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ABSTRACT: Gallium phosphide is an established photoelectrode P =
material for H, or O, evolution from water, but particle-based GaP O n-GaP 2 2 \'3/
photocatalysts for H, evolution are very rare. To understand the O) g o8 (A s,"o},/'
reasons, we investigated the photocatalytic H, evolution reaction = () ® HS,/HS" S &
(HER) of suspended n-type GaP particles with iodide, sulfite, < soz/sox £ 04 [ J
ferricyanide, ferrous ion, and hydrosulfide as sacrificial electron T _:EF_%FN)«;]"" E ,’/ :‘Q’o
donors, and using Pt, Rh Cr,_,0;, and Ni,P HER cocatalysts. A \;ei‘/Fe“ EO'O E ‘ f{
record apparent quantum efficiency of 14.8% at 525 nm was J S S

q Q q g q -0.4 L L
achieved after removing gallium and oxide charge trapping states [0} o 100 200

from the GaP surface, adding a Ni,P cocatalyst to reduce the
proton reduction overpotential, lowering the Schottky-barrier at
the GaP—cocatalyst interface, adjusting the polarity of the depletion layer at the GaP-liquid interface, and optimizing the
electrochemical potential of the electron donor. The work not only showcases the main factors that control charge separation in
suspended photocatalysts, but it also explains why most known HER photocatalysts in the literature are based on n-type and not p-

Solar energy converted into H, fuel (k) mol?)

type semiconductors.

B INTRODUCTION

Photocatalytic overall water splitting is a promising pathway to
solar hydrogen fuel.'™® The best known single-absorber
photocatalyst based on SrTiOj; reaches nearly 100% quantum
efficiency at 350—360 nm,” and the best known particle
tandem, Rh,Cr,_,O;—Rh,La/SrTiO;/Mo/BiVO,, achieves a
quantum efhiciency of 30% at 419 nm.” However, the solar-to-
hydrogen (STH) efficiencies of both photocatalysts are still
low (0.65—1.1%) and fundamentally limited by the large band
gaps of the absorbers (3.2 eV for SrTiO; and 2.3 eV for Rh,La/
SrTiO;), and by their low absorptivity in the visible region of
the solar spectrum.” Because STH efficiency is controlled
mainly by the light-harvesting ability of the light absorber,"’
improved photocatalysts require semiconductors with smaller
band gaps.'"'* Main group element compounds are the most
promising candidates for such photocatalysts because of their
superior electronic properties and because their conduction
band edges are sufficiently reducing for protons.”” However,
for reasons not entirely clear, the number of main group
element photocatalysts for the hydrogen evolution reaction
(HER) is very small compared to many transition metal-based
photocatalysts that have been discovered over the years."*”'°
Examples of main group element photocatalysts for HER

STH of 12% is possible with this material. Indeed, high-
performing GaP photoelectrodes™ have been described for
many reactions, including chalcogenide oxidation,®® water
oxidation (with TiO, protection layer),’"** hydrogen
evolution,>> ™%’ CO, reduction,>®*° methyl viologen40 and
ferrocene reduction.”' In contrast, demonstrations of GaP
particle photocatalysts for HER are rare and are riddled with
low activity. In their 2011 paper, Sun et al. confirmed
submicromolar but steady H, evolution from an irradiated
suspension of Pt-decorated GaP nanowires under visible light
illumination, and using methanol as electron donor.*” In 2019,
we reported photocatalytic HER with GaP particles obtained
from a p-GaP wafer. Using iodide as electron donor, the Ni,P-
modified GaP particles achieved a H, evolution activity of 13.5
umol h™" under visible light illumination.”” Among other
causes, the low activity was attributed to the inverted polarity
of the p-GaP space charge region (SCR) at the solid—liquid
interface (Figure la).

