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Richard,d Nicolas Bertru,d Jean–Marc Jancu,d Charles Cornet,*d Jiang Wu*a

and Ivan P. Parkin *c

Hydrogen produced using artificial photosynthesis, i.e. solar splitting of water, is a promising energy

alternative to fossil fuels. Efficient solar water splitting demands a suitable band gap to absorb near full

spectrum solar energy and a photoelectrode that is stable in strongly alkaline or acidic electrolytes. In

this work, we demonstrate for the first time, a perfectly relaxed GaP0.67Sb0.33 monocrystalline alloy

grown on a silicon substrate with a direct band gap of 1.65 eV by molecular beam epitaxy (MBE) without

any evidence of chemical disorder. Under one Sun illumination, the GaP0.67Sb0.33 photoanode with a 20

nm TiO2 protective layer and 8 nm Ni co-catalyst layer shows a photocurrent density of 4.82 mA cm�2

at 1.23 V and an onset potential of 0.35 V versus the reversible hydrogen electrode (RHE) in 1.0 M KOH

(pH ¼ 14) aqueous solution. The photoanode yields an incident-photon-to-current efficiency (IPCE) of

67.1% over the visible range between wavelengths 400 nm to 650 nm. Moreover, the GaP0.67Sb0.33
photoanode was stable over 5 h without degradation of the photocurrent under strong alkaline

conditions under continuous illumination at 1 V versus RHE. Importantly, the direct integration of the

1.65 eV GaP0.67 Sb0.33 on 1.1 eV silicon may pave the way for an ideal tandem photoelectrochemical

system with a theoretical solar to hydrogen efficiency of 27%.
Introduction

The combustion of fossil fuels such as coal and oil is recognised
as one of the major sources of climate change due to the
emission of greenhouse gasses such as carbon dioxide. Due to
the impact of global warming on society, there is an urgent need
to nd alternative energy sources that are clean, renewable, and
abundant.1 In this regard, the photoelectrochemical (PEC)
splitting of water to oxygen and hydrogen using solar radiation
is considered as a promising technology.2,3 To full the
sustainable energy objective, PEC systems need to be a cost-
effective, stable in strongly alkaline or acidic electrolytes, and
harvest a large portion of the solar spectrum. Despite the high
solar-to-hydrogen conversion efficiency of monolithic
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photovoltaic-biased PEC cells and multiple absorbers, the
complexity of their fabrication and prohibitive cost hinder their
use for large-scale applications.4–6 For metal oxides, large band
gaps (usually larger than 2 eV) limit solar light absorption which
typically leads to a lower solar to hydrogen (STH) conversion
efficiency.7,8 In that case, using a single photoelectrode, i.e., one
absorber photoelectrode, with a direct band gap (ideally 1.6 eV)
provides a desirable and potentially low-cost approach due to
a balanced combination of simplicity in fabrication and effi-
cient photon harvesting for PEC water splitting. For example,
a single semiconductor with a band gap of 1.6 eV can yield
a maximum solar-to-hydrogen (STH) efficiency of 30% under
one sun illumination.2 However, due to the relatively high
overpotential and the requirement of four holes per oxygen
molecule, the water oxidation process presents a bottleneck for
realization of efficient and practical water splitting systems.
Therefore, the development of high-performance PEC water
splitting systems has been hindered due to the lack of an ideal
photoanode material that has a sufficiently narrow bandgap
and is stable under strongly alkaline or acidic conditions. On
the other hand, it is well known that the band edges of III–V
semiconductor alloys, are adjustable by controlling their
composition, such that the band gap of GaP1�xSbx can be tuned
from 2.26 eV (bandgap of GaP) to 0.72 eV (bandgap of GaSb).9
This journal is © The Royal Society of Chemistry 2019
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More importantly, GaP1�xSbx with a band gap of 1.6–2.3 eV is
a promising top absorber on a Si (1.1 eV) bottom absorber that
may pave the way for ideal tandem PEC systems corresponding
to a theoretical solar to hydrogen efficiency of 27%.10 For
instance, Sunkara et al. have demonstrated that GaP with 3%
antimony being incorporated, has a direct bandgap of 2.68 eV
that enhances the absorption spectrum but leads to relatively
low photocurrent density due to the large bandgap. However, it
is commonly known that growing a high-quality structure of
GaP with a high content of Sb on a silicon substrate is chal-
lenging, due to the large lattice mismatch. Furthermore, the
stability of III–V semiconductor photoanodes for water oxida-
tion is a critical challenge when operated in contact with
aqueous solutions.

