonds is low,

suggesting a fast proton transfer rate [46, 47].
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Figure 2-16. (1) Free-energy diagram for oxygen reduction at the equilibrium potential Uy = 1.23 V over
Pt, Au, and Ni. (2) Activity volcanoes for the 2e~ and 4e~ reduction of oxygen are shown in red and blue
respectively.

The amounts of produced H20:2 over time and the corresponding changes in Faraday
efficiency were investigated to estimate the performance of the electrode (Figures 2-17).

As the reaction time increased, the Faradaic efficiency gradually decreased.
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Figure 2-17. H,O, generated by the Au-In,S3/CusBiSs electrode in an O-saturated phosphate buffer
electrolyte (0.1 M, pH = 7) under potentiostatic conditions at +0.4 Vrue with visible light (420—800 nm, 100
mW/cm?) irradiation and corresponding Faraday efficiency.
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Figures 2-18 showed the corresponding time courses of the photocurrent of

Au-In2S3/CusBiSs electrodes in an Oz-saturated phosphate buffer electrolyte under a

potentiostatic condition at +0.4 V vs. VrrE.
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Figure 2-18. Time courses of the photocurrent of Au-In,S3/CusBiSs electrodes in an O-saturated
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—800 nm, 100 mW/cm?) irradiation
under a potentiostatic condition at +0.4 V vs. Vrue. (a) Irradiation time was 30 min (b) Irradiation time was
60 min (c) Irradiation time was 90 min (d) Irradiation time was 120 min. (In Figure 2-18c, we turned off

the light source for 0.1s to check the photo-response of the electrode.)

Under the condition of Oz bubbling, the amount of generated H202 was larger than
that under the Og-saturated condition (Figure 2-19a and 2-20). After visible light
irradiation for one hour, the concentration of H202 reached 5.5 mg/L, corresponding to a
Faraday efficiency of 71%. Moreover, Faraday efficiency remained almost constant with

elapse of time.
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Figure 2-19. Amounts of H.0; produced as a function of photoirradiation time and effect of O;
concentration. (a) HO, generated by the Au-In,S3/CusBiSs electrode in an O»-bubbling phosphate
buffer electrolyte (0.1 M, pH = 7) under a potentiostatic condition at +0.4 Vrue with visible light (420-800
nm, 100 mW/cm?) irradiation and corresponding Faraday efficiency. (b) O, concentrations before and
after a 1 h CA test under Oz-bubbling and O,-saturated conditions.
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Figure 2-20. Time courses of the photocurrent of Au-In,S3/CusBiS; electrodes in an O»-bubbling
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420800 nm, 100 m\W/cm?) irradiation
under a potentiostatic condition at +0.4 V vs. Vrue. (a) Irradiation time was 30 min (b) Irradiation time was
60 min (c) Irradiation time was 90 min (d) Irradiation time was 120 min.

We are convinced that the use of Au-In2S3/CusBiSs to generate H20:2 is a pioneering

work because the previously electrodes with PEC ORR activity are mostly organic
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compounds such as polymers or dyes. Compared with the advanced photocathode
materials reported in recent years, Au-In2S3/CusBiSs electrodes can provide a competitive
level of H202 production (details could be seen in Table 2-3). C. Li et al. reported the
highest rate of stable and continuous generation of hydrogen peroxide using
photocathodes made by pTTh. However, the cost of precursor for preparing the electrode
was extremely high (26200 yen/g). Gd-doped CuBi204/CuQ electrode reported by Z. Li et
al. could generate 1.3 mmol of H202 within 30 minutes. Unfortunately, this system required
an electrolyte of 0.1 M KOH since the CuO coating could be easily decomposed under
acidic and neutral conditions. In this case, such strong alkaline conditions restricted the
accumulation of H202. Therefore, developing a relatively-stable and cost-efficient
inorganic photocathode for efficient H202 production is still of great urgent.
Au-In2S3/CusBiSs could photoelectrochemically generate H20: in the acidic/neutral
condition. The stability is also significantly higher than other inorganic electrodes for PEC
production of H202. Additionally, this Au-In2Ss/CusBiSs electrode is cost-efficient and
highly selective, which could inspire other researchers to further develop efficient PEC

systems for H202 production.

Table 2-3. Comparison of different photocathodes for H,O- producing with current study.

Rate of producing | Faraday
Photocathode Light source Added bias Ref.
H202 efficiency

420-800 nm This
Au-In2S3/CBS 0.40 Vvs. RHE | 161.7 uM/h 71%

100 mW/cm work
BH4 dyes sensitized | A>400 nm

0.42Vvs. RHE | 53.8 uM/h 60% [48]
NiO 100 mW/cm
Porphyrin 623 nm
0.55V vs. RHE | 54.2 uM/h 100% [49]

sensitized NiO LED light

Tungsten halogen lamp
Epindolidione 0.26 Vvs. RHE | 62.5 uM/h 95% [50]

60 mW/cm-2

White LED
Eumelanin 0.26 Vvs. RHE | 29.2 yM/h 90% [51]

255 mW/cm-2

Tungsten halogen lamp
PN/Au/PTCDI 0.32Vvs.RHE | - 60-80% [62]

100 mW/cm

A>420 nm
Polyterthiophene 0.65Vvs. RHE | 1.1 mM/h 80-96% [53]

100 mW cm™
Gd-doped

AM 1.5G sunlight 0.65 V vs. RHE 1.3 mM in 30 min - [54]
CuBi204/Cu0O
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The difference between activities may be due to the changes of O2 concentrations in
the aqueous electrolyte over time. Under the gas-proof condition (O2-saturated), Oz was
continuously converted to H202, resulting in a decrease in O2 concentration in the cathode
compartment. Under the condition of O2-bubbling, the O2 concentration remains constant,
and the interaction between the electrode surface and Oz will be more efficient. To prove
this assumption, Oz concentrations before and after a 1 h CA test under the two conditions
were measured by Micro-GC (Figure 2-19b), and the results showed that the O:2
concentration after the reaction under the gas-proof condition (O2-saturated) was only 1/3
of that under the condition of O2 bubbling. Furthermore, the oxygen bubbling may
accelerate the electrode surface's mass transfer process [55]. Since the superoxide
radical could be more uniformly dispersed in the electrolyte, it caused minor damage to
the electrodes so that the system could maintain a higher Faraday efficiency. Moreover,
we performed XRD analysis and ICP-AES analysis to compare the CBS electrodes before
and after the reaction, and the species of the CBS electrodes did not change (Figure 2-21

and 2-22).

Before CA test

l l After CA test

| Cu,BiS, PDF#43-1479
III |4||ll|d ..‘.llnhn..-

10 20 30 40 50 60
20 (degrees)
Figure 2-21. XRD analysis of Cu3BiS3 before and after a 2 h CA test.
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Figure 2-22. ICP-AES analysis for the aqueous electrolyte after photoelectrochemical reaction.