Because the electric field associated with the built-in
potential Vi, guides photoholes away from the p-GaP—liquid
interface, the oxidation of the redox couple in the electrolyte

include C;N,,'" GaN,' InGaN," SnS,*° Si,”' GeyN,*>* Received: December 21, 2023
) ] ) ) ) ) .
black phosphorus,”* InP,** and Bi,S;.* Revised:  February 1, 2024
GaP is a main group element semiconductor with a zinc- Accepted: February 22, 2024
blend crystal structure and a conduction band edge Published: March 7, 2024
approximately —1.25 V relative to the proton reduction
potential.””*® Based on its 2.3 eV band gap,”” a theoretical
© 2024 The Authors. Published by X )
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Figure 1. Band bending, charge separation, and surface recombination
in illuminated (a) p-type and (b) n-type GaP/M photocatalysts in
contact with a sacrificial electron donor (M, M’: HER cocatalysts).
Ohmic contacts are assumed at the GaP/metal contacts, and band
bending is controlled by the built-in potential at the GaP—liquid
contacts. Shown also are the Fermi level (Ep), built-in potential (V};),
and the space charge region (SCR).

becomes difficult. Based on this model, we hypothesize here
that greatly improved HER activity should occur with n-GaP
particles. The electric field in the depletion layer at the n-GaP/
liquid interface has a reversed polarity (Figure 1b) and
therefore n-GaP should function as a photoanode for the
oxidation of the sacrificial donor. The electrons generated by
the process can reach the cocatalyst by diffusion, allowing the
HER to occur.

In this work, we confirm this hypothesis with n-GaP particles
derived from a commercial S/GaP wafer. The optimized
photocatalyst evolves H, at 14.8% apparent quantum efficiency
(AQE) at 525 nm. This record performance is possible after
the removal of charge trapping defects at the n-GaP surface,
after the identification of a suitable HER cocatalyst, and after
selecting NaSH/Na,SOj; as the sacrificial electron donor. We
also find that the HER rate depends strongly on the electronic
properties of the SCR-cocatalyst contact and on the reducing
power of the hole scavengers. These observations improve our
understanding of how Schottky junctions control charge
separation and how the overall reaction energetics drive H,
evolution. Importantly, the findings explain why most HER
photocatalysts in the literature are based on n-type semi-
conductors rather than p-type materials. This will aid the
search for new small band gap photocatalysts for HER.

B RESULTS AND DISCUSSION

Gallium phosphide particles were obtained as brown or orange
powders by mechanical grinding of a commercial n-type sulfur-
doped GaP wafer (Figure 2a,b). Based on scanning electron
microscopy (SEM) (Figures 2c and S1), the particles are
shaped irregularly without distinguishable facets and poly-
disperse with an average size of 550 nm. The powder X-ray
diffraction pattern (Figure 2d) of the GaP powder matches the
zinc blende GaP standard (PDF #00-12-0191) with no
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Figure 2. (a) Photos of n-GaP powder suspended in ethanol before
and after etching. (b) Photos of the rough and polished sides of the n-
GaP wafer. (c) Scanning electron micrograph of a single n-GaP
particle obtained from a S-doped GaP wafer and (d) XRD patterns.

impurity phases present. While mechanical grinding of
semiconductor wafers is rarely used to obtain photocatalyst
particles,” previous works have demonstrated wafer etchin§ as
a pathway to achieve high surface area photoelectrodes.””™
Diffuse reflectance optical absorption spectra of the two
sides of the GaP wafer and of the derived powder are shown in

https://doi.org/10.1021/jacs.3c14545
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Figure 3. For the wafer, the spectra reveal an optical absorption
onset at 2.16 eV, in the range of the reported optical band gaps
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Figure 3. Kubelka—Munk diffuse reflectance spectra of the (a) n-GaP
wafer and (b) n-GaP powder. The KM signal of the polished wafer is
reduced by the specular reflection on the smooth surface.

(2.1-2.3 eV) for the material.”>***® Here, the weaker
diftuse reflectance signal for the polished side is due to specular
reflection. The spectra also show a very broad absorption at 1.2
eV, which can be attributed to the excitation of free conduction
band electrons.” The free carriers result from the ionization of
S/S>~ donor states located 0.107 eV below the GaP
conduction band.”’

In the GaP powder, the main absorption onset is shifted to
1.2 eV, approximately 1 eV below the band gap. The sub-band
gap absorption is attributed to states formed during surface
oxidation of the GaP powder. Earlier photoluminescence
studies* ™" place O/0*~ defects in GaP 0.897 eV below the
conduction band edge. These defects are responsible for the
brown color of the GaP powder (Figure 3a). Indeed, etching of
the GaP powder in piranha acid completely removes the defect
absorption in Figure 3b and changes the color of the powder
from brown to orange. Etching does not significantly change
the particle morphology but causes small pits and trenches to
appear on the surface of the larger particles (Figure Slc,d).