Protective layers and catalysts can stabilize the photoanodes
by reducing the kinetic overpotential and prevent the accumu-
lation of holes at the semiconductor photoelectrode surface in
strongly alkaline solution. Titanium dioxide (TiO2), is one of the
best layers to protect the surfaces of III–V materials from pho-
tocorrosion. The strategy uses either an ultra-thin layer to allow
the charge transfer via tunnelling9 or a “leaky” defect-state
formed in a thicker TiO2 layer11 due to the high intrinsic
chemical stability.12,13 Metallic oxygen evolution reaction (OER)
catalysts, such as Ni, are earth-abundant catalysts that facilitate
the efficient water oxidation in strong alkaline solution.14

In this work, for the rst time we fabricated GaP1�xSbx on
a silicon substrate by molecular beam epitaxy (MBE) with a high
concentration of Sb (x ¼ 0.33) that allows the band gap to be
Fig. 1 Structural characterization of the GaP0.67Sb0.33 photoanode. (a) Th
on a Si substrate. (b) Si, Ga, Sb, and P concentration depth profiles for G
spectroscopy (EDS). (c) X-ray diffraction u/2q scan performed in the vic
peak. The inset shows the reciprocal space map around (224) illustratin
coordinates in the right handed Cartesian, with the z axis parallel to the
photoanode showing the two-mode (GaP-like and GaSb-like) structurat

This journal is © The Royal Society of Chemistry 2019
reduced to a direct bandgap of 1.65 eV. By using an atomic-layer
deposition (ALD) grown-TiO2 (20 nm) as the protection layer
and Ni (8 nm) as an oxygen evolution co-catalyst, the
GaP0.67Sb0.33 photoanode exhibited a high photocurrent density
of 4.82 mA cm�2 at 1.23 V and an onset potential of 0.35 V versus
the reversible hydrogen electrode (RHE) in 1.0 M KOH (pH¼ 14)
electrolyte under one sun illumination. The narrow bandgap of
the GaP0.67Sb0.33 photoanode leads to an incident-photon-to-
current efficiency (IPCE) value of 67.1% for wavelengths 400 nm
to 650 nm. Moreover, the GaP0.67Sb0.33 photoanode was stable
for 5 h without degradation in the photocurrent under strong
alkaline conditions under continuous illumination at 1 V versus
RHE.
Results and discussion

The structural properties of the GaP0.67Sb0.33 photoanode were
analysed by scanning transmission electron microscopy
(STEM). The cross-sectional STEM images in both low and high
magnication of the nominally undoped 1 mm-thick
GaP0.67Sb0.33 grown on a Si substrate photoanode used for PEC
water splitting are shown in Fig. 1a. It shows the presence of
numerous crystal twins, originating from the GaP0.67Sb0.33/Si
interface, which introduce non-optimized growth initiation
steps.12,14 Nevertheless, the structural quality of the
GaP0.67Sb0.33 grown on a Si substrate is much improved
compared with previous studies.15,16 As shown later, it is
remarkable that despite the presence of these crystal defects,
e cross-sectional high-resolution STEM images of GaP0.67Sb0.33 grown
aP0.67Sb0.33 grown on a silicon substrate using energy dispersive X-ray
inity of the Si (004) Bragg reflection showing the distant GaP0.67Sb0.33
g the full relaxation state of GaP0.67Sb0.33 (Sx and Sz are the projected
surface normal).43 (d) Raman scattering spectrum of the GaP0.67Sb0.33
ion, composed of both LO and TO phonons.

Sustainable Energy Fuels, 2019, 3, 1720–1729 | 1721
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and the absence of intentional doping, the photocurrent of the
GaP0.67Sb0.33 grown on Si photoanode remains high compared
to a reference n-doped GaP photoanode (see Fig. S7 in the ESI†)
(with a much lower density of crystal defects). This behaviour is
related to the presence of emerging antiphase boundaries
(APBs) in the structure. Indeed, common strategies to annihi-
late APBs9,17 were not used to grow this sample, resulting in
APBs propagating over the whole volume of the GaP0.67Sb0.33
epilayer, as shown in Fig. 1a. This results in an average unin-
tentional n-doping level of 1018 cm�3, acting as electrical shunts
in the structure.18,19 Photogenerated carriers in the GaP0.67Sb0.33
epilayer are then brought to the surface or to the GaP0.67Sb0.33/Si
interface more easily. Finally, the presence of APBs is also ex-
pected to create intermediate bandgap energy levels.20–22 STEM
energy dispersive X-ray spectroscopy (EDS) measurements were
carried out for elemental composition extraction. Chemical
analysis of the GaP0.67Sb0.33 on the Si photoanode is shown in
Fig. 1b. Elemental proles of the GaP0.67Sb0.33/Si interface are
plotted for the involved chemical species (Si, Ga, P and Sb). They
show that the projected interface between GaP0.67Sb0.33 and Si is
relatively well dened, with an apparent intermixing layer of
around 5 nm at most. This transition area is more likely due to
the residual roughness of the Si substrate, than due to real
GaP0.67Sb0.33 on Si intermixing.21 Fig. 1b also shows that the P
and Sb contents are stable within the layer, indicating an overall
composition homogeneity of the sample, within the EDS reso-
lution. The XPS analysis of the surface also shows the formation
of a very standard GaP0.67Sb0.33-based native oxide (see Fig. S1,
ESI†). Fig. 1c presents the results of X-ray diffraction (XRD)
analysis on the GaP0.67Sb0.33 grown on a Si substrate. A miscut
of 6.1 � 0.05� is observed toward the [110] direction, from the
positions of the Si Bragg peaks, in agreement with the substrate

