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aAs photoanodes by in situ
deposition of nickel-borate surface catalysts as
hole trapping sites†
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Mingchu Tang, b Qi Jiang,b Siming Chen, b Huiyun Liu, b Aiqin Wang, *c

Tao Zhangc and Junwang Tang *a

Although semiconducting gallium arsenide (GaAs) possesses an ideal band gap for efficient solar-driven fuel

synthesis, it is extremely unstable in aqueous media, undergoing facile photocorrosion and therefore is

seldom used. We have addressed this stability problem to some extent using a strategy of introducing

a Ni–B surface catalyst onto p/n junction GaAs by in situ photoassisted electrodeposition. A monolithic

layer of Ni–B/Ga(As)Ox was generated during the Ni–B deposition process, resulting in a Ni–B/Ga(As)Ox/

GaAs photoanode structure. Such a structure was optimized by varying the GaAs surface architecture,

electrolyte pH value and Ni–B deposition time to achieve optimal photoelectrochemical performance,

together with improved stability. The optimized photoanode Ni–B/Ga(As)Ox/shallow GaAs with 0.5 h Ni–

B deposition time (�900 nm thickness of the Ni–B/Ga(As)Ox layer) exhibited a very high photocurrent,

leading to a nearly 22 hour stable photocurrent density of 20 mA cm�2, while bare GaAs exhibits 60%

photocurrent loss after three hours under continuous one sun illumination (100 mW cm�2) in alkaline

media (pH ¼ 14). This remarkable performance in both photocurrent and stability directly addresses the

current severe limitations in the application of GaAs photoanodes for solar fuel synthesis, and they may

be applicable to other unstable photoelectrodes.
Introduction

The direct light-driven splitting of water is one of the most cost-
effective methods to convert solar energy into a storable and
transportable form of energy (H2).1 Great efforts have been
made to seek suitable semiconductor materials which can be
used as photoelectrodes in a photoelectrochemical cell (PEC);
however the majority of the state of the art materials suffer from
either low stability or poor efficiency (STH < 10%).2 The target of
the solar to fuel eld of research is to achieve at least 10% solar
to hydrogen efficiency with affordable stability. Among the
typical III–V materials, such as InGaP, GaAs, and InP, GaAs
could be an ideal material for PEC water splitting due to its
intrinsically small band-gap (1.42 eV), and appropriate band
positions, promising a high theoretical solar energy conversion
ersity College London, Torrington Place,

ng@ucl.ac.uk

eering, Torrington Place, London, WC1E

Institute of Chemical Physics, Chinese

. E-mail: aqwang@dicp.ac.cn

nce, University of Electronic Science and

. China

tion (ESI) available. See DOI:

, 814–822
efficiency of 33%.3 Therefore there is substantial interest in
using group III–V materials, in particular GaAs, as photo-
electrodes for PEC water splitting. However the stability of III–V
materials is one of the major challenges for their application in
PEC cells due to the fast photocorrosion at the interface
between III–V materials and electrolyte.4,5

In a PEC water splitting system, oxygen evolution is the rate
determining step and thus research on utilizing GaAs as
a photoanode has attracted considerable attention.2 One of the
rst studies reporting GaAs photoanodes for solar fuel synthesis
was by Zhou et al.6 The as-synthesized GaAs nanowire arrays
exhibited a solar energy conversion efficiency of 8.1% without
a co-catalyst. However, the hydrogen production was not
affordable due to the electrode instability (50% current loss in
one hour). Basically, the surface dissolves during the photo-
electrochemical reaction and this fast surface etching results in
H2 gas generation being limited to approximately one hour.
This etching is caused by generated holes which are not used for
the oxidation of water at the GaAs surface while being accu-
mulated to oxidize the GaAs layer. This is partly because the
consumption rate of holes for O2 generation on the GaAs
surface is much lower than that of electrons on the counter
electrode because four holes are required to produce an O2

molecule while only two electrons are necessary for the gener-
ation of a H2 molecule. Nocera et al. developed an earth
This journal is © The Royal Society of Chemistry 2019
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abundant oxygen-evolving catalyst (cobalt phosphate, Co–Pi) to
improve the hole utilization efficiency for the oxidation reaction
of water.7 The devices consisting of a Co–Pi modied silicon-
based photoanode for oxygen evolution and a NiMoZn catalyst
for hydrogen evolution exhibited relatively good stability (10 h)
for water splitting with a solar to hydrogen conversion efficiency
of 4.7% for a wired conguration and 2.5% for a wireless
conguration.8 Recently an efficiency of 12.3% was reported
using a perovskite photovoltaic together with a bifunctional
earth-abundant catalyst but authors underlined its poor
stability.9

Various coating strategies have been explored to stabilize
narrow gap semiconductors in a PEC cell. Shao-Horn et al. re-
ported an n/p-GaAs (001) photocathode that operated in neural
pH, stabilized by an epitaxial SrTiO3 surface layer to deliver
a photocurrent of 3.1 mA cm�2 at 0.18 V with 24 h stability.10