To assess the ability of n-GaP to generate a photovoltage
under illumination, vibrating Kelvin probe surface photo-
voltage (VKP-SPV) spectra were recorded on the unpolished
side of the as-received wafer. In VKP-SPV, the contact
potential difference (CPD) of the wafer is measured in a
contactless way with a vibrating, semitransparent gold Kelvin
probe.”® The SPV signal represents the change of the CPD,
SPV = CPD (light) — CPD (dark), resulting from light-
induced charge separation. It provides an estimate of the
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photovoltage of the sample, that is the difference of the
electrochemical potentials of the majority and minority carriers
at the sample surfaces.” ™" SPV spectra are shown in Figure
4a together with the logarithmic plot of the xenon arc lamp
light intensity. For all samples, negative SPV signals are
observed (electrons move away from the Kelvin probe), in
agreement with charge separation within the electron depletion
layer at the n-GaP surface, as shown in Figure 4b. Analogously,
previous SPV measurements on p-GaP have yielded positive
SPV signals, due to the opposite polarity of the depletion
layer.43 For n-GaP, the maximum SPV is attained at 3.0 €V,
where GaP absorbs light, and the light intensity from the Xe-
light source reaches a second a maximum. At higher photon
energies, the SPV signal is reduced by the decreasing light
intensity of the Xe lamp.

For the etched wafer, the SPV signal begins at 2.06 eV and is
assigned to the band gap excitation of GaP. The 0.1 eV
deviation from the band gap value in Figure 4a is attributed to
Urbach tail states at the GaP surface and near the band edges.
These states are detected by SPV, due to its greater sensitivity
compared to UV/vis spectroscopy. For the as-received wafers,
the photovoltage onset occurs much earlier and is attributed to
the excitation of surface defects, as shown in Figure 4b. Based
on the 1.3 eV photoonset, the states are located 1.3 eV below
the GaP conduction band edge. To identify the chemical origin
of the defects, two types of surface treatments were applied to
freshly etched wafers. In one experiment, the etched wafer was
heated to 600 °C in air for 6 h to create a surface oxide layer.
X-ray photoelectron spectroscopy (XPS) survey spectra of the
oxidized wafer confirm that this surface treatment causes
oxidation of the wafer and leads to increased oxygen and
reduced phosphorus content relative to the etched wafer
(Figure S2 and Table S3).

The SPV spectrum of the oxidized wafer is also shown in
Figure 4a. It contains an increased SPV signal at 3.0 eV, but the
sub-band gap signal in the 1.4—1.7 eV region is weaker than in
the as-received wafer. This suggests that surface oxides are not
responsible for the 1.4 eV photovoltage signal, but instead
produce a separate SPV feature at photon energies above 1.8
eV. These states also increase the SPV signal at 3.0 eV by
pinning the Fermi level near the O/O® energy (Figure 4b),
which leads to increased band bending. As expected, 5 min of
piranha etching of the oxidized wafer restores the SPV
spectrum of the original etched wafer.

In a separate experiment, a thin layer of metallic gallium at
30 °C was painted onto the surface of the freshly etched n-GaP
(photo in Figure S$4). According to XPS, this increases the Ga/
P ratio to 2.2 (Table S3) and adds a Ga(0) population at 17.72
eV as the right shoulder to the existing Ga(3+) states of the
etched wafer at 19.70 eV°>** (Figure 4c and Table SS). The
peak assignment of metallic Ga(0) is based on the 1.98 eV
energy difference between the right shoulder and the major
peak from Ga(3+).>* The SPV spectrum of the Ga(0) treated
n-GaP wafer (Figure 4a) closely resembles the spectrum of the
as-received wafer. This confirms that Ga(0) surface states are
responsible for the sub-band gap SPV signal via excitation of
electrons into the GaP conduction band, as shown in Figure
4b. Based on the 1.3 €V photoonset, the Ga(0) states are
located 1.3 eV below the conduction band at +0.1 V vs relative
hydrogen electrode (RHE). The Ga(0) states also increase of
the photovoltage signal at 3.0 eV, but not as much as the O/
O’ states because the Ga(3+/0) potential is more reducing.
In the as-received wafer, surface Ga(0) can form by electron