Subsequently, three cycle experiments (two hours each time) for H202 generation
were carried out, and the Faraday efficiency could be maintained at 84.5% of the first time
(Figure 2-23). The results indicated that the as-prepared Au-In2S3/CBS electrode showed

satisfactory stability for PEC production of H20x.
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Figure 2-23. (a) Time courses of the photocurrent of an Au-In,S3/CBS electrode in an O»-bubbling
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?) irradiation
under a potentiostatic condition at +0.4 V vs. Vrue. (b) Generated H2O, for each cycle and corresponding
Faraday efficiency.
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3.4 Photoelectrocatalytic mechanism analysis

In order to further confirm the reaction mechanism, we performed a superoxide
radical capture experiment based on the nucleophilic substitution reactions between acyl
halides and superoxide. In an aqueous solution, superoxide radicals quickly react with
protons to generate H202 and O2. Therefore, the superoxide radical capture experiment
was carried out in a non-aqueous solution with benzoyl chloride (BzCIl) as a model
compound to react with photoelectrochemically generated superoxide radical anion ("O2 )
(Figure 2-24a). As shown in Figure 2-24b, the amount of H202 in the non-aqueous
solution and the corresponding Faraday efficiency both decreased. This may be due to
the fact that the electrode is more hydrophilic as an inorganic sulfide. After adding BzCl,
the amount of H202 generated decreased obviously (Figure 2-24c¢), indicating that "O2
as an important intermediate product, was captured by BzCl and could not be further
reduced to H202 [56]. Therefore, the reaction mechanism can be briefly described as
photoexcited electrons on CBS reducing O2 to ‘Oz  and then further being
disproportionated to generate H202. The above conclusion is similar to previous works on
2e” ORR to generate H202 [57-59]. In addition, the single interfacial electron transfer
simplified the PEC system and minimized the opportunities for charge recombination [49].

The process of photoelectrochemical generation of H202 is summarized in Figure
2-24d. A compact and uniform CBS and In2Ss layer formed a typical type Il heterojunction
structure, which helped the separation and transfer of charge. Au nanoparticles worked as
a co-catalyst to further enhance the charge transfer and selectivity of O2/H20: reduction.
Photon absorption caused both semiconductors to be excited (step 1). The holes
transferred (HT) from In2S3 to CBS and then further transferred to the photoanode instead
of recombining with the electrons (step 2). As a result, electrons were transferred (ET)
from CBS to Au nanoparticles and then further reduced Oz to form "O2" (step 3), which
could be easily disproportionated in water to generate H202. Thus, we have constructed a
photoelectrode activity-selectivity improvement strategy. Firstly, the film prepared by the
SPD was excellent in denseness, which resulted in faster charge transmission and 1.5
times increased photocurrent than that of the films prepared by EPD. Secondly, the p-n

heterojunction between the p-type semiconductor CBS and the n-type semiconductor
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In2Ss further promoted charge separation. In this step, the smooth CBS electrode surface
will play an important role to improve the charge transfer at the interface between the two
semiconductors. The tight combination of p-type and n-type semiconductors increased
the photocurrent by 131 times than before In2Ss modification. Thirdly, the deposition of Au
nanoparticles reduced the free energy required for ORR, improving the selectivity of Oz to
H202. Compared with the electrode without Au deposition, the rate of H2O2 generation is

increased ca. 3 times.
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Figure 2-24. Superoxide radical capture experiment and speculated reaction mechanism. (a)
Proposed reactions between benzoyl chloride and superoxide radical anions. (b) CA test for adding BzCl
(red line) and without adding BzCl (blue line). Time courses of the photocurrent of Au-In,S3/CBS
electrodes in an Oz-bubbling non-aqueous electrolyte with visible light (420-800 nm, 100 mW/cm?)
irradiation under a potentiostatic condition at +0.4 V vs. Vrue. (c) Amounts of H.O, generated by
Au-In2S3/CBS electrodes under the condition of addition or without no addition of BzCl with visible light
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(420-800 nm, 100 mW/cm?) irradiation for 1 h and corresponding Faraday efficiencies. (d) Energy
diagram for Au-In,S3/CBS electrodes depicting the process of H,O, formation.

4. Conclusions

In summary, in situ photoelectrochemical synthesis of H202 was achieved in this
study for the first time by using an inorganic sulphide photocathode under visible light
irradiation. Under the condition of visible light irradiation, the Au-loaded In2Ss/CBS
electrode could produce H202 at a rate of 5.5 mg-L""-h""-cm™ with good Faraday efficiency.
The PEC pathway can be briefly described as photo-excited electrons on CBS reducing
O2 to 'O2~ and then further being disproportionated to generate H202. Although
superoxide radicals could cause some damage to the surface of the electrode, they
minimize the opportunities for charge recombination. Compared with the traditional
dye-sensitized photocathode, this study provided a practical strategy for designing a
highly efficient inorganic photocathode for producing H202 and will evoke more interest in

ORR via a PEC system.
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PART 3

Preparation of Cu3VSs photocathode and its
application in the preparation of H:0. by oxygen

reduction
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1. Introduction

In our group's previous work, Kawano San found that the CVS photocathode has
extremely high selectivity for the reduction of oxygen to hydrogen peroxide, and the
preparation conditions were optimized [1]. However, there are still a series of problems:

1. The photocurrent density of the CVS photocathode is only about 50 pA-cm™, and
the corresponding Faradaic efficiency is 84.8%.

2. The CVS photocathode is susceptible to photo-corrosion and has poor stability.
The melted Cu ions can also catalyze the decomposition of hydrogen peroxide.

3. Several n-type semiconductors were used to modify the CVS electrode, but the
energy band structure was not matched, and the photocurrent density could not be
effectively improved.

A copper-based sulfide semiconductor with cubic unit cells, CusVSs, exists as a
p-type semiconductor (Figure 3-1a). The valence band maximum is formed by the Cu 3d +
S 3p hybrid orbital and the conduction band minimum is formed by the V 3d + S 3p hybrid
orbital (Figure 3-1b) [2]. By changing the valence band maximum, CusVS4 can be made to
conform to the energy band structure of other n-type semiconductors, resulting in p-n
heterojunctions for improved charge separation efficiency. As CusVS4 has a conduction
band value of -1.13 V vs. NHE, there is no need to change the conduction band minimum
to ensure reduction capability. Copper ions can be substituted during the doping process
to change the valence band maximum. Apart from changing the conduction band
minimum, doping with Se and Te ions (the most commonly used methods for replacing
sulfur ions) will also lead to a further reduction in the band gap for CusVS4 [3], which is
only 1.56 eV for our preparing method. A further reduction in the band gap may lead to an
increase in the electron-hole complexation rate, resulting in a reduction in photocurrent

density.
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Figure 3-1. (a) The structure of the cubic chalcogenides CuzVS4. Copper ions, vanadium ions, and sulfur
anions are shown in blue, grey, and yellow, respectively [3]. (b) Band structure and density of states for

CusVS; calculated by density functional theory [2].