specications. The
u

2q
scan exhibits a well-dened GaP0.67Sb0.33

Bragg peak. Reciprocal space maps carried out on either (224)
(Fig. 1c inset) or (004) reections (see Fig. S2, ESI†) show a full
plastic relaxation of the GaP0.67Sb0.33 layer. Very similar values
of the GaP0.67Sb0.33 lattice parameter have been extracted from

both the RSM and
u

2q
scan, conrming the full plastic relaxation

rate and giving a mean lattice parameter of 0.5665� 0.0005 nm.
The antimony content in GaP0.67Sb0.33 X ¼ 0.33 � 0.01 is then
inferred from these values.15 The observed position of the
GaP0.67Sb0.33 peak overlaps the relaxation line (bold dashed line
in the inset). This actually corresponds to a supplementary tilt
of the order of 0.4�. This is classically interpreted as the
contribution of the miscut on the plastic relaxation process. A
Da Nagai angle of 0.25� is calculated as:

tanðDaÞ ¼
�
aop � as

�
as

tan a (1)

where a is the miscut value, aop is the out-of-plane lattice
parameter of the layer (here the measured value) and as is the
substrate lattice parameter.23 A supplementary tilt of the order
of 0.15� and a large broadening of the reections are observed
in agreement with the formation of a large number of 60�

mist dislocations. Finally, the XRD analysis does not give any
1722 | Sustainable Energy Fuels, 2019, 3, 1720–1729
evidence of a phase separation that could occur between GaP
and GaSb in the metastable GaPSb alloy. Fig. 1d shows the
Raman spectrum of GaP0.67Sb0.33 grown on a Si photoanode.
This spectrum exhibits four clearly distinct peaks, in groups of
two, at 190, 230, 335 and 370 cm�1 respectively. These lines are
signicantly shied as compared to conventional Raman
scattering spectra of bulk GaSb (at 230 and 237 cm�1 for TO
and LO phonons) and bulk GaP (367 and 403 cm�1 for TO and
LO phonons).24 The spectrum has the typical shape observed
for a “two-mode” system, common for ternary III–V alloys, that
displays two distinct sets of optical modes with frequencies
characteristic of each end member.25 The observed Raman
peaks are thus attributed respectively to GaSb-like TO and LO
phonons, and GaP-like TO and LO phonons. The clear iden-
tication of the four peaks is an indication of the long-range
coherency of the alloy, together with low composition uctu-
ations, despite the presence of crystal defects. In the “two-
mode” systems, the relative intensities of Raman lines are
usually roughly proportional to the respective concentrations.
This is not the case here, where GaSb-like peaks are larger than
GaP-like peaks. The very different sizes of P and Sb atoms
strongly impact the respective phonon's propagation, and thus
may explain this observation. Overall, the 1 mm-thick
GaP0.67Sb0.33 epilayer on Si used as the photoanode is
composed of X ¼ 0.33 of Sb and is fully plastically relaxed with
a slight tilt induced during the plastic relaxation. Antiphase
boundaries emerge at the sample surface, allowing the carrier
transport in the sample. Despite the observation of some
crystal defects, signicant composition uctuations are not
evidenced.

To further investigate the electronic properties of the
GaP0.67Sb0.33 grown on Si photoanode, the band structure of
the unstrained GaP0.67Sb0.33 alloy was calculated using a tight-
binding method, with an extended basis sp3d5s* tight binding
Hamiltonian;26 this is shown in Fig. 2a. The bandgaps ob-
tained in the G, L and X valleys are respectively 1.753, 1.784
and 2.071 eV at 0 K. The alloy therefore has a direct bandgap
band structure. The value found in these calculations is in
good agreement with the one determined from the absorption
spectrum deduced by ellipsometry measurements at 300 K (see
Fig. S3, ESI†) (1.65 eV), considering a conventional 50–70 meV
temperature shi. It is also consistent with the IPCE curve
presented in Fig. 4c that shows signicant photocurrent
generation just below 750 nm. Finally, the bandgap deter-
mined in this study is also in agreement with pioneering
studies on GaP1�xSbx of Loualiche et al.27 Water redox poten-
tials of H+/H2 and O2/H2O are relatively positioned as marked
by black dashed lines in Fig. 2a, with respect to the
GaP0.67Sb0.33 alloy valence band. To do this, we have used the
absolute band line-up between GaP and GaSb28 and the
absolute band line-ups between GaP and the water redox
potentials.29 An energy shi of 0.41 eV is needed to align the
valence band maximum and the O2/H2O energy level, as
illustrated by the blue dashed lines in Fig. 2a. In the present
study, the large band bending in the GaP0.67Sb0.33 grown on
a Si substrate cannot be predicted accurately, because of the
surface pinning and the presence of APBs. Therefore, the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Electronic and optical properties of the GaP0.67Sb0.33 photoanode. (a) Band structure of the bulk unstrained GaP0.67Sb0.33 at 0 K. Bandgaps
of 1.753, 1.784 and 2.071 eV are respectively computed for the G, L and X valleys. Relative positions of the water redox potentials are super-
imposed. (b) Temperature-dependent photoluminescence spectra between 15 K and 150 K showing a large Stokes shift, evidencing carrier
localization. The inset shows the corresponding Arrhenius plot for the two transitions, being the Low Energy Line (LEL) and High Energy Line
(HEL).
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advantages of GaP0.67Sb0.33 through accurate monitoring of
the Sb content, as compared to GaP, extends the absorption
spectral range and direct band gap transition.