https://doi.org/10.1021/jacs.3c14545
J. Am. Chem. Soc. 2024, 146, 7723—-7733
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Figure 4. (a) SPV spectra of the unpolished side of the n-GaP wafer
before and after surface treatments. The logarithm of the light
intensity is shown as dotted line. Above 2.5 eV, the SPV spectra are
modulated by the light emission profile of the Xe-light source. (b)
Band energy diagrams for n-GaP showing photochemical charge
separation and position of defect states. Band edge positions from
Chen and Wang*® (c) XPS fine structure of n-GaP wafers (Ga
region). Spectra are normalized based on the strongest peak.
Numerical values are in Table S3 and SS5. (d) SPV signal under
temporal 405 nm illumination.
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transfer from the GaP wafer (Ex = —1.1 V vs RHE) into empty
Ga(+3) surface states. Indeed, XPS (Figure 4c) confirms the
presence of both Ga(3+) and Ga(0) on the as-received wafer.
In the oxidized wafer, on the other hand, all gallium is present
in the form of Ga,0; or GaPO,, (m = 3—4), based on the
Ga**—O0-P 3d;,, peak at 21.39 eV.”’

To further evaluate the effect of the surface states on the
charge carrier dynamics of the GaP wafer, SPV signals were
recorded under temporal 405 nm LED illumination (Figure
4d). This produces SPV signals of magnitude comparable to
the data in Figure 4a. The photovoltage forms reversibly and
quickly, indicating good carrier mobility, as is typical for what
was previously observed for GaAs, silicon, and GaN.**"** For
the as-received and etched GaP wafers, the photovoltage signal
forms on the 10—15 s time scale and decays on the 20 s time
scale. For the gallium-treated wafer, the decay is much slower
(55 s), and 22% of the photovoltage is retained after 200 s.
That shows that the Ga(0)-states on the wafer surface can trap
photoholes, as shown in Figure 4b.

Next, to evaluate the ability of n-GaP particles to function as
a photocatalyst for H, evolution, 50 mg of n-GaP powder was
suspended in 50 mL of aqueous 0.05 M Kl in 0.1 M phosphate
buffer at pH 7.2 and irradiated with visible light. Potassium
iodide was chosen as a mild sacrificial electron donor because
it works well with a p-GaP HER photocatalyst.”> As can be
seen in Figure Sa, H, is evolved at a small but steady rate of
0.67 pmol/h. When the n-GaP particles are etched prior to
illumination, the H, concentration increases to 1.12 ymol/h.
This shows that the removal of the O and Ga surface states
boosts the photocatalytic activity. This agrees with the well-
established fact that states in the middle of the band gap
promote recombination of carriers by trapping electrons and
holes.”*”" This reduces the steady-state hole concentration
under illumination and, with it, the driving force for the
photoelectrochemical reaction.

Because it is known that GaP has a substantial kinetic
overpotential for the HER,®' further activity increases are
expected from adding a HER cocatalyst. Accordingly, Pt
Rh,Cr,_,0;, or NP cocatalysts were attached to the GaP
particles by photodeposition or impregnation, as described in
the Experimental Section. These materials have been shown to
reduce protons at low overpotentials.””"®° Transmission
electron microscopy (TEM) images in Figure S6 show that
the cocatalysts are randomly distributed on the GaP surface. As
can be seen in Figure 5b, etched n-GaP particles loaded with
Pt, ha_yCryO3, and Ni,P evolve H, at 7.69, 8.26, and 37.90
umol/h, respectively, approximately 7—34 times faster than
without cocatalysts (data in Figure S7). Again, H, evolution
rates of the nonetched GaP particles are much lower. This is a
result of recombination at the photohole trapping Ga(+3/0)
surface states, as seen in the photovoltage spectra.

The photocatalytic experiments show that Ni,P outperforms
Pt and Rh,_,Cr,O; as HER cocatalyst. This disagrees with the
hydrogen evolution overpotentials of the materials which
increase in order of Pt < Ni,P < Rh,_,Cr,O;, i.e, Pt is a better
HER catalyst than Ni,P.°>"°° Instead, the reactivity trend can
be explained with the Schottky-junction model in Figure Sc.
Based on the known work functions of Pt (5.64 eV)®” and
Ni,P (4.69 eV),%" significant Schottky barriers of 2.24 and 1.29
eV, respectively, are expected at the n-GaP (E; = 3.4 eV)-
cocatalyst interfaces. Indeed, for n-GaP/Pt a Schottky barrier
of 1.5 eV has been measured previously.”” These barriers
prevent electron transfer from n-GaP to the cocatalyst and thus
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Figure 5. (a) H, evolution data from n-GaP powder in 50.0 mL of
0.05 M KI in 0.10 M phosphate buffer at pH 7.2 under visible light (4
> 400 nm, 300 W Xe arc lamp, 380—450 mW cm™? irradiance at the
flask). (b) Summary of H, evolution data for bare, 1% Pt, 2.4%
Rh,Cr,_,O;, and 4% Ni,P-loaded photocatalysts using etched and
nonetched GaP particles. Measured data are shown in Figure S7 and
Table S8. (c) Schottky junction at the GaP—cocatalyst (M) interface.
To reach the cocatalyst M, photogenerated electrons need to
overcome the barrier eV}, where Vi; is the built-in potential [Eg
(M) — Eg (GaP)]. (d) CPD values (relative to gold, measured in a
vacuum) for Rh,_,Cr,O; and Ni,P films and a Pt wire.