Many elements have been reported to replace copper ions, including Ni, Zn, Cd, Hg,
Ag, Ga, In, Sn, etc [4]. Divalent cations (e.g., Zn, Cd) usually do not form a homogeneous
phase upon incorporation into copper-based sulfide. Exposure of binary copper sulfides to
divalent cations usually leads to cation exchange, which can produce heterostructures of
two different compositions and crystal phases. Trivalent and tetravalent cations (e.g., In,
Sn, Ga) can generally be incorporated to form homogeneous doped or alloyed
nanomaterials. A monovalent cation may be able to replace Cu'* in some cases, but the
ionic radius must be taken into account. S.Yilmaz et al. reported that Ga-doping was
beneficial for increasing the carrier concentration and improving the carrier mobility in the
application of CdS films [5]. W. Septina et al. reported Cu(In,Ga)S: thin films with different
Ga doping ratios, and found that Ga doping can effectively increase the valence band
maximum and enhance the onset potential [6]. Doping with Ag mainly affects the
morphology of the film [7]. As reported by W. Liu et al. [8], Ag doping increases carrier
concentration, decreases carrier mobility, and lowers conductivity and power. However, as
the main group element of Cu ions, Ag doping is still a worthy choice. Based on the above
reasons, Ag and Ga ions with similar ionic radii to Cu'* ions were chosen for doping in

order to change the valence band maximum of the CVS electrode.
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In this work, the CVS electrodes were modified by Ag and Ga doping, which
effectively improved the photocurrent density and hydrogen peroxide yield, respectively.
The Ag-doped CVS electrode effectively increases the particle size of the material,
resulting in a significant increase in photocurrent density and stability. The optimal Ag
doping level was determined to be 3%, in which the photocurrent density reached 160
pA-cm™, the H202 yield was 4.04 mg-L™"-h""-cm™, and the Faradaic efficiency was 95.6%.
Ga doping increases the photocurrent density by a factor of six, which can be attributed to
two factors: first, Ga doping effectively increases the bandgap width of the CVS electrode,
leading to an increase in light absorption efficiency; The conductivity increases, indicating
an increase in charge concentration, thereby increasing the charge separation efficiency.
The optimum Ga doping amount was determined to be 0.5%, in which the photocurrent
density reached 325 pA-cm™, the H20: yield was 7.52 mg-L™"-h""-cm™, and the Faradaic
efficiency was 99%. Meanwhile, we found the reason why the photocurrent density could
not be improved may be because of the pores between the CVS and Mo substrate and
the formation of the MoS: layer, which would lead to a decrease in the rate of charge
transfer from the CVS to the Mo substrate, which affected the photocurrent density and
hydrogen peroxide production. The reason for the decrease of the photocurrent density on
the n-type semiconductor modified CVS electrode is summarized as the formation of
Z-scheme heterojunction, which leads to the occurrence of competitive reactions,

resulting in the reduction of the generation of H20..

2. Experimental section
2.1 Chemicals

Unless otherwise stated, all of the chemicals used in the study were of analytical
grade and used without further purification. All solutions were prepared by using ultra-pure
water. VO(acac)2, Cu(NOzs)2-3H20, AgNOs, Ga(NOzs)3-xH20, S powder, InCl3-4H20 and
nitric acid of analytical grade were purchased from Wako Pure Chemical Industries, Ltd.,
Japan. C2HsNS of analytical grade was purchased from Tokyo Chemical Industry, Japan.

Mo/SLG substrate was purchased from GEOMATEC Co. Ltd., Japan.
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2.2 Fabrication of a CusVS4 photocathode

In this study, typically, 0.02 M VO(acac)2 (99.9%) and 0.06 M Cu(NOz)2-3H20
(99.9%) were fully dissolved in ultra-pure water with stirring overnight and then the two
solutions were mixed at a volume ratio of 1:1 to obtain the precursor solvent. The
temperature of the reaction stage was controlled at 380 °C, and 2 mL of the precursor
solvent was sprayed onto an Mo/SLG substrate (16 mm x 20 mm). The spraying time was
controlled at 5 min. The precursor film was put into a glass tube together with 20 mg of
sulfur (99.9%), evacuated to 1.2x102 Pa, and then heated at 600 °C for 10 min. After

cleaning with ammonia aqueous solution (25%) and ammonium sulfide (99.9%), the CVS
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Scheme 1. Flow chart of CusVS4 photocathode preparation.

2.3 Modification with n-type buffer layers

2.3.1 Surface modification with an n-type In2Ss layer

An n-type In2S3 layer was formed by the chemical bath deposition method. During the
process, 2.5 mmol of InClz (99.9%), 10 mmol of thioacetamide (99.9%) and 0.6 mL of
acetic acid (99.9%) were added into 100 mL of ultrapure water and stirred until they were

completely dissolved. The electrode was immersed in the aqueous solution, and the bath
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was heated at 65 °C for 30 minutes. After that, the electrode was taken out, washed with

ultrapure water, and then annealed at 100 °C for 20 minutes to obtain In2Ss/CVS.

2.3.2 Surface modification with an n-type CdS layer

An n-type CdS layer was formed by the chemical bath deposition method. 79.6 mL of
ultrapure water, 12.5 mmol of Cd(CH3COQ)2:2H20 (99.9 %), 220 mmol of SC(NH2)2
(98 %) and 20.4 mL of NHs aqueous solution (25 %) were added to the beaker and the
mixture was stirred until they were completely dissolved. The electrode was immersed in
the aqueous solution, and the bath was heated at 65 °C for 9 minutes. After that, the
electrode was taken out, washed with ultrapure water, and then annealed at 200 °C for 10

minutes to obtain CdS/CVS.

2.3.3 Surface modification with an n-type TiOx layer

The precursor solution of TiOx was obtained by solving the tetrabutyl titanate (180 L)
in the mixture solvents of ethanol/isopropanol (5 mL:5 mL), then stirred for 5 min before
adding 10 pL of concentrated hydrochloric acid (HCI). Then, the solution was stirred for 72
h at room temperature in a sealed vial. The TiOx film was prepared by spin-coating this
solution onto the sample at a speed of 1000 rpm min—1 for 1 min in with thermal annealing

at 160 °C for 20 min in air [2].