Lewis et al. coated a GaAs electrode with conformal amorphous
TiO2 as a protection layer alongside a thin layer of Ni metal as
a co-catalyst. The prepared photoanodes exhibited a photocur-
rent of 15 mA cm�2 at�0.2 V (vs. SCE) in 0.1 M KOH with almost
one day constant operation.11 The same group also fabricated
a NiOx lm on p+n-InP photoanodes as both a protection layer
and a surface oxygen evolution catalyst via sputtering to achieve
48 hour solar driven water oxidation.12 In fact, both the protection
layer and surface catalyst are signicant for high and stable
photocurrent. Lewis et al. also demonstrated that n-cadmium
telluride photoanodes could be stabilized for water oxidation by
using amorphous TiO2 lms formed by atomic layer deposition.13

We previously reported that an earth-abundant catalyst,
nickel borate (Ni–B), can be coupled onto ZnO photoanodes to
dramatically enhance the holes' efficiency for the water oxida-
tion reaction and also improve the ZnO stability.14 Herein, in
order to fabricate a stable and efficient device for solar fuel
synthesis, we have focused on the Ni–B surface catalyst as a hole
trapping site on top of GaAs to suppress the photocorrosion
reaction caused by accumulated holes on the GaAs surface and
facilitate charge separation. The p–n GaAs junction was
designed rstly to facilitate a hole transfer pathway while
maintaining a good light absorption. In situ photoassisted
electrodeposition of Ni–B onto the p–n GaAs photoanode was
able to generate a monolithic layer of Ni–B/Ga(As)Ox on GaAs,
which acts as a catalytic and passivation layer to protect GaAs
against photocorrosion. Such a procedure resulted in a stable
photocurrent and the surface treatment for the loading of water
oxidation catalysts (Ni–B) on GaAs was also discussed in detail.

Experimental section
1 p/n junction GaAs growth

The GaAs photoanodes were grown by using a Veeco Gen 930
molecular beam epitaxy system. Before loading the substrate
into the epitaxy system, the GaAs substrate was thermally
degassed to remove contaminants. The GaAs photoelectrodes
were homoepitaxially grown on an n-type GaAs substrate (650
mm thickness). A thin layer of native oxide was thermally
removed by holding the substrate at high temperature (600 �C)
under the protection of arsenic ux for eight minutes. The GaAs
This journal is © The Royal Society of Chemistry 2019
growth temperature was 580 �C. An n-type GaAs buffer layer of
200 nm was rst grown on the substrate. Aer the growth of the
buffer layer, a p-type GaAs layer of 2000 nm was grown. The
doping density was 2 � 1018 cm�3. The growth rate was �1
monolayer per second, controlled by adjusting the Ga source
temperature. The temperature variation was very small within�
0.1 �C controlled by using a PID controller, thus enabling a high
reproducibility of the GaAs photoelectrode synthesis. Doping of
the GaAs layers to make a p or n type semiconductor was ach-
ieved in situ during epitaxy growth, where Si and Be were used as
n-type and p-type dopants, respectively. The growth was moni-
tored with a reection high-energy electron diffraction system,
which includes a high energy electron gun, phosphor screen,
and CCD camera.

2 Pre-treatment of the GaAs surface

The as-prepared p/n junction GaAs samples were either etched or
polished to promote attachment with surface catalysts Ni–B. For
etched GaAs samples, a thin Ni layer (2 nm) was deposited on the
sample surface by evaporation followed by thermal annealing at
500 �C to form surface Ni nanodots. The sample was then
chemically etched by using the Ni nanodots as a mask. To further
increase the surface roughness, the samples were polished using
1 micron grinding papers with a mechanical polisher. Aer pol-
ishing, the samples were washed with a solution mixture of
H3PO4/H2O2/HCl in 1 : 1 : 1 ratio and dried for use.

3 Preparation of GaAs photoanodes

Ohmic contacts to the GaAs photoanodes were formed by
evaporation of Ni/AuGe/Ni/Au metals on the back of the
substrate and rapid thermal annealing at a preferred tempera-
ture of 400 �C. The GaAs electrodes were then wired by soldering
a Cu wire to the alloyed metal contact. The samples were
encapsulated by using epoxy (Sigma, resin : hardener ¼ 1 : 1).
The Ni–B catalyst was deposited onto the GaAs samples by
photoassisted deposition in a three-electrode system with GaAs
samples as working electrodes, Ag/AgCl as a reference electrode,
and a Pt mesh as a counter electrode. Before loading Ni–B on
the pre-treated GaAs surface, it was immersed into methanol
solution for 60 s, followed by a 1 : 1 volume ratio of HCl and
deionized (DI) water for another 60 s, and then rinsed with
a large amount of DI water and dried under the stream of argon
to make a clean surface. The photoassisted electrodeposition of
Ni–B on GaAs was carried out by applying a constant bias of
0.5 V (vs. Ag/AgCl) in a solution of 0.1 M potassium borate
containing 1 mMNi (NO3)2 with varying deposition times under
AM 1.5 G light illumination (100 mW cm�2).