inhibit proton reduction. Ni,P has the smallest barrier with
GaP, and therefore, electron transfer to the cocatalyst is fastest
and the HER rate is highest. Based on Kelvin probe CPD
measurements (Figure 5d), the work function of Rh,_,Cr,0; is
in between that of Pt and Ni,P, and therefore the n-GaP/
Rh,_,Cr,0; Schottky barrier is of intermediate height. This
data agrees well with the reactivity trend seen in Figure Sb,
confirming that the Schottky junction at the GaP—cocatalyst
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interface is a limiting factor for HER. An alternative
explanation for the lower performance of the n-GaP/Pt
photocatalyst is an increased electron—hole recombination
rate at the n-semiconductor/metal interface, as has been
observed experimentally for n-GaInP,/Pt.”°

To further optimize hydrogen evolution from the photo-
catalysts, irradiation experiments were conducted with different
sacrificial electron donors, incl. iodide (I7), ferrous ion (Fe**),
sulfite (SO;*7), hydrosulfide (HS™), and hexacyanoferrate
(Fe(CN)4*"). Because electrochemical reactions are driven by
the charge transfer thermodynamics,71 the rate of the overall
photocatalytic process shown in Figure 6a is expected to be a
function of the redox potential of the sacrificial electron donor.
Indeed, this is confirmed experimentally. Figure 6b shows a
plot of the measured H, evolution rates (Figure S9) versus the
pH-corrected electrochemical potential (RHE) of the donors
(full cell potentials in Table S10). It can be seen that H, rates
are a direct function of the reducing power, with highest values
(~7.06 ymol/h) seen for Na,SO; and Na,S and lowest values
for KI and FeSO,, due to the less reducing electrochemical
potentials of the latter. Identical H, evolution rates are
observed for KI at pH 6.2 and HCF at pH 9.4 because the
redox potentials of these two donors are equal (0.91 V vs
RHE). This confirms that the reducing power of the electron
donor is the main determinant of the H, evolution rate.

The redox potentials of the HCF*~/4, 1,7/I", and Fe*/**
couples are pH-independent of the NHE scale but not on the
pH-dependent RHE scale. As a result, the HER rates for these
couples increase with decreasing pH. The SO,>7/SO;>” redox
couple, on the other hand, has the same 59 mV pH_1
dependence as the RHE, so the two pH dependences cancel
out, and similar HER rates (6.6 umol/h) are observed at all 3
pH conditions. The results in Figure 6 confirm that the H,
evolution kinetics with the n-GaP/Pt photocatalyst are
controlled by the Gibbs free energy change (AGg) of the
overall photocatalytic reaction, as shown in egs 1 and 2.

2Red + 2H" —» H, + 2 Ox (1)
AGy = —2F [E°(H"/H,) — E°(Ox/Red)] (2)
AG' = aAGy + f (3)
ky, = (kyT/h) exp(—~AG*/RT) 4)

Here, RED and OX are the reduced and oxidized forms of
the sacrificial reagent, and F is the Faraday constant. Assuming
a linear free energy relationship (eq 3) between the Gibbs free
energy change (AGyg) and the Gibbs free energy of activation
AG* (a and f are constants),”" and using the Eyring eq 4 for
the kinetic rate constant ky,, it can be seen that the logarithmic

hydrogen evolution rate should have a linear dependence on
the driving force for the overall reaction (at constant pH).
Indeed, a plot of log,, (ry;,) versus AGy is linear (orange fit in