2.4 Doping of Ag or Ga in CVS electrodes
The Ag/(Ag + V) molar ratio was varied to control the different Ag amounts in the
individual precursor solutions, while the total molar amounts of Ag and V were kept at

0.02M. The same conditions apply to Ga.

2.5 Characterization of catalysts

The crystalline phases were characterized by using a powder X-ray diffraction (XRD)
instrument (MiniFlex Il, Rigaku Co.) with CuKa (A = 1.5418 A) radiation (cathode voltage:
30 kV, current: 15 mA). The absorption properties of an Au-In2S3/CBS electrode were

measured using the diffuse reflection method with a UV-VIS spectrometer (UV-2600,
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Shimadzu Co.) attached to an integral sphere at room temperature. X-ray photoelectron
spectroscopy (XPS) measurements were performed by using a Kratos AXIS Nova
spectrometer (Shimadzu Co.) with a monochromatic Al Ka X-ray source. The binding
energy was calibrated by taking the C1s peak of contaminant carbon as a reference at
284.6 eV. Raman spectroscopy measurements were performed with 532 nm excitation

wavelength (NRS-5100, JASCO Co.).

2.6 Photoelectrochemical (PEC) measurement

The PEC performance of the CVS electrode was investigated in a three-electrode
configuration by using a silver-silver chloride (Ag/AgCl) reference electrode and a Pt coill
counter electrode. In order to avoid the influence of Pt?*, an H-type electrolytic cell is used,
and the Nafion™ membrane is used for isolation. The electrolytes were 0.1 M
Eu?*-containing aqueous solution, 0.1 M Na2SOs solution (pH = 6) or 0.1 M phosphate
buffer solution (pH = 7). All electrolytes were stirred and purged with N2 gas or O2 gas for
30 min before PEC measurement. In the case of 0.1 M phosphate buffer solution (pH = 7),
the measured potential vs. Ag/AgCl was converted to RHE by Nernst's equation (Er+E =
Eagiager + 0.059 pH + 0.197). Linear sweep voltammetry and chronoamperometry
measurements were carried out by an automatic polarization system (HSV-110, Hokuto
Denko Co.) under visible light (420-800 nm) irradiation. The scan rate for the linear sweep

voltammetry was 10 mV/s™".

2.7 Analysis of products
The amount of H202 was determined by a colorimetric method using PACKTEST
(WAK-H202, KYORITSU CHEMICAL- CHECK Lab., Corp.) equipped with a digital

PACKTEST spectrometer (ED723, GL Sciences Inc.).

3. Results and discussion
3.1 Ag doped Cu3VS4 photocathode
The surface morphology of the CusVSs film was characterized and analyzed using

field scanning electron microscopy (SEM), as shown in Figure 3-2. With the increase of
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Ag doping content (mol%), the average particle size of the material increases, and when
the doping content reaches 3%, the particles are larger and uniformly distributed. In
general, an increase in particle size results in a decrease in charge recombination,

thereby increasing the photocurrent density.

y

3% Ag-CVS , 5% Ag-CVS

Figure 3-2. SEM photographs of (a) bare CuszVS, electrodes; (b) 0.3% Ag- CusVSy; (c) 1% Ag- CusVSy;
(d) 3% Ag- CusVSs; (e) 5% Ag- CusVS..

The crystal structure and phase composition of the film were characterized and
analyzed by X-ray diffractometer (XRD) (Figure 3-3). The XRD pattern is shown in Figure
3-2. As can be seen from the figure, the XRD pattern of the CusVS4 film has the typical
diffraction peaks of CuszVS4 (JCPDS No. 11-0104) [9]. It can be found that the doping of Ag
has little effect on the species of CusVSs electrode, since no extra peaks were found.
Negligible variation in lattice parameter values of nanoparticles having Ag dopant above 3%
compared to undoped sample might be due to migration of Ag* ions from Cu3sVS4 lattice to
its surface. Also, the large gap between the ionic radius of Ag* (1A) [10] and Cu'* (0.6A)
[11] ions suggests that the Ag ions in lesser content can only fill the interstitial sites in the
CusVS4 lattice.

The main characteristic diffraction peaks with 26 values of 16.402°, 28.586°, 37.441°
and 47.568° were selected to analyze their full width at half-maximum (FWHM) (Table

3-1). In general, the smaller the FWHM value, the larger the particle size. These results
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show that the crystal quality obtained with 3 mol% Ag is better than any other

concentration.
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Figure 3-3. (a) XRD patterns of pure CusVSs and Ag—CusVSs with different Ag addition amounts. (b)
Raman spectra of pure Cu3VS4 and Ag—CusVS, with different Ag addition amounts.

Table 3-1. Full width at half-maximum (FWHM) of pure Cu3VSs and Ag—CusVS, with different Ag addition

amounts.

CVS  03%Ag-CVS 1%Ag-CVS 3% Ag-CVS 5% Ag-CVS
2-Theta hkl FWHM (26) FWHM (260)  FWHM (26) FWHM (20) = FWHM (26)
16.402 <100> 0.209 0.186 0.187 0.18 0.178
28.586 <11> 0.211 0.203 0.203 0.166 0.175
37.441 <210> 0.207 0.19 0.193 0.152 0.162
47.568 <220> 0.224 0.223 0.219 0.178 0.184

CVS material is a direct allowed transition material. The optical band-gap is estimated
via the Tauc relation: hv = a(hv-Eg)?, where a, h and v are the optical absorption
coefficient, Planck’s constant, and frequency, respectively. The linear variation behavior of
(ahv)? versus (hv) designates a direct transition in CVS material. Figure 3-4 illustrates the
UV-VIS-NIR optical absorption spectroscopy and the corresponding (ahv)?-(hv) plots of
CVS and Ag-CATS thin films. It can be seen that all films exhibit strong absorptions in the
entire visible light regions, but the spectral response of Ag-CATS films were greatly
increased due to the Ag incorporation. The band-gap of CVS and Ag-CATS thin films was
found to be 1.51, 1.52, 1.52, 1.56 and 1.58 eV, respectively. It might be due to the

increased particle size of the CVS material with the increased Ag doping amount.

74



(@) Bare CVS 3% Ag-CVS (b) Bare CVS
——0.3% Ag-CVS 5% Ag-CVS ——0.3% Ag-CVS
1% Ag—CVS 1% AQ-CVS

—_ 3% Ag-CVS

3 5% Ag-CVS

©

= o

[+}]

S 2

® S

o

e

o

(2]

Ko

< \ o : -

\ | 1588V
s .
T T T T T T
300 400 500 600 700 800 1.45 1.50 1.58 1.60 1.65 1.70 1.75

Wavelength (nm)

Photon energy (eV)

Figure 3-4. UV-VIS-NIR absorption spectra and (b) (ahv)? vs (hv) plots for different amount of Ag doped

CVS films.