The optical properties of the GaP0.67Sb0.33 photoanode were
further studied using photoluminescence (PL) spectroscopy,
as shown in Fig. 2b. Fig. 2b shows the temperature dependent
PL analysis on this sample. The PL signal was detected up to
150 K. At rst, two transitions are clearly distinguishable, at
respectively 1.22 eV (Low Energy Line-LEL), and 1.38 eV (High
Energy Line-HEL). From the experimental absorption curve
presented in Fig. 4c, and calculations presented in Fig. 2a, the
emission properties of the sample cannot be attributed to the
bandgap of the bulk GaP0.67Sb0.33 (that lies around 1.7 eV at
low temperature). This strong Stokes shi is necessarily
a consequence of deep carrier localisation in the GaP0.67Sb0.33
layer. The PL peaks were tted by using a two-component
Gaussian curve to deduce the Arrhenius evolutions for each PL
peak, as shown in Fig. 2b inset. The tting of Arrhenius
evolutions requires 3 activation energies which are identical
for the two lines: 8 meV, 30 meV and 130 meV. The rst one is
attributed to a small alloy disorder, while the other two
represent the detrapping of localized carriers to extended
states. Interestingly, if the photoluminescence is not robust
with increasing temperature, the 15 K PL intensity is signi-
cantly larger than the one usually measured in GaP-based
quantum dots or quantum wells that are of the indirect type.30

We therefore conclude that this PL signal comes from locali-
zation of excitons in the sample, with a direct bandgap.
However, due to the various crystal defects shown in Fig. 1, the
non-radiative lifetime is short, and redistribution of carriers to
the non-radiative centres hampers the observation of room
temperature PL. It is worth noting that localization of carriers
around non-radiative or radiative centres does not prevent
good operation of the photoanode. The presence of antiphase
boundaries, acting as preferential transport channels (and
This journal is © The Royal Society of Chemistry 2019
thus preventing the carriers from approaching non-radiative
centres) may again explain this observation.