4 Materials characterization

SEM images were obtained by using a Jeol JSM-7401F scanning
electron microscope with an EDS detector. High-resolution XPS
was performed by using a Thermo Scientic K-alpha photoelec-
tron spectrometer with monochromatic AlKa radiation; peak
positions were calibrated to carbon (284.5 eV) and plotted with
CasaXPS soware. Atomic force microscopy (AFM) images of the
surface morphology were obtained using a Veeco Nanoscope
Sustainable Energy Fuels, 2019, 3, 814–822 | 815
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atomic force microscope. The X-ray diffraction (XRD) patterns
were obtained by using a Jordan Valley Bede D1 system.

5 Photoelectrochemical measurements

The photoelectrochemical measurements were carried out in
a gas-tight cell equipped with a quartz window. The prepared
GaAs samples were used as the working electrodes. A Pt mesh and
Ag/AgCl (3 M KCl) were used as the counter electrode and refer-
ence electrode, respectively. An electrolyte containing 0.1 M KOH
(pH ¼ 14) in deionized water, which was purged with argon gas
prior to use for 20 min to remove dissolved oxygen, was used. The
light source was a 150 W xenon lamp (Newport) equipped with
a standard AM1.5 G lter. The light intensity was calibrated to 100
mW cm�2 using a silicon photodiode, together with a hand held
opticalmeter (Newport, 1918-R). A potentiostat (Ivium technology)
was used to apply the bias at a scan rate of 20 mV s�1 between
�1.5 and 1.0 V (vs. Ag/AgCl). The electrochemical impedance
spectroscopy (EIS) data were obtained through the same electro-
chemical measurement systemunder AM 1.5-light illumination at
an applied bias of �0.6 V (vs. Ag/AgCl) in 0.1 M potassium
hydroxide solution with a frequency range of 100 000 and 1 Hz of
a sinusoidal perturbation with 10 mV amplitude.

Gas evolution analysis. A gas-tight three-electrode one
compartment PEC cell with an Ag/AgCl reference electrode, a Pt
mesh counter electrode and a gas chromatograph (Varian 430-
GC, TCD detector, argon carrier gas 99.999%) was used for the
analysis of gas evolved from electrodes. Before the measure-
ment, the PEC cell was purged with an Ar ow until no nitrogen
and oxygen gases were detected by the gas chromatograph. The
photoelectrode was constantly biased at �0.6 V (vs. Ag/AgCl)
and illuminated with a 150 W xenon lamp (AM 1.5 G,100 mW
cm�2). The photoanode current was recorded by using a poten-
tiostat (Ivium Technology) and simultaneously the produced
amount of O2 and H2 in the closed cell was measured by
injecting the headspace gas into the gas chromatograph. Then
the Faraday efficiency based on the oxygen evolution could by
calculated by using the following equation:

Faraday efficiency ¼ charges for gas evolution

total charges generated

¼ n� z� F

Jphoto � A� t
� 100%

(1)

where n is the number of moles of oxygen generated; F is the
Faraday constant with a value of 96 485 C mol�1; z ¼ 4 is the
number of electrons involved from the oxygen evolution reac-
tion and z ¼ 2 is the number of electrons involved from the
hydrogen evolution reaction; Jphoto is the photocurrent density
(A cm�2) generated during the measurement time (t) (seconds);
A is the illumination area of the photoelectrode (cm2).

The solar to hydrogen conversion efficiency (h) was esti-
mated by using the following equation:

hð%Þ ¼
photocurrent density��

1:23�Eapplied potential

��Faraday efficiency

light intensityðAM 1:5 GÞ
(2)
816 | Sustainable Energy Fuels, 2019, 3, 814–822
Results and discussion

p/n junction GaAs samples were fabricated by using commercial
n-type GaAs (001) as the substrate for the epitaxial growth of
2000 nm p-type GaAs. The GaAs surface was treated before
loading of Ni–B in order to increase the roughness of the GaAs
surface for better attachment of the Ni–B catalyst, which would
improve the stability of the photoanode and catalyse the water
oxidation reaction. The surface of the GaAs samples was either
textured by etching or polished with a mechanical polisher,
annotated as textured (etched), shallow (moderately polished)
or deep GaAs (deep polished) photoanodes based on the surface
roughness while the untreated was named at photoanode.
Fig. 1 shows the AFM images of the surface treated GaAs before
loading of Ni–B. The root mean square (RMS) roughness of the
as-grown GaAs (at GaAs) photoanode is about 0.25 nm. The
RMS roughness of textured GaAs changes to 1.94 nm and the
average peak to valley height is �10 nm. The RMS roughness
increases aer surface treatment with the mechanical polisher,
resulting in shallow and deep dents on the surface. The
measured RMS roughness is 8 nm and 39.2 nm for the shallow
and deep treated GaAs surfaces, respectively and the average
peak to valley height is increased by an order of ve from the
shallow to the deep treated GaAs photoanode.