Electrochemical impedance spectroscopy (EIS) of the samples were performed in a

phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?)

irradiation. The exchange of charge carriers between the catalyst and the electrolyte at

the interface is generally called the charge transfer process. The smaller semicircle in the

Nyquist diagram indicates better charge transfer kinetics. (Figure 3-5). Charge transfer

resistance of the CVS electrode decreased significantly with Ag doping, with 3% Ag-CVS

being the best. This result is consistent with our previous conclusion that 3% Ag-CVS has

the highest crystallinity. A photocurrent density increase can be observed during the PEC

process as a result of the increased charge transfer rate.
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Figure 3-5. Nyquist plots of pure CuzVSs and Ag—CusVS, with different Ag addition amounts. (a) bare
CusVS, electrodes; (b) 0.3% Ag-CusVSy; (c) 1% Ag-CusVSy; (d) 3% Ag- CusVSy; () 5% Ag-CusVS..
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The activities of the as-prepared Ag-doping CVS electrodes were compared by
measuring the photocurrents. The oxygen reduction reaction was carried out in an
O:2-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—-800 nm,
100 mW/cm?) irradiation under a potentiostatic condition at +0.7 V vs. Vrue (Figure 3-6).
First of all, it can be seen that the photocurrent density is generally improved after Ag
doping compared with the bare CVS electrode. Although the photocurrent density of
0.3%Ag-CusVSs started out at the highest, a clear decreasing trend was seen after half an
hour. While electrodes with a higher amount of Ag-doped CVS electrodes were more
stable, which may be related to particle size. The electrodes with larger particles are more
corrosion-resistant. A final optimized amount of Ag doping is 3%, which could produce

H20: at a rate of 4.04 mg-L"-h""-cm™ with a Faraday efficiency of 95.6%.
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Figure 3-6. (a) Time courses of the photocurrent of Ag-doping CusVS, electrodes in an Oj-saturated
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—800 nm, 100 mW/cm?) irradiation
under a potentiostatic condition at +0.7 V vs. Vree. (b) Amounts of generated H2O» by Ag-doping Cu3VSs
electrodes with visible light (420-800 nm, 100 m\W/cm?) irradiation for 0.5 h and corresponding Faraday

efficiencies.

3.2 Ga doped Cu3VS, photocathode

The doping of Ag can effectively increase the particle size of the CVS electrode and
greatly improve the photocurrent density. However, Ag ions does not replace Cu'* ions as
expected, which results in a change in the band structure. As the CVS electrode was
doped with Ga, its valence band maximum was changed to match the modified n-type
semiconductor and further separate charge and hole. From the ionic radius, in the CVS

electrode, the ionic radius of Cu'* is 0.6 A, the ionic radius of Ag'" is 1 A, and the ionic
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radius of Ga®* is 0.47 A [12]. It can be inferred that Ga ions are easier to replace Cu'* ions
than Ag ions.

The surface morphology of the CusVSa4 film was characterized and analyzed using
field scanning electron microscopy (SEM), as shown in Figure 3-7. The average particle
size of the material increases with Ga doping, but the effect is not as obvious as that of Ag

doping.

-

4 1% Ga-CVS

2% Ga-CVS - 3% Ga-CVS

Figure 3-7. SEM photographs of (a) bare Cu3VS, electrodes; (b) 0.5% Ga-CusVSs; (c) 1% Ga - CusVSy;
(d) 2% Ga-CusVSy; (e) 3% Ga - Cu3zVS..

The crystal structure and phase composition of the film were characterized and
analyzed by X-ray diffractometer (XRD) (Figure 3-8a). The XRD pattern is shown in
Figure 3-2. As can be seen from the figure, the XRD pattern of the CusVS4 film has the
typical diffraction peaks of CusVS4 (JCPDS No. 11-0104). No extra peaks were observed
when Ga was doped in CusVS4 electrodes, indicating that Ga doping does not significantly
impact the species. It could be noticed that the diffraction peak positions of the Ga-doped
CusVS4 displayed a moderate shift towards lower 26 values as the Ga doping content
increased. This distinctly implies lattice compression consistent with the smaller ionic
radius of Ga®* (0.47 A) compared to that of Cu'* (0.6 A), affirming the incorporation of Ga

ions as a substituent in the prepared CusVSa.
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In order to further explain what form of Ga exists in CusVS4, we conducted Raman
tests on CusVS4 electrodes with different Ga doping amounts (Figure 3-8c). According to
the Raman spectrum of CusVS4, peaks can be observed at 196 cm™, 282cm™, 369 cm™,
392cm™, 439cm™, 748cm™ and 817 cm™', which is in accordance with the earlier
studies [13]. As the amount of Ga doping increases, the peak at 392 cm™ becomes more

prominent, indicating the formation of Ga-S bonds [14].
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Figure 3-8. (a) XRD patterns of pure CusVS4 and Ga—CusVS,4 with different Ga addition amounts. (b) A
partial enlarged view of the XRD pattern. (c) Raman spectra of pure CuszVSs and Ga—Cu3VS,s with

different Ga addition amounts.

As illustrated in Figure 3-9, the UV-VIS-NIR optical absorption spectroscopy and the
corresponding (ahv)?-(hv) plots of CVS and Ga-CVS thin films are demonstrated. Doping
with Ga increases absorbance significantly, but excessive doping decreases it. In CVS,
the valence band maximum is formed by the Cu 3d + S 3p hybrid orbital and the
conduction band minimum is formed by the V 3d + S 3p hybrid orbital [15]. As reported in

previous reports, replacing Cu with Ga leads to increased VBM without affecting CBM,
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thereby increasing the bandgap. Furthermore, VBM increased with increasing Ga doping

in the CVS electrode.
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Figure 3-9. UV-VIS-NIR absorption spectra and (b) (ahv)? versus hv plots for CTS and x-CATS films.

Electrochemical impedance spectroscopy (EIS) of the samples were performed in a
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 mW/cm?)
irradiation. The exchange of charge carriers between the catalyst and the electrolyte at
the interface is generally called the charge transfer process. The smaller semicircle in the
Nyquist diagram indicates better charge transfer kinetics. (Figure 3-10). Ga-doped CVS
electrodes have lower charge transfer resistance than the bare CVS electrode, with 1%
Ga-CVS exhibiting the lowest resistance. The increase in the charge transfer rate during

the PEC process can be manifested as an increase in the photocurrent density.