Fig. 3a and b show the schematic diagram of the structure for
the GaP0.67Sb0.33 photoanode coated with a protection layer
TiO2 aer being combined with the Ni co-catalyst. The experi-
mental setup that was used for the photoelectrochemical
measurements consisted of a working electrode (GaP0.67Sb0.33),
reference electrode (Ag/AgCl), and counter electrode (platinum
coil). The PEC performance of GaP0.67Sb0.33 photoanodes were
investigated using a standard three-electrode conguration in
1.0 M KOH electrolyte (pH ¼ 14) under one sun illumination.
The photocurrent density–voltage (J–V) curve for the
GaP0.67Sb0.33 without a coated photoanode is shown in Fig. 3c.
Under AM 1.5G simulated one sun illumination, it shows that
the onset potential for GaP0.67Sb0.33 without the photoanode
coating is 0.4 V versus the reversible hydrogen electrode (RHE)
and this onset potential correlates with the at band potential
of the photoanode which is also determined by Mott–Schottky
measurements in Fig. 3d. The saturated photocurrent density
was 13.26 mA cm�2 at 1.23 V versus the reversible hydrogen
electrode (RHE). In addition, to determine the at band
potentials of the GaP0.67Sb0.33 without the photoanode coating
and donor concentration, we performed Mott–Schottky
measurements in three electrode congurations in 1.0 M KOH
(pH ¼ 14) as shown in Fig. 3d. The slope is positive which
indicates the electrode is an n-type material. The at band
potential (VFB) and the donor concentration were 0.5 V and 3.86
� 1015 cm�3 versus RHE, respectively (see the Experimental
section). On the other hand, an ALD-TiO2 of 20 nm thickness
was deposited directly onto the surface of the GaP0.67Sb0.33
photoanode as a protection layer from photocorrosion. Metallic
nickel (Ni) 8 nm was deposited onto the surface of the
GaP0.67Sb0.33–TiO2 photoanode as a co-catalyst using a thermal
evaporator (see Materials characterisation). X-ray photoelectron
spectroscopy (XPS) analysis conrmed the GaP0.67Sb0.33 coated
with TiO2 and Ni (see Fig. S4 and S5 in the ESI†).
Sustainable Energy Fuels, 2019, 3, 1720–1729 | 1723
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Fig. 3 (a) Schematic diagram of the structure for the GaP0.67Sb0.33 photoanode coated with a protection layer (TiO2) and co-catalyst (Ni). (b) The
experimental setup using a three-electrode system for the photoelectrochemical measurements. (c) Current density versus applied voltage (J–V)
curve of GaP0.67Sb0.33 without the photoanode coating in 1.0 M KOH (pH ¼ 14) electrolyte under simulated AM1.5 illumination versus RHE. (d)
Mott–Schottky (M–S) plot as a function of the applied potential (E) for GaP0.67Sb0.33 without the photoanode coating at 10 kHz.
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Fig. 4a presents the current density versus potential (J–V) for
GaP0.67Sb0.33 coated with TiO2 and Ni and GaP0.67Sb0.33 coated
with Ni photoanodes in 1.0 M KOH (pH ¼ 14) electrolyte under
one sun illumination. As shown in Fig. 4a, the GaP0.67Sb0.33
coated with 8 nm of Ni showed an onset potential of 0.37 V and
a saturated current density of 3.84 mA cm�2 at 1.23 V versus
RHE. In contrast, the GaP0.67Sb0.33 coated with TiO2 (20 nm) and
Ni (8 nm) showed signicant improvement by increasing the
photocurrent and slightly anodic shi of the onset potential
relative to that of the GaP0.67Sb0.33 coated with Ni (8 nm). The
onset potential shied slightly to 0.35 V and the current density
was increased to 4.82 mA cm�2 at 1.23 V versus RHE. In the
absence of light, the dark current was zero compared to
GaP0.67Sb0.33 without coating and GaP0.67Sb0.33 coated with Ni
(8 nm) photoanodes which is attributed to the effectiveness of
the protection layer formed by TiO2 with the Ni co-catalyst.
Obviously, it showed the GaP0.67Sb0.33 coated with TiO2 and the
Ni photoanode improved the PEC performance and photo-
stability. On the other hand, the current density versus potential
(J–V) aer six potential sweeping scans is shown in Fig. 4b for
three electrodes: GaP0.67Sb0.33 without coating, GaP0.67Sb0.33
coated with Ni (8 nm), and GaP0.67Sb0.33 coated with TiO2 (20
nm) and Ni (8 nm). As shown in Fig. 4b, the GaP0.67Sb0.33
without coating exhibited a sharp reduction in the photocurrent
due to the photocorrosion during water oxidation which is
1724 | Sustainable Energy Fuels, 2019, 3, 1720–1729
consistent with the stability of the electrode in the next
discussion. In contrast, the GaP0.67Sb0.33 coated with Ni and
GaP0.67Sb0.33 coated with TiO2 and Ni showed no change in the
photocurrent density versus potential (J–V) behaviour under the
same conditions which suggests that there is good protection of
the TiO2 layer and high activity of the Ni catalyst.31,32 Moreover,
the photocurrent produced by the Si wafer photoanode is
negligible in the absence of the GaP0.67Sb0.33 absorber (see
Fig. S6, ESI†).