Figure 6c), confirming the validity of this model. Small
deviations from linearity are attributed to the effect of the
proton concentration on the electron transfer rate, which is not
captured in eqs 3 or 4. Figure 6¢ also shows that the reaction is
endergonic (AGy is positive) for all of the electron donors.
This means that H, evolution results from the net conversion
of photochemical energy into Gibbs free energy (eq 1), as
wanted for a fuel-forming process.”” The highest rates are seen
for sulfide because it is the most reducing electron donor (E° =
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Figure 6. (a) Energy diagram of n-GaP photocatalyst in the presence of sacrificial electron donors. The E° for HS,”/HS™ is shown at pH 12
because E° is not defined at pH 0. (b) Measured HER rates vs the electrochemical potential of the sacrificial donors at various pH values (labels in
the plot). Experimental data is shown in Figure S9 and numerical data in Table S10. (c) The plot of the logarithmic hydrogen evolution rate of n-
GaP/Pt and p-GaP/Ni,P versus reaction Gibbs energy change AGg. Note that AGy is positive for all conditions, corresponding to a
thermodynamically forbidden (endergonic) process. Data for p-GaP/Ni,P from Zhao et al.*’ (d) H, evolution from 4%-loaded Ni,P/n-GaP
(etched) in 50.0 mL aqueous sulfide/sulfite solution under visible light (4 > 400 nm, 300 W Xe arc lamp, estimated irradiance at the flask 380—450

mW cm™?). Data is listed in Table S11.

0.055 V vs RHE at pH 12) in the series. Remarkably, the
reactivity trend (blue fit) for the earlier reported p-GaP/Pt
HER photocatalysts is the opposite of that for n-GaP/Ni,P
photocatalyst.”* For the p-GaP/Ni,P catalyst, the H, evolution
rate decreases with increasing the driving force of the reaction
AGy (Figure 6¢). This is due to the dominating influence of
the SCR at the p-GaP/liquid contact on charge separation.
Because the polarity of the SCR in p-GaP is inverted (Figure
la), it impedes hole transfer from p-GaP to the sacrificial
donors and prevents the capture of electrons needed for
proton reduction. According to SPV measurements, hole-
transfer barrier heights (V,;) for the p-GaP/electrolyte
interface increase in the order of KI (0.25 eV), HCF (0.37
eV), and Na,SO; (0.45 eV).* This agrees with the prediction
of the Schottky model, according to which the barrier Vi; = E°
(Ox/red) — Eg (GaP) grows as the sacrificial electron donors
become more reducing (Figure 1a). For n-GaP, on the other
hand, the SCR does not introduce a hole transfer barrier, and
the rate of the HER is instead controlled by the linear free
energy relationship in eq 3.

The model in Figure 1 not only explains the data for n-GaP
studied here but can rationalize the established dominance of
n-type over p-type photocatalysts for the HER.””® For p-type
photocatalysts, the polarity of the semiconductor—liquid
junction prevents electron collection from the sacrificial
donor in solution, which limits hydrogen evolution. When p-
type semiconductors are used as HER materials, this problem
is usually avoided by moving electrons into the semiconductor
through a solid—solid contact. This can be done by interfacing
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the p-type semiconductor with an electrode support, for
example in p-CuGa;Se; photocathodes,”* or with a n-type
semiconductor, as in the Ru/SrTiO;/Rh/BiVO, tandem.”
Alternatively, the semiconductor—liquid junction hole transfer
barrier is reduced by raising the semiconductor Fermi level
through alloying with non-p-type semiconductors, as in
(ZnSe)os(CuGa, sSey5)s. ° However, stand-alone p-type
photocatalysts for HER will always be limited by the incorrect
polarity of the solid—liquid junction in Figure la, which
prevents electron collection from the solution phase.

The data in Figure 6 suggest that a record performance may
be achieved with the n-GaP/Ni,P catalyst by choosing
hydrosulfide as sacrificial donor with the most negative
standard reduction potential. Accordingly, H, evolution
experiments were repeated with n-GaP/Ni,P (etched) in
Na,S$ solutions containing 10% (mol) Na,SO;. Sulfite is added
to convert formed polysulfide into thiosulfate, thereby
reducing light shading from the former.”” As seen in Figure
6d, H, is evolved linearly in all cases, and the rates increase
with an increasing sacrificial donor concentration. The highest
rate of 123 pmol/h is observed for a solution containing 0.3 M
Na,S and 0.3 M Na,SO;. When the experiment is repeated
under 525 nm LED illumination, H, is evolved at a rate of 11.8
umol h™' (Figure S12 and Table S13), corresponding to an
AQE of 14.8%. For n-GaP particles loaded with Rh,_,Cr,0;,
Pt, and bare n-GaP, AQEs are 6.3, 5.2, and 0.5%, respectively,
lower than those of n-GaP particles loaded with Ni,P, as
expected, and following the previously observed trend. These
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are the highest reported AQEs for H, evolution from GaP
photocatalyst particles.”>**”*~%