—a— CVS bare
204 —e— 0.5% Ga-CVS
—4a— 1% Ga-CVS
1% 2% Ga-CVS
151—*—3% Ga-CVS

Z' (ohm)
Figure 3-10. Nyquist plots of pure CusVS4 and Ga—CusVS, with different Ga addition amounts. (a) bare
Cu3VS, electrode; (b) 0.5% Ga-CusVSy; (c) 1% Ga-CusVSs; (d) 2% Ga- CuzVSs; (e) 3% Ga-CusVS..
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The activities of the as-prepared Ga-doping CVS electrodes were compared by
measuring the photocurrents. The oxygen reduction reaction was carried out in an
O:2-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—-800 nm,
100 mW/cm?) irradiation under a potentiostatic condition at +0.7 V vs. Vrue (Figure 3-11).
First of all, it can be seen that the photocurrent density is generally improved after Ga
doping compared with the bare CVS electrode. It can be found that the photocurrent
density of 0.5% Ga-CusVSs started to be the highest, but a clear decreasing trend was
seen after half an hour. However, the photocurrent density decreased for electrodes with
higher Ga concentrations in CVS electrodes. The optimized amount of Ga doping was
determined to be 0.5%, which could produce H202 at a rate of 7.52 mg-L""-h""-cm™ with an

excellent Faraday efficiency of 99%.
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Figure 3-11. (a) Time courses of the photocurrent of Ga-doping CusVS4 electrodes in an O-saturated
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—-800 nm, 100 mW/cm?) irradiation
under a potentiostatic condition at +0.7 V vs. Vrue. (b) Amounts of generated H>O, by Ga-doping Cu3VSs
electrodes with visible light (420-800 nm, 100 mW/cm?) irradiation for 0.5 h and corresponding Faraday
efficiencies.

3.3 Ga, Ag co-doped Cu3VS4 photocathode

Even though Ga doping greatly enhances photocurrent density, photocurrent
attenuation is also apparent. It has been reported that the co-doping of the two metals
may produce a synergistic effect, thereby enhancing the charge separation efficiency and
increasing the photocurrent density. Previous work has shown that Ag doping can
effectively increase the particle size of CVS, thereby greatly improving the stability of the
photocathode; Ga doping can replace Cu atoms to a certain extent, form lattice defects

and introduce impurity energy levels, which effectively increases charge separation
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efficiency. As a result, we attempted to improve CVS electrode photocurrent density and
stability through Ag and Ga co-doping.

The activities of the as-prepared Ga, Ag-doping CVS electrodes were compared by
measuring the photocurrents. The oxygen reduction reaction was carried out in an
O:2-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—800 nm,
100 mW/cm?) irradiation under a potentiostatic condition at +0.7 V vs. Vrre (Figure 3-12).
According to the previous optimization results, the doping amount of Ag was fixed at 3%,
and the doping amount of Ga was regulated. Unfortunately, the photocurrent density was
not as high as that of the Ga-doped CVS electrode (0.5% Ga-CVS), and the hydrogen

peroxide generation and Faradaic efficiency were also reduced.
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Figure 3-12. (a) Time courses of the photocurrent of Ga-doping CusVS, electrodes in an O-saturated
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—800 nm, 100 mW/cm?) irradiation
under a potentiostatic condition at +0.7 V vs. Vrue. (b) Amounts of generated H>O» by Ga-doping Cu3VSs
electrodes with visible light (420-800 nm, 100 m\W/cm?) irradiation for 0.5 h and corresponding Faraday

efficiencies.

As displayed in Figure 3-13a, main peaks of 956.6 eV, 952.9 eV, 936.4 eV, 933.0 eV
were found in Cu 2p spectra. The double peaks of 956.6 eV and 936.4 eV were assigned
to the Cu*, while the peaks of 952.9 eV and 933.0 eV were assigned to the Cu?*. In V 2p
spectra (Figure 3-13b), main peaks of 514.5 eV and 522.0 eV were attributed to typical
values of V 2P+2 and V 2Ps2, respectively. By comparing this value with the one reported
in the XPS database it corresponds to the vanadium oxidation state +3 [16]. This result is
surprising considering that the XRD data show CusVSs as the only phase, where

vanadium is present as V*5. It may be due to the fact that peak positions relative to
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V(IV)-S and V(llI)-S seem to shift towards lower binding energies than those in oxides;
similar results were found by Buonsanti et. al [9]. In Figure 3-13c, the 2p core of Ga split
into 2psr2 (1117.9 eV), which were consistent with the values for Ga®" [16-18]. It can be
observed from Figure 3-13d that Ag 3d signal was composed of two peaks at 368.6 eV
(Ag 3dsr) and 374.6 eV (Ag 3dsr), which were consistent with Ag* [19]. The S 2p XPS
spectrum in Figure 3-13e contains the peaks of two kinds of sulfur, one of which is located
at 161.5 eV and 162.7 eV, matching with S-Cu 2ps2 and S-Cu 2p12 respectively, and
belong to crystalline CusVSs4 [20]. The other peak corresponds to the Ga-S bond of
sulphate species, located at 163.8 eV and 165.1 eV, which represents the chemical

anchoring of CVS towards sulfur.
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Figure 3-13. XPS spectra of Ag, Ga-doped Cu3VS, electrode. XPS spectra of Cu 2p (a), V 2p (b), Ga

2p (c), Ag 3d (d) and S 2p (e).

3.4 Sulfurization time and temperature optimization

The photocurrent density has not yet reached the expected value despite the

optimization of Ag and Ga doping. We carried out TEM observation on the cross-section

of Ag, Ga co-doped CVS photocathode (Figure 3-14). Voids and gaps were found at the

junction of the CVS material and the Mo substrate, which may decrease the charge

transfer rate. Additionally, Mo substrate was partially sulfided to form MoS: layers, which
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may also decrease charge transfer efficiency, resulting in reduced photocurrent

density.

Figure 3-14. Energy dispersive spectroscopy on the transmission electron microscope
(EDS-TEM). EDS map showing detection of Cu (purple), V (orange), S (green), Mo (red).

In order to reduce the thickness of the MoS: layer while maintaining good crystallinity
and large particle size, we further optimized the sulfurization temperature and time. From
the top and cross-sectional view images of SEM (Figure 3-15), it can be found that with
the increase of sulfurization time, the particle size increases, but at the same time, the
thickness of the MoS: layer also increases. The same rule applies to sulfurization

temperature.
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Figure 3-15. SEM photographs of 0.5% Ga-CusVS, electrodes prepared under different sulfurization

time and temperature.