Fig. S1† shows the AFM image and the corresponding width–
height plot of Ni–B/Ga(As)Ox/textured GaAs photoanodes with
0.5 h Ni–B photoassisted electrodeposition. Aer Ni–B loading,
the RMS roughness of the textured GaAs surface increases from
1.94 nm to 30 nm and the peak to valley height of the textured
GaAs surface increases from 10 nm to 15 nm, which indicates
the change of the GaAs surface roughness aer Ni–B
modication.

X-ray photoelectron spectroscopy measurements (XPS) were
carried out to monitor the valence change of the components in
the fabricated photoanodes. The XPS spectra of 0.5 h photo-
assisted electrodeposited Ni–B onto shallow GaAs electrodes are
shown in Fig. 2. Three Ga-based 3d peaks are observed. The
peak at 19.1 eV corresponds to the GaAs substrate. The gallium
oxides (GaOx) are composed of a mixture of Ga2O (Ga1+) and
Ga2O3 (Ga3+) at a binding energy of 19.7 eV and 20.7 eV,
respectively. The O 2s signal originates from gallium oxide
formation during the photoassisted electrodeposition process.
These values well match with the literature.15 The As 3d spec-
trum also conrms the presence of the As–Ga substrate (41.2
eV). The arsenic oxides (AsOx) are composed of a mixture of
As2O3 (44.1 eV), As

3+ native oxide (45.0 eV) and As2O5 (45.9 eV).16

Two Ni 2p peaks are observed at 855.2 and 872.8 eV, which likely
correspond to Ni2+ or Ni3+. As the binding energies of these two
states suffer from a high degree of overlap, it is difficult to
distinguish the exact nature of Ni with condence.17 For boron,
the expected singlet peak is found at 191.1 eV, indicative of a B3+

environment and in agreement with the literature.14,18 Also, the
surface residual potassium species from the potassium borate
electrolyte are conrmed by XPS of K 2p spectra (Fig. S2†). Such
samples are denoted as Ni–B/Ga(As)Ox/shallow GaAs. Moreover,
the X-ray diffraction patterns of Ni–B/Ga(As)Ox/shallow GaAs
reveal a highly crystallized GaAs substrate with (001) orientation
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 AFM images and the corresponding width–height plot of various GaAs films; (a and e) flat GaAs; (b and f) textured GaAs; (c and g) shallow
GaAs; (d and h) deep GaAs.
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and the amorphous nature of Ni–B (Fig. S3†).19–21 Further
increasing photoassisted electrodeposition time to 1 h results
in the disappearance of GaAs peaks from both Ga 3d and As 3d
spectra, but the Ni 2p and B 1s spectra remain the charac-
teristic of the Ni–B catalyst (Fig. S4†). This observation indi-
cates that the thickness of the Ni–B/Ga(As)Ox layer could be
controlled during the photoassisted electrodeposition of the
Ni–B catalyst.
Fig. 2 XPS spectra of Ga 3d, As 3d, Ni 2p and B1s of the Ni–B/Ga(As)Ox/sh
Ni–B catalyst.

This journal is © The Royal Society of Chemistry 2019
The SEM image of a shallow GaAs surface is shown in Fig.-
S5a,† which indicates an uncorroded GaAs electrode before the
photoelectrochemical reaction. Fig. 3a and b show the cross-
sectional and top-down morphology of shallow GaAs deco-
rated with a Ni–B catalyst with 0.5 h deposition time, respec-
tively. The cross-sectional SEM image in Fig. 3a displays a layer
of Ni–B/Ga(As)Ox with a thickness of ca. 900 nm on top of the
GaAs surface. The monolithic Ni–B/Ga(As)Ox layered structure
allow GaAs photoanode with the 0.5 h photoassisted electrodeposited

Sustainable Energy Fuels, 2019, 3, 814–822 | 817
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Fig. 3 Ni–B/Ga(As)Ox/shallow GaAs electrode: (a) cross-sectional SEM image and the line analysis throughout the cross section (inset). (b) Top-
down SEM images. (c–g) SEM-DES micrograph and maps of distribution of elements on the electrode surface for gallium (Ga), oxygen (O),
arsenide (As), nickel (Ni), and boron (B).
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might have resulted from Ni–B loading and Ga(As)Ox passiv-
ation layer formation during the photoassisted simultaneous
electrodeposition. The line analysis using SEM-EDS (the inset in
Fig. 3a) throughout the Ni–B/GaAs layer indicates the co-
existence of Ni, Ga, As and O in the top 900 nm while more Ni
and O exist in the top 550 nm maybe in the form of NiOx. B is
only observed on the surface (Fig. 3d), suggesting that Ni–B is
only formed on the surface. The top-down SEM image (Fig. 3b)
and the corresponding elemental mapping images (Fig. 3c–g)
further provide the evidence of Ni–B/Ga(As)Ox layer formation
on top of GaAs and furthermore, and evenly distributed Ni
element is observed. This observation illustrates the in situ
formation of the Ga(As)Ox layer from loading the Ni–B catalyst
on the GaAs substrate, which is consistent with XPS results.