The incident photon-to-current conversion efficiency
(IPCE) as a function of wavelength for the GaP0.67Sb0.33 pho-
toanodes was further investigated at an applied bias of 1.23 V
versus RHE in 1.0 M KOH electrolyte (pH ¼ 14). As shown in
Fig. 4c, the narrow bandgap of the GaP0.67Sb0.33 photoanode
shows an enhanced photoresponse over the visible light range
from 400 nm to 700 nm, which leads to high photocurrent
density. This observation is consistent with the measured
optical absorption coefficient of GaP0.67Sb0.33 in Fig. 4c and
shows the benet of the incorporation of Sb. For the
GaP0.67Sb0.33 without the photoanode coating, the maximum
IPCE was 58.5% at 400 nm which decreases rapidly to 18.6% at
550 nm. The poor PEC performance is attributed the oxida-
tion/corrosion of the electrode, which is in agreement with the
signicantly reduced photocurrent as shown in the sixth
measurement of the linear scanning voltammetry (Fig. 4b). As
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Current density versus applied voltage (J–V) curve of GaP0.67Sb0.33 coated with Ni 8 nm and GaP0.67Sb0.33 coated with TiO2 20 nm and Ni
8 nm photoanodes in 1.0 M KOH electrolyte under simulated AM1.5 illumination versus RHE. (b) Current density versus applied voltage (J–V)
curve (scan number 6) for the GaP0.67Sb0.33 photoanodes from (a). (c) Incident photon-to-current conversion efficiency (IPCE) of the
GaP0.67Sb0.33 without coating, GaP0.67Sb0.33 coated with Ni 8 nm, and GaP0.67Sb0.33 coated with TiO2 20 nm and Ni 8 nm in 1.0 M KOH
electrolyte at 1.23 V versus RHE and the optical absorption spectrum (for GaP0.67Sb0.33) that shows a bandgap absorption edge at 1.65 eV, (see
Fig. S3, ESI†). (d) Photocurrent density versus time (J–t) characteristics for GaP0.67Sb0.33 without coating and GaP0.67Sb0.33 coated with Ni 8 nm
photoanodes in 1.0 KOH (pH ¼ 14) aqueous solution under one sun illumination.
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compared with a reference GaP photoanode, the maximum
IPCE value for the GaP photoanode (see Fig. S7 in the ESI†) was
�53.2% at 400 nm which decreases towards longer wave-
lengths (>550 nm). This is due to the large and indirect band
gap of GaP (2.26 eV).12 By depositing 8 nm Ni as a co-catalyst,
signicant improvement was noticed. A maximum of 63%
IPCE was achieved for the GaP0.67Sb0.33 electrode coated with 8
nm Ni at 400 nm and it gradually decreases to 53.4% at 550
nm. The IPCE of the GaP0.67Sb0.33 photoanode coated with Ni
(8 nm) over the visible light region from 400 nm to 650 nm is as
high as 51.16% due to a highly active oxygen evolution cata-
lyst.33–35 In contrast, the GaP0.67Sb0.33 photoanode coated with
TiO2 (20 nm) and Ni (8 nm) reached a high IPCE of 76.4% at
400 nm and 67.1% between 400 nm and 650 nm, which indi-
cates efficient and fast charge transfer to the semiconductor/
electrolyte interface. Beyond 700 nm, the IPCE falls and tends
to zero around 750 nm in agreement with the energy bandgap
(1.65 eV) deduced from the measured GaP0.67Sb0.33 absorption
spectrum. The stability of III–V semiconductors is the critical
challenge in aqueous solution.36 To assess the stability of the
GaP0.67Sb0.33 photoanodes, the photocurrent density versus
the time (J–t) characteristics of electrodes were investigated at
This journal is © The Royal Society of Chemistry 2019
a constant potential of 1 V versus RHE in a corrosive solution of
1.0 M KOH (pH ¼ 14) as shown in Fig. 4d and 5a. The
photocurrent of GaP0.67Sb0.33 without coating signicantly
decreased which is attributed to photocorrosion. However,
aer the modication of the GaP0.67Sb0.33 surface by deposi-
tion (8 nm) of Ni as a co-catalyst which is denoted as
GaP0.67Sb0.33 coated with Ni (8 nm), the photocurrent
remained constant for around 1.30 h with little decay in the
current density and decreased sharply aer that. Clearly,
depositing Ni onto the surface of the GaP0.67Sb0.33 photoanode
(GaP0.67Sb0.33 coated with Ni 8 nm) reduced the photo-
corrosion of the electrode. In contrast, using the corrosion
resistant TiO2 (20 nm) layer and Ni co-catalyst (8 nm) gave
drastic improvement in the stability of the electrode
(GaP0.67Sb0.33 coated with TiO2 (20 nm) and Ni (8 nm)) as
shown in Fig. 5a. The photocurrent of GaP0.67Sb0.33 coated
with TiO2 (20 nm) and Ni (8 nm) remained stable for 5 h
without degradation whereas the GaP0.67Sb0.33 without the
protective TiO2 layer failed within 1.30 h. These results are
attributed to the well-known corrosion resistance of TiO2 in
combination with the highly active Ni catalyst, which is
consistent with previous reports.37
Sustainable Energy Fuels, 2019, 3, 1720–1729 | 1725
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Fig. 5 (a) Photocurrent density versus time (J–t) for GaP0.67Sb0.33 coated with TiO2 20 nm and Ni 8 nm photoanodes in 1.0 KOH (pH ¼ 14)
aqueous solution under one sun illumination. (b) Atomic force microscopy image morphology before the PEC test for the GaP0.67Sb0.33 coated
with TiO2 20 nm and Ni 8 nm photoanodes. (c) AFM image morphology after five hours of PEC testing for the GaP0.67Sb0.33 coated with TiO2 20
nm and Ni 8 nm photoanodes (see Fig. S10 ESI†).
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To further investigate themorphology of GaP0.67Sb0.33 coated
with TiO2 and the Ni photoanode before and aer the 5 h
stability test in 1.0 M KOH (pH ¼ 14) electrolyte, we studied the
surface of the electrode by atomic force microscopy (AFM) as
shown in Fig. 5b and c. Growth of GaP0.67Sb0.33 directly on a Si
substrate is challenging due to a large lattice mismatch between
the two materials which causes strain to build up in the
GaP0.67Sb0.33 layer. As the strain is released, dislocations form
within the crystal leading to creation of defects and high surface
roughness. The atomic force microscopy (AFM) image of the
GaP0.67Sb0.33 surface without coating (as grown by MBE) is
shown in Fig. 5b and Fig. S8 (ESI†). The RMS (root-mean-
square) roughness of this surface has been calculated at 13.3
nm. Aer deposition of TiO2 by ALD and the Ni catalyst by
thermal evaporation, the surface morphology, as shown in
Fig. S9 ESI,† remains comparable to the GaP0.67Sb0.33 without
coating as grown by MBE with a slight increase of the RMS
surface roughness to 15.3 nm. In contrast, the morphology of
the surface of GaP0.67Sb0.33 coated with TiO2 and Ni aer 5 h of
stability tests was changed slightly as the sharp features smooth
out as shown in Fig. 5c and in S10 ESI.† However, the overall
RMS roughness increases to 20.6 nm which could be attributed
1726 | Sustainable Energy Fuels, 2019, 3, 1720–1729
to the etching of the photoanode surface due to the corrosive
high pH solution. From these observations, it can be inferred
that the quality of the as-grown GaP0.67Sb0.33 semiconductor has
the most impact on the surface roughness of the nal sample
(GaP0.67Sb0.33 coated with TiO2 and Ni).
Conclusion