Linear scanning voltammograms (LSV) were used to evaluate the
photoelectrochemical (PEC) performance of 0.5% Ga-CusVSs electrodes prepared at
different sulfurization temperatures and times (Figure 3-16a). In particular, the CVS
electrode with the largest MoS: layer thickness (0.7 um) showed a high dark current
density after heating at 600 °C for 20 minutes. Similar to our previous guess, this may be
due to the poor conductivity of MoS2, which makes it difficult for the charge to be rapidly

delivered to the Mo substrate. Finally, the sulfurization time and temperature were
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optimized to 600 °C and 10 min, at which point the photocurrent density was the largest
under a bias of 0.7 Vree. This result was further confirmed by the relevant CA tests
(Figure 3-16b) and the corresponding hydrogen peroxide generated and Faradaic

efficiencies (Figure 3-16c).
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Figure 3-16. (a) Linear sweep voltammograms of 0.5%Ga-CusVS, electrodes in O,-bubbling phosphate
buffer electrolyte (0.1 M, pH = 7) under chopped illumination from visible light (420-800 nm, 100 mW/cm?)
irradiation. (b) Time courses of the photocurrent of 0.5%Ga-doping Cu3sVS4 electrodes in an Oz-saturated
phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420-800 nm, 100 m\W/cm?) irradiation
under a potentiostatic condition at +0.7 V vs. Vrue. (c) Amounts of generated H>O, by 0.5%Ga-doping
Cu3VS; electrodes with visible light (420-800 nm, 100 mW/cm?) irradiation for 0.5 h and corresponding
Faraday efficiencies.

3.5 The modification of n-type semiconductors

To improve the charge separation efficiency of the photocathode, the 0.5% Ga-doped
CVS was further modified using several common n-type semiconductors. The In2S3 and
CdS layers were prepared by the chemical bath method, and the TiOx layer was prepared
by a spin coating method. The specific preparation steps are shown in the experimental

part.
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Under a bias of 0.7 VruEg, the n-type semiconductor In2Ss modification reduced dark
current, but also photocurrent density (Figure 3-17). As the bias became more negative,
the density of the photocurrent increased. Generally, the decrease in dark current is due
to a reduction of photo-corrosion, meaning that the In2Ss layer also serves as a protective
layer for CVS electrodes. The current-time curves of the In2S3/CVS photocathode were
performed at bias voltages of 0.7 Vrie and 0.3 VruE, respectively. Under the bias of 0.7
VrHE, the photocurrent was very low and no hydrogen peroxide generation was detected;
Under the bias of 0.3 VrrE, the photocurrent density was about 400 pAcm?, but this was
accompanied by the rapid decay of the photocurrent and a hydrogen peroxide generation

rate of 1.62 mg-L""-h""-cm™, corresponding to a Faraday efficiency of 17%.
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Figure 3-17. (a) Linear sweep voltammograms of 0.5% Ga-CusVS4 and In.S3 modified 0.5% Ga-CVS

electrodes in O»-bubbling phosphate buffer electrolyte (0.1 M, pH = 7) under chopped illumination from
visible light (420-800 nm, 100 mW/cm?) irradiation. (b) Time courses of the photocurrent of In,S3/CVS
electrodes in an Oz-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—800 nm,
100 mW/cm?) irradiation under the potentiostatic conditions at +0.7 VV and +0.3 V vs. Vgwe, respectively.

Interestingly, when the CdS layer is used for modification, the CdS/CVS electrode
shows n-type semiconductor properties at a high applied bias ( > 0.6 Vrnxe) (Figure 3-18).
Similar to the In2S3 modification, a significantly lower dark current as well as photocurrent
density was found after the CdS modification. In addition, onset voltage is also reduced to
0.5 Vrere relative to the CVS electrode. CA tests were conducted under the bias of 0.7 and
0.3 Vrre for CdS/CVS photocathodes, respectively. Under the bias of 0.7 Vrue, the
photocurrent showed the signature of an n-type semiconductor with no detectable
hydrogen peroxide production; under the bias of 0.3 Vrue, the photocurrent density was

approximately 400 uAcm but was accompanied by the rapid decay of the photocurrent
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and a hydrogen peroxide production rate of 1.62 mg-L™"-h™-cm™, corresponding to a

Faraday efficiency of 64%.
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Figure 3-18. (a) Linear sweep voltammograms of 0.5%Ga-CuszVSs and CdS modified 0.5%Ga-CVS
electrodes in O»-bubbling phosphate buffer electrolyte (0.1 M, pH = 7) under chopped illumination from
visible light (420-800 nm, 100 mW/cm?) irradiation. (b) Time courses of the photocurrent of CdS/CVS
electrodes in an Oz-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—-800 nm,
100 mW/cm?) irradiation under the potentiostatic conditions at +0.7 VV and +0.3 V vs. Vgee, respectively.

The TiO2 layer was prepared according to the method described by C Li et al.
Compared to the In2S3 and CdS layers, TiOx has the advantage of good stability and
resistance to photocorrosion. As the thickness of the TiOx is only ca. 13 nm, there is not
significant reduction in the dark current (Figure 3-19). Obviously, the onset potentials of
the reaction increased to 0.98 Vrue, making the oxygen reduction reaction more likely to
occur. Under the bias of 0.7 Vree, the photocurrent density was around 335 pA-cm™, but
the photocurrent decayed very quickly and hydrogen peroxide was generated at a rate

of 4.38 mg-L"-h""-cm™, corresponding to a Faraday efficiency of 49%.
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Figure 3-19. (a) Linear sweep voltammograms of 0.5%Ga-CusVSs and TiOx modified 0.5%Ga-CVS

electrodes in O»-bubbling phosphate buffer electrolyte (0.1 M, pH = 7) under chopped illumination from

visible light (420-800 nm, 100 mW/cm?) irradiation. (b) Time courses of the photocurrent of TiOx/CVS
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electrodes in an Oz-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light (420—-800 nm,
100 mW/cm?) irradiation under the potentiostatic conditions at +0.7 VV and +0.3 V vs. Vgwe, respectively.

The band structures of CVS, In2S3, CdS and TiO2 were further analyzed since those
n-type semiconductors modified with Ga-doped CVS electrodes did not significantly
increase in photocurrent density (Figure 3-20). It is expected that CVS will form a type |l
heterojunction structure with several other n-type semiconductors, facilitating charge
separation and transfer. Electrons are transferred from CVS to the n-type semiconductors,
which then further reduces O2 to form -O%, which could be easily disproportionated in
water to form H202. However, the Faraday efficiency of the In2Ss/CVS electrode was
surprisingly low at 17% (Figure 3-21). This may be due to the fact that In2Ss forms a
Z-scheme conjunction with CVS, meaning that the holes on the valence band of CVS
were directly complex with the electrons on the conduction band of In2Ss, resulting in a
competing reaction that prevents further reduction of Oz to form -O%. As the valence band
of the n-type semiconductor became more positive, this competitive reaction gradually