The PEC performance of the as-prepared GaAs based pho-
toanodes was investigated in a three-electrode conguration.
Initially, we investigated the effect of Ni–B surface catalysts on
PEC water oxidation performance. Fig. 4 shows the photocur-
rent density as a function of applied voltage under one sun
illumination (100 mW cm�2) and dark current for both bare
shallow GaAs and Ni–B/Ga(As)Ox/GaAs photoanodes in 0.1 M
potassium hydroxide electrolyte (pH ¼ 14). In comparison with
bare shallow GaAs, which has a dark current onset potential of
0.5 V (vs. Ag/AgCl), the dark current onset is cathodically shied
to 0.25 V (vs. Ag/AgCl) for the Ni–B/Ga(As)Ox/shallow GaAs
photoanode (Fig. 4b). This signicant shi in onset potential
for dark current (by 0.25 V) aer Ni–B loading indicates the
catalytic effect and improved water oxidation kinetics by Ni–B.
However, no signicant photocurrent onset potential shi is
observed between bare shallow GaAs and Ni–B/Ga(As)Ox/
shallow GaAs photoanodes (Fig. 4a). The at band position of
Ni–B/Ga(As)Ox/shallow GaAs was determined by Mott–Schottky
measurements to be �1.6 V vs. Ag/AgCl (Fig. S6† at pH ¼ 14),
consistent with previously reported GaAs.22 The conduction
band is believed to approximate to �1.6 V vs. Ag/AgCl. Based on
the band gap of ca. 1.4 eV, the valence band of GaAs is ca.�0.2 V
818 | Sustainable Energy Fuels, 2019, 3, 814–822
relative to Ag/AgCl. Taking into account that the potential for
water oxidation, E (O2/H2O), is about 0.19 V (vs. Ag/AgCl) at pH
¼ 14,2,11 the onset potential should be about �1.2 V (vs. Ag/
AgCl), which is almost consistent with our experimental
observation. The saturated photocurrent is observed when the
bias is above �0.6 V (vs. Ag/AgCl), which is due to the increased
water oxidation and simultaneous reduction of photocorrosion
by the Ni–B catalyst. The overall photocurrent density also
increases by loading the Ni–B catalyst onto GaAs, resulting in
photocurrent density increasing from 10 to 20 mA cm�2 at
�0.6 V (vs. Ag/AgCl). Furthermore, the oxygen evolution on both
the GaAs and Ni–B/Ga(As)Ox/GaAs photoanodes was analyzed at
a photocurrent of 20 mA cm�2, as shown in Fig. 4c. One can see
that there is no oxygen gas produced at all on the bare GaAs
photoanode. However, linear oxygen evolution is observed with
time on the Ni–B/Ga(As)Ox/GaAs photoanode, proving that the
enhanced photocurrent is due to water oxidation by the Ni–B
catalyst. Therefore, we attribute such an enhancement in
photocurrent to the catalytic effect of the Ni–B catalyst while
loading on GaAs. In addition, the Ni–B catalysts could mitigate
hole–electron recombination by acting as a hole-trapping site
under sufficient bias applied (above �0.6 V vs. Ag/AgCl (pH ¼
14)) to increase charge separation efficiency as proved
previously.14

Furthermore, we optimised the Ni–B/Ga(As)Ox/GaAs elec-
trodes for PEC water oxidation performance based on three
factors including: (1) GaAs surface architecture; (2) electrolyte
pH value; (3) Ni–B surface catalyst deposition time.
1 Effect of GaAs surface architecture

The surface architecture and roughness of the GaAs substrate
are believed to affect the loading prole of the Ni–B catalyst,
which was then studied by using textured, shallow, and deep
GaAs samples. The current–voltage curves in Fig. 4a show the
photocurrent of the as-treated GaAs photoanodes with Ni–B
loading, which is strongly dependent on surface roughness. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Photocurrent (a) and dark current (b) of Ni–B/Ga(As)Ox/GaAs photoelectrodes with 0.5 h Ni–B photoassisted electrodeposition and
various GaAs surface architectures by using bare shallow GaAs as a control sample. All photoelectrodes are evaluated in 0.1 M potassium
hydroxide electrolyte under one sun illumination (100 mW cm�2). (c) Time profile of O2 generation during the photoelectrochemical water
splitting reaction in a gas-tight three electrode cell at a constant applied potential of �0.6 vs. Ag/AgCl using Ni–B/Ga(As)Ox/shallow GaAs and
bare shallow GaAs photoanodes (counter electrode: Pt mesh; reference electrode: Ag/AgCl; electrolyte: 0.1 M potassium hydroxide; light
source: AM 1.5 light irradiation,100 mW cm�2).
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deep GaAs surface likely has a thicker Ni–B/Ga(As)Ox layer than
the textured and shallow GaAs surface while keeping other
deposition parameters constant due to the larger surface area
generated. The thickness of the Ni–B/Ga(As)Ox monolithic layer
deposited on shallow and deep GaAs surfaces is measured to be
900 nm (Fig. 3a) and 1200 nm (Fig. S7†), respectively. The thick
Ni–B/Ga(As)Ox layer on the GaAs photoanode surface results in
not only light loss due to Ni–B absorption but also a high
possibility of charge carrier recombination in the bulk due to
the long diffusion length of photo-generated holes to the reac-
tion sites.23 The deep GaAs surface treated with the mechanical
polisher may also have larger surface recombination centers.
Consequently, in comparison with Ni–B/Ga(As)Ox/deep GaAs
with 0.5 h Ni–B loading by photoelectrochemistry, which
exhibits a photocurrent of 8mA cm�2 at�0.6 V (vs. Ag/AgCl), the
photocurrent of Ni–B/Ga(As)Ox/shallow GaAs and Ni–B/Ga(As)
Ox/textured GaAs photoanodes increases to 20 mA cm�2 and 18
mA cm�2 at �0.6 V (vs. Ag/AgCl) under one sun illumination,
respectively. The noisy photocurrent as shown is due to the
bubbles generated on the electrodes as well as the vigorous
stirring during the photocurrent measurements. Because of the
high photocurrents achieved on both shallow and textured
samples, they were used for the subsequent studies.