In conclusion, we have demonstrated a direct bandgap
GaP0.67Sb0.33 photoanode which offers a high absorption coef-
cient and substantial solar spectrum coverage. The
GaP0.67Sb0.33 alloy was epitaxially grown on silicon substrates,
which are potentially cost-effective for water oxidation
compared to their III–V thin lm counterparts. Additionally, the
reduction of photoelectrode complexity and hence cost by using
a single semiconductor absorber provides an alternative to
expensive technologies, e.g. multijunction PEC cells. The
growth of 1.65 eV GaP0.67Sb0.33 directly on 1.1 eV Si offers new
opportunities for the economic fabrication of the ideal tandem
PEC device. Under one sun simulated solar light irradiation, the
GaP0.67Sb0.33 photoanode shows a high photocurrent density of
4.82 mA cm�2 at 1.23 V and onset potential of 0.35 V versus RHE
This journal is © The Royal Society of Chemistry 2019
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in 1.0 M KOH (pH ¼ 14) aqueous solution. Furthermore, the
photoanode was stable for 5 h without any change in the
photocurrent density at 1 V vs. RHE and a high IPCE of up to
67.1% through the visible range from 400 nm to 650 nm was
achieved.
Experimental section
MBE growth

The GaP0.67Sb0.33/Si sample was grown by Molecular Beam
Epitaxy (MBE) on a HF-chemically prepared n-doped (1017

cm�3) Si(001) substrate, with a 6� miscut toward the [110]
direction.36 The substrate was heated at 800 �C for 10 minutes to
remove hydrogen from the surface. A 1 mm-thick GaP0.67Sb0.33
layer was then grown at 500 �C in a conventional continuous
MBE growth mode, and at a growth rate of 0.24 ML s�1, with
a Beam Equivalent Pressure V/III ratio of 5. It should be noted
that the whole epilayer was nominally undoped, but on the
other hand epitaxial strategies to annihilate antiphase bound-
aries38 were not used here, leading to emerging APBs. These
APBs give an equivalent n-doping concentration of the epilayer
of about 1018 cm.3
Materials characterisation

The Scanning Transmission Electron Microscopy (STEM) high-
resolution imaging and Energy Dispersive X-Spectroscopy (EDX)
were obtained using a Hitachi HD2700 AC-STEM operated at
200 kV in high-angle annular dark eld (HAADF) mode. The
TEM sample was prepared using an FEI FIB200 FIB and thinned
to electron transparency. A focused probe (�0.1–1 nm diameter)
is scanned across the sample surface, and transmitted electrons
are imaged. Raman spectra were obtained on a Renishaw inVia
micro-Raman system with 532 nm wavelength incident light.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Thermo Scientic monochromated aluminium
K-Alfa photoelectron spectrometer, using monochromic Al-Ka
radiation (1486.7 eV). Survey scans were collected in the range of
0–1300 eV with high resolution scans for Ga 2p, Ga 3d, P 2p, Sb
3d/O 1s and C 1s. The raw data were processed using CasaXPS
and calibrated to adventitious carbon at 284.5 eV.

X-ray diffraction was performed on a 4-circle Bruker D8
Diffractometer (horizontal scattering plane geometry). This
diffractometer is equipped with a 1D Gobel Multi-layer Mirror
placed on the linear focus window of a standard sealed tube as
primary optics. A Bartels asymmetric Ge (220) monochromator
was used for both line scan and reciprocal space maps. The
detector is a Lynxeye™, 1 dimensional position sensitive
detector (PSD) allowing a collection angle of 2.6� over 2q. The
atomic force microscopy (AFM) images here obtained using
a Veeco Dimension 3100 AFM microscope, which is a high-
resolution scanning probe microscope with a resolution of sub-
nanometer order. The microscope has been used in the so
tapping mode with a standard non-contact probe with the
cantilever tuned around 190 kHz. Atomic layer deposition of
TiO2: atomic layer deposition of amorphous TiO2 (20 nm) on
GaP0.67Sb0.33 grown on a Si substrate was performed using
This journal is © The Royal Society of Chemistry 2019
a Savannah S200 ALD system and the temperature was main-
tained at 150 �C. The growth rates per cycle for TiO2 were
determined using a spectroscopic ellipsometer. The Ni was
deposited onto the surface of the TiO2/GaP0.67Sb0.33 photo-
anode by thermal evaporation as a co-catalyst to accelerate the
charge transfer to the semiconductor–electrolyte interface. The
thermal evaporation was carried out under high vacuum in an
evaporator and Ni was cleaned and loaded in the evaporator in
a tungsten (W) boat, facing the electrode sample. The pressure
used was 10�6 mbar then the metal was heated up by resistive
heating, due to a high current going through the boat, then
evaporation occurred.