decreases and hydrogen peroxide production increased.
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To further verify this conjecture, we first deposited the Mo substrate with In2Ss3 layers
using a chemical bath and then prepared CVS/In2Ss/Mo electrodes using a spray
pyrolysis-vacuum sulfurization method as a comparison (Figure 3-22). As expected, the
photocurrent density was greatly enhanced in comparison to the 1n2S3/CVS/Mo electrode
at a bias voltage of 0.7 VrHe. Notably, the CVS/In2Ss/Mo electrode reached an onset
voltage of 0.92 Vrue, which is more favorable for the oxygen reduction reaction. Under the
bias of 0.7 Vrue, the photocurrent density was about 192 pA-cm?, but this was
accompanied by a rapid decay of the photocurrent and a hydrogen peroxide generation
rate of 4.98 mg-L"-h""-cm™, corresponding to a Faraday efficiency of 99%. However, the
photocurrent density is still not as expected, which may require further optimization of the

preparation process.
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Figure 3-22. (a) Linear sweep voltammograms of 0.5%Ga-CusVS4, In2S3/CVS/Mo and CVS/In;Ss/Mo
electrodes in O»-bubbling phosphate buffer electrolyte (0.1 M, pH = 7) under chopped illumination from
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visible light (420-800 nm, 100 mW/cm?) irradiation. (b) Time courses of the photocurrent of the
CVS/In,S3/Mo electrode in an Oz-saturated phosphate buffer electrolyte (0.1 M, pH = 7) with visible light
(420-800 nm, 100 mW/cm?) irradiation under the potentiostatic conditions at +0.7 V vs. VgyE.

4. Conclusions

Photocurrent density and hydrogen peroxide production can be effectively enhanced
by the CVS electrode modified with Ag and Ga doping. The Ag-doped CVS electrode
effectively increased the particle size of the material, resulting in a significant increase in
photocurrent density and stability. The optimum Ag doping amount was determined to be
3%, where the photocurrent density reached 160 pA-cm™ and the H202 production was
4.04 mg-L"-h"-cm™ with a Faraday efficiency of 95.6%. Two factors contribute to the
improvement in photocurrent density caused by Ga doping: firstly, Ga doping effectively
widens the bandgap of the CVS electrode, increasing light absorption efficiency; secondly,
Ga doping increases electrical conductivity, increasing charge concentration and
therefore charge separation efficiency. The optimum Ga doping amount was determined
to be 0.5%, where the photocurrent density reached 325 pA-cm™ and the H202 production
was 7.52 mg-L"-h"-cm™ with a Faraday efficiency of 99%. In contrast, Ag and Ga
co-doping resulted in lower hydrogen peroxide production and corresponding Faraday
efficiency, probably due to the formation of complex centers within the electrode.

To further improve the photocurrent density, the 0.5% Ga-doped CVS electrode was
characterized by TEM-EDS and it was found that a large number of voids existed between
the CVS and the Mo substrate, along with the presence of a MoS: layer. These two
causes resulted in a reduced rate of charge transfer from the CVS to the Mo substrate,
which affected the photocurrent density and hydrogen peroxide generation. Finally, the
sulfurization time and temperature were optimized to 600 °C and 10 min, at which point
the photocurrent density was the largest under a bias of 0.7 VrHe.

Several n-type semiconductors have been used to modify the 0.5% Ga-doped CVS
electrode, but the energy band structure does not match and does not improve charge

separation efficiency or photocurrent density.
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1. Conclusion

Hydrogen peroxide (H2032) is highly promising as a solar fuel and an environmentally
friendly oxidant. However, its conventional production method, the anthraquinone method,
generates a lot of pollution and consumes a lot of energy. Therefore, a cheap and
nontoxic copper-based sulfide photocathode was prepared by an efficient and economical
spray pyrolysis method for solar energy conversion to produce H20x2.

Based on the key parameters to evaluate the photoelectrochemical properties of the
electrode, photocurrent density, a series of modification on copper-based sulfide
photocathode was carried out. The main findings of the study are as follows:

1. CusBiSs thin film electrodes were prepared by electrophoretic deposition and
spray pyrolysis deposition, respectively. The differences in surface morphology,
crystallinity and charge transfer rate between the electrodes prepared by the two methods
were investigated, and the relationship between photocurrent density and these
parameters was studied.

2. By modifying the CusBiSs photocathode with different n-type semiconductors, the
best results were found for In2Ss. A p-n heterojunction formed between the n-type In2Ss
and p-type CusBiSs substantially increases the photocurrent density by improving charge
separation efficiency.

3. Au nanoparticles were found to be the most effective co-catalyst for generating
hydrogen peroxide. The high selectivity may be due to the high activity of Au
nanoparticles for oxygen reduction reaction. The critical step was the formation of O-Au
bonds with a corresponding decrease in the activation energy of molecular oxygen.
Therefore, the co-catalyst can significantly improve the charge injection efficiency.

4. Ag-doped CusVSs electrode effectively increased the particle size of the material,
resulting in a significant increase in photocurrent density and stability. By reducing
electron-hole recombination between particle interfaces, large particles provide improved
charge separation efficiency, leading to high photocurrent densities.

5. Ga-doped CusVSs electrode effectively increased in photocurrent density. It can

be attributed to two factors: firstly, Ga doping effectively increases the bandgap width of
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the CVS electrode, which leads to an increase in light absorption efficiency; furthermore,
Ga doping leads to an increase in electrical conductivity, indicating an increase in charge
concentration and thus an increase in charge separation efficiency.

In summary, this study provided a universal strategy for designing a highly efficient
photocathode for producing H202 basing on improving light absorption efficiency, charge

separation efficiency and charge injection efficiency.

2. Outlook

Although we have concluded a series of modification methods for improving
photocurrent density and product selectivity, the current photocurrent density and H202
generation rate are far from adequate for industrial applications and further optimizations
are required.

1. We did not pay attention to the important parameter of sulfur pressure when
preparing the CusBiSs electrodes, and the vacuum was only 10? Pa. When preparing the
CVS electrodes, we increased the vacuum to 1.2x102 Pa, which led to a significant
increase in the crystallinity of the electrode material and thus to a significant increase in
the photocurrent density.

2. Several common n-type semiconductors were used to modify the CVS electrode;
unfortunately, the bandgap structure did not match and could not effectively improve the
charge separation efficiency and photocurrent density. There are two ideas here, the first
is to continue the search for a suitable n-type semiconductor; secondary, we found that
Ga doping can effectively improve the valence band position of the CVS electrode, and if
a large amount of Ga is used for doping (e.g. 10%, 20%), it may be possible to make a
great change in the bandgap structure of the CVS electrode, thus matched with the n-type
semiconductors.

3. It is necessary to find a photoanode that matches the copper-based sulfide

photocathode for H202 production without adding any additional bias.
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