2 Effect of the electrolyte pH value

Next, the effect of electrolyte pH on the PEC activity of Ni–B/
Ga(As)Ox/textured GaAs photoanodes was investigated. As
shown in Fig. S8,† the photocurrent onset potential shis to
This journal is © The Royal Society of Chemistry 2019
a more negative potential (0.059 V per pH unit) with the pH
value increasing. For the Ni–B/Ga(As)Ox/textured GaAs photo-
anodes evaluated in 0.1 M potassium borate (pH ¼ 9.2),
photoinduced holes accumulate rapidly on the surface due to
efficient electron–hole separation when applying a bias higher
than �0.4 V (vs. Ag/AgCl), whereas there are not enough OH�

groups in the electrolyte to be oxidized by accumulated holes,
and thus the surface electron–hole recombination occurs,
resulting in a large current drop at high applied bias. This also
proves the high efficiency of the Ni–B catalyst for water oxida-
tion in part. When increasing the concentration of OH� ions in
the electrolyte (pH ¼ 10.2), no current drop is observed and
upon further increasing the pH value to 14, the highest photo-
current of 18 mA cm�2 was obtained. Therefore, the electrolyte
was xed as 0.1 M KOH solution (pH ¼ 14) for further PEC
measurements.

3 Effect of Ni–B surface catalyst deposition time

The loading amount of Ni–B by photoelectrochemistry depends
on not only the surface architecture of GaAs electrodes, but also
the loading time. Since the Ni–B loading amount on the GaAs
surface dominates the stability and activity of the photoanode,
various Ni–B/Ga(As)Ox/GaAs photoanodes were prepared by
photoelectrodeposition with the electrolyte, applied potential
and light intensity xed, but varying deposition times from 0 h
to 1 h for further study. Fig. 5a and the inset show the photo-
current and dark current of the Ni–B/Ga(As)Ox/shallow GaAs
photoanodes, respectively. The Ni–B/Ga(As)Ox/shallow GaAs
Sustainable Energy Fuels, 2019, 3, 814–822 | 819
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photoanode with 1 h Ni–B loading time exhibits the lowest
onset potential under dark conditions, which is cathodically
shied by about 0.3 V compared to bare shallow GaAs and Ni–B/
Ga(As)Ox/shallow GaAs photoanodes with 0.5 h Ni–B loading
time. This observation proves the excellent catalytic effect of Ni–
B with a long deposition time. However, this photoanode does
not exhibit the highest photocurrent under illumination.
According to the Nyquist plots (Fig. 5b), the electrodes exhibit
semicircles with different radii. The ttings for the semicircles
indicate that bare shallow GaAs has an interfacial charge
transfer resistance (Rct) of 15 kU under light irradiation. The Rct

of the Ni–B/Ga(As)Ox/shallow GaAs photoanode with 0.5 h Ni–B
loading time is signicantly reduced by a factor of 10 (1.5 kU)
compared to bare shallow GaAs. Hence the charge transfer
should be enhanced by the Ni–B surface catalyst, which may
result in enhanced hole transfer to surface Ni states. However,
while increasing the photo-assisted deposition time to 1 h,
a dense Ga(As)Ox layer is formatted together with Ni–B depo-
sition on the GaAs surface and thus results in increased resis-
tance (4 kU). Meanwhile, dense Ga(As)Ox may cause poor light
absorption. Therefore, it is crucial to control the Ni–B photo
electrodeposition time. The Ni–B/Ga(As)Ox/shallow GaAs pho-
toanode with 0.5 h Ni–B deposition time exhibits a saturated
photocurrent of 20 mV cm�2 at �0.6 V (vs. Ag/AgCl), which is
two-fold higher than that of bare shallow GaAs (10 mA cm�2 at
�0.6 V (vs. Ag/AgCl)). We also investigated the current–voltage
characteristics of textured GaAs with varying Ni–B photo-
assisted electrodeposition time. The photocurrent (Fig. S9a†)
and dark current (Fig. S9b†) of Ni–B/Ga(As)Ox/textured GaAs
exhibit a current–voltage characteristic analogous to Ni–B/
Ga(As)Ox/shallow GaAs photoanodes. Ni–B/Ga(As)Ox/textured
GaAs with 1 h Ni–B loading time still shows the lowest onset
potential (0.2 V vs. Ag/AgCl) under dark conditions and Ni–B/
Ga(As)Ox/textured GaAs with 0.5 h Ni–B loading time exhibits
the highest photocurrent (18 mA cm�2 at �0.6 V vs. Ag/AgCl).
The photocurrent of GaAs photoanodes increases dramatically
aer Ni–B loading because the Ni–B complex functions as a hole
trapping site for in situ charge separation, thus reducing surface
recombination and improving the water oxidation kinetics.24,25
Fig. 5 (a) Photocurrent and dark current (inset) of the Ni–B/Ga(As)Ox/s
analysis (Nyquist plots) of bare shallow GaAs and Ni–B/Ga(As)Ox/shallow
hydroxide (pH ¼ 14) under one sun illumination (100 mW cm�2).