Optical characterization

The optical constants of the GaP0.67Sb0.33 alloy were measured
by variable angle spectroscopic ellipsometry (VASE) at room
temperature in the 0.85–5 eV photon energy region. A Tauc–
Lorentz model with 2 oscillators was applied to t the ellips-
ometry data and extract real and imaginary parts of the refrac-
tive index in order to plot the absorption spectrum of the
GaP0.67Sb0.33 alloy. The electronic structure was investigated
through temperature dependent PL measurements. The
samples were placed in an ARS closed-loop cryostat where the
temperature can be varied between 15 K and 300 K. The exci-
tation source is a laser diode operating at 405 nm. The laser spot
size diameter on the sample is about 50 mm and the power 9.3
mW. The luminescence signal is collected using an IHR 320
spectrometer with a 300 mm�2 grating and an open-electrode Si
CCD. The entrance slit of the spectrometer is set to 100 mm.

Band structure modelling

The band diagram of GaP0.67Sb0.33 is calculated using an
extended basis sp3d5s* tight binding Hamiltonian.18,39 This
method has proved to provide a band structure description with
a sub-millielectronvolt precision throughout the Brillouin zone
of binary cubic III–V and II–VI27 semiconductors including
quantum heterostructures40 and surfaces.41 From the tight
binding parameters of GaP and GaSb binary compounds,42

a virtual crystal approximation is performed to obtain the
GaP0.67Sb0.33 alloy band structure. The tight binding parameters
of the virtual crystal are an arithmetic mean of the constituent
materials weighted to their concentration27 except for the
diagonal matrix elements related to the atomic energies of
anion “s-type” and ‘p-type” states. For these states, bowing
parameters are introduced to model the strong bowing of the G
bandgap of 2.7 eV.43 With a bowing parameter equal to 9.0 eV
for the s-state and equal to 2.8 eV for the p-state, the experi-
mental bandgap for GaP0.67Sb0.33 is nicely reproduced.

Device fabrication

Before the PEC experiments, the GaP0.67Sb0.33 photoanode grown
on a Si substrate was fabricated by applying an indium-gallium
eutectic (Aldrich) to the back of the Si wafer. Also, the single n-GaP
wafer has a dopant density of �1 � 1018 cm3 and was fabricated
as a reference photoanode. All the samples were attached by
a copper wire using silver paste and covered by insulating epoxy.
Sustainable Energy Fuels, 2019, 3, 1720–1729 | 1727

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00113a


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
24

/2
02

4 
9:

22
:5

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Photoelectrochemical measurements

The photoelectrochemical tests were performed in 1.0 M KOH
(pH ¼ 14) electrolyte using a standard three-electrode congu-
ration, under one sun simulated solar light irradiation. The
measured potentials vs. the Ag/AgCl reference electrode were
converted to the standard RHE potential using the following
equation:

VRHE ¼ VAg=AgCl þ 0:059� pHþ V 0
Ag=AgCl

where VAg/AgCl is the experimentally measured potential with
regard to the Ag/AgCl electrode, and V0

Ag=AgCl is the standard
potential of Ag/AgCl at 25 �C (0.1976 V vs. RHE).

IPCE measurements were carried out using the same three-
electrode conguration under monochromatic light using a set
of lters. The device was biased at 1.23 V versus RHE. The IPCE
can be computed by using the following equation.

IPCE ¼ 1239:8ðV nmÞ � ½JðmA cm�2Þ�
Pmonoðmw cm�2Þ � lðnmÞ

where J is the photocurrent density, Pmono is the mono-
chromated illumination power intensity and l the wavelength.
The at band potential and carrier concentration were calcu-
lated using the Mott–Schottky equation as given by:

1

C2
¼ � 2

q330ANdopant

�
E � EFB � kT

q

�

where the q is the electron charge (1.602 � 10�19 C), 3 is the
relative dielectric constant of GaPSb, 30 is the vacuum permit-
tivity (8.85 � 10�12 F m�1), k is the Boltzmann constant (1.38 �
10�23 J K�1) and T is the absolute temperature. EFB is the at
band. Ndopant is the free carrier density. A is the area of the
electrode. E is the applied potential.
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