820 | Sustainable Energy Fuels, 2019, 3, 814–822
During the photoelectrochemical process, the electron–hole
pairs generated by the light-absorbing semiconductor are
separated by an internal electrical eld. Photogenerated elec-
trons move towards the Pt counter electrode through the
external circuit under external bias (for H2 evolution) and
photogenerated holes migrate to the Ni–B surface and oxidize
Ni from 2+ to 3+, and then O2 evolution occurs by withdrawal of
electrons from water, accompanied by a change in the Ni
oxidation state back to 2+.14

Altogether, the Ni–B loading amount, which can be
controlled by the GaAs surface texture and deposition time by
photoassisted electrodeposition, has a signicant effect on the
PEC performance of Ni–B/Ga(As)Ox/GaAs photoanodes. There-
fore, the best performing photoanode with the highest photo-
current is Ni–B/Ga(As)Ox/shallow GaAs with 0.5 h
photoelectrochemical Ni–B catalyst deposition, which exhibits
a saturated photocurrent of 20 mA cm�2 at a potential of �0.6 V
(vs. Ag/AgCl) in 0.1 M KOH electrolyte under one sun illumi-
nation, in comparison to 6, 18, and 8 mA cm�2 at�0.6 V (vs. Ag/
AgCl) on the at, textured and deep GaAs photoanodes,
respectively.

The stability of a photoelectrode under prolonged illumina-
tion in aqueous solution is one of the major criteria for its
commercial application, which is a critical issue for GaAs-based
electrodes as discussed in the Introduction.26 Therefore, the
stability of both the bare shallow GaAs and Ni–B/Ga(As)Ox/
shallow GaAs photoanodes was monitored in 0.1 M potassium
hydroxide solution (pH ¼ 14) at a constant applied potential of
�0.6 V (vs. Ag/AgCl) under one sun illumination, see Fig. 6a. The
photocurrent of the bare shallow GaAs photoanode decays very
sharply during the rst three hours of irradiation, resulting in
60% photocurrent loss caused by the rapid etching of the GaAs
surface by surface accumulated holes. Aer that it shows
a relatively stable photocurrent of ca. 6 mA cm�2 because of
a dense oxide protection layer formed (Fig. S10b†). In contrast,
the optimized Ni–B/Ga(As)Ox/shallow GaAs photoanode with
0.5 h Ni–B deposition time shows excellent stability (zero
photocurrent loss within 22 h) when measured in 0.1 M KOH
electrolytes with continuous argon purge and electrolyte
hallow GaAs photoanode with varying deposition time; (b) impedance
GaAs electrodes; all photoanodes were evaluated in 0.1 M potassium

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Current–time plot of Ni–B/Ga(As)Ox/shallow GaAs with continuous argon purge and electrolyte replacement every 12 hours in 0.1 M
potassium hydroxide electrolyte (pH¼ 14): (a) measured in a three-electrode system with a constant applied potential of �0.6 V (vs. Ag/AgCl) by
using bare shallow GaAs as a control sample and (b) a two-electrode system when the bias is 0.6 V.
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replacement every 12 hours. It has been reported that glass
corrodes in an alkaline solution and the produced contami-
nants, such as lead and silica, can inuence the electrochemical
activity on Pt electrodes.27 This effect is evidenced by the
gradual decrease of photocurrent during the rst 12 hours,
which recovers aer the replacement of a fresh electrolyte. To
minimize such contamination at the solid–liquid interface, the
electrolyte was replaced with a fresh one aer 12 hours. The
photoelectrochemical stability of Ni–B/Ga(As)Ox/shallow GaAs
is comparable with that of GaAs photoanodes protected by
atomic-layer deposited amorphous TiO2 in combination with
a thin layer of Ni metal surface catalysts, exhibiting a saturated
photocurrent of 15 mA cm�2 with 24 h durability under iden-
tical experimental conditions.11 The morphology of the ob-
tained GaAs based electrodes aer 6 hours of PEC reaction was
revealed by the SEM images as shown in Fig. S10.† Typically, a 4
mm thick Ga(As)Ox passivation layer is formed on the bare
shallow GaAs surface due to the photooxidation of GaAs
(Fig. S10b†). As expected, aer 6 hours of PEC reaction, Ni–B/
Ga(As)Ox/shallow GaAs with 0.5 h Ni–B deposition time has the
same Ni–B/Ga(As)Ox layer thickness of ca. 900 nm as the freshly
prepared Ni–B/Ga(As)Ox/shallow GaAs (Fig. 3a and S10a†). In
addition, as shown in Fig. S11,† the Ni 2p spectra of Ni–B/Ga(As)
Ox/shallow GaAs aer PEC measurements reveal no obvious
changes in chemical states, which is also in good agreement
with the previously reported enhanced stability of Ni–B pro-
tected ZnO and BiVO4 photoelectrodes.14,18 The faradaic effi-
ciency of O2 and H2 generation by employing the Ni–B/Ga(As)
Ox/shallow GaAs photoanode together with a Pt counter elec-
trode is about 36% and 75%, respectively (details are given in
ESI, Fig. S12†). In contrast, the faradaic efficiency of O2

production on the bare shallow GaAs photoanode is almost zero
during the identical measurement (Fig. 4c), proving that the Ni–
B surface cocatalyst acts as a hole trapping site on the GaAs
surface to promote the water oxidation reaction and prevent the
photocorrosion of the photoanode in part although it is not
ideal at present, which we believe is due to voids formed in the
top Ni–B/Ga(As)Ox layer as shown in Fig. 3b. However such
a facile strategy has been successfully demonstrated and the
synthesis of a more dense top layer free of voids is underway.
This journal is © The Royal Society of Chemistry 2019
The high activity and stability of the Ni–B/Ga(As)Ox/shallow
GaAs photoanode are attributed to (i) the surface protection
layer of Ga(As)Ox, which is deposited in situ on the GaAs surface
during photoassisted electrodeposition of Ni–B and more
importantly (ii) the efficient catalytic effect of Ni–B for water
oxidation. Without Ni–B modication, all holes generated in
GaAs are consumed for GaAs oxidation, which is the typical
photocorrosion process of GaAs, whereas surface Ni–B catalysts
can efficiently trap the photogenerated holes and speed up the
water oxidation reaction, and thus suppress the GaAs self-
oxidation reaction. The deposited porous Ni–B/Ga(As) layer
allows the direct water attack of the substrate, which is the
reason why the faradaic efficiency of O2 production is smaller
than that of H2. In addition, conducting PEC measurements in
potassium hydroxide (KOH) electrolyte not only yields higher
photocurrents but also has little effect on the photoelectrode
stability. The energy conversion efficiency, i.e., conversion effi-
ciency from incident light energy to stored H2 chemical energy,
was calculated to be ca 15% based on the observed photocurrent
and H2 Faraday efficiency. Furthermore, the photocurrent was
measured in a two-electrode system for Ni–B/Ga(As)Ox/shallow
GaAs (Fig. 6b), indicating its photostability again. These results
demonstrate a promising strategy, comprised of the in situ
formation of a Ni–B/Ga(As)Ox protection layer on the GaAs
substrate, which ultimately leads to a stable and efficient pho-
toanode for solar energy conversion.

Conclusions

Overall, we have demonstrated a novel strategy to achieve a very
high and more importantly stable photocurrent by using GaAs
photoanodes using a reproducible and robust method. The as-
prepared photoanodes were characterized by AFM, SEM with
EDS mapping, and XPS, which suggested in situ formation of
a Ni–B/Ga(As)Ox layer during Ni–B photo-assisted electrodepo-
sition. This Ga(As)Ox acts as a passivation layer which not only
prevents the GaAs substrate from photocorrosion in part but
also does not block photogenerated hole transfer to the Ni–B
surface catalyst. The Ni–B on the p–n GaAs substrate plays a key
role in reducing the photocorrosion (photooxidation of GaAs)
Sustainable Energy Fuels, 2019, 3, 814–822 | 821
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from continuous operation and enhancing the water oxidation
kinetics of the surface catalyst. The optimized photoanode with
the highest photocurrent is Ni–B/Ga(As)Ox/shallow GaAs with
a 0.5 h photoassisted electrochemical loaded Ni–B catalyst,
which exhibits a saturated photocurrent of 20 mA cm�2 under
one sun illumination compared with 10 mA cm�2 of the bare
shallow GaAs photoanode at an identical potential of�0.6 V (vs.
Ag/AgCl) in 0.1 M KOH electrolyte. In addition, the photocur-
rent can be maintained for at least 22 hours without decay
under continuous operation while bare GaAs exhibits 60%
photocurrent loss aer three hours. Therefore, the current
system demonstrates strong potential for scale-up to produce
a device capable of efficient H2 synthesis and the novel strategy
may be applicable to other unstable group III–V based photo-
electrodes. A further step to reduce the voids of the top catalyst
layer is under way.
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