To evaluate the long-term stability of the n-GaP/Ni,P
photocatalyst in sulfide/sulfite, sequential irradiation experi-
ments were conducted at 6 h intervals. Over the 18 h period
(Figure S7d) 1.4 mmol of H, are evolved, corresponding to a
turnover number of 2.8 for the photocatalyst. This suggests a
catalytic process. However, as can be seen from the plot, the
rate decreases by approximately half after each experiment,
until it is only 31% of the original rate. This shows that the
GaP/Np,P photocatalyst is not stable under the reaction
conditions. Photocorrosion is a known problem of n-GaP in
aqueous solutions.””®" In the absence of stabilizing agents,
GaP undergoes photoanodic conversion into either Ga(3+)
and phosphoric acid (in acidic solution), or GaO,” and
elemental phosphor (in alkaline solution), with P undergoing
further oxidation.””®” Indeed, when a proton-decoupled >'P
NMR spectrum (Figure S14) was recorded on the supernatant
after an 18 h illumination period, a mixture of hydrogen
phosphate (HPO,”) and phosphite (HPO,*>") is observed.
Phosphite is formed by direct photocorrosion of GaP (eq ),
whereas hydrogen phosphate is formed by photocatalytic
oxidation (eq 6) under the air-free conditions of the reaction.

GaP + 90H™ (aq) + 6h"

— Ga0,” (aq) + HPO32_ (aq) + 4H,0 (3)
HPO,” (aq) + 20H (aq) + 2h" — HPO,* (aq) + H,0
(6)

These side reactions limit the usability of the n-GaP/Ni,P
photocatalytic system for the large-scale photocatalytic
production of H,. Greater stability might be achievable by
using selenide or telluride ions as alternative electron donors.*®

B CONCLUSIONS

In summary, we demonstrate photocatalytic H, evolution from
Ni,P-modified n-GaP particles with an AQE of 14.8% at 525
nm, 2 orders of magnitude higher than previous reports. The
performance is a result of systematic optimization of junctions
at the n-GaP—liquid and n-GaP—cocatalyst interfaces, removal
of Ga(3+/0) and O(0/2—) surface defects, and adjustment of
the redox potential of the sacrificial electron donor. The work
shows that the correct polarity of the solid—liquid junction is
essential to achieving hydrogen evolution with a semi-
conductor photocatalyst. In n-GaP photocatalysts, the
depletion layer guides photoholes toward the sacrificial
donor while in p-GaP particles the depletion layer moves
photoholes away from it, preventing the collection of electrons
for proton reduction. This explains the predominance of n-type
semiconductors as hydrogen evolution photocatalysts in the
literature. The work also reveals the importance of an ohmic
contact at the GaP—cocatalyst contact. Pt and Rh, ,Cr,0;
cocatalysts with large work functions generate a Schottky
barrier with n-GaP that prevents electrons from reaching the
cocatalyst. For Ni,P the barrier is the smallest, which explains
the higher H, evolution activity with this cocatalyst. Also, we
find that Ga(3+/0) surface defects reduce the photocatalytic
activity by trapping holes, but they can be removed by etching
GaP with piranha acid. Furthermore, we show that photo-
catalytic HER with n-GaP/Pt follows a free energy relation-
ship, i.e. the more reducing the sacrificial donor, the larger the
H, evolution rate. Notably, all n-GaP/Ni,P systems reported
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here generate H, under endergonic conditions, resulting in
energy storage up to 1.3 eV per converted photon (with Fe®* at
pH 9.3). This is relevant to the development of n-GaP-derived
tandem photocatalysts for overall water splitting. A side aspect
of the free energy relationship is the observed dependence of
the H, evolution rate on the solution pH. This effect is
observed for sacrificial donors with a pH-independent redox
potential (Fe**/Fe®, Fe(CN)¢>~/*7), but not for sulfite, where
the pH dependences of the donor and of the proton reduction
reaction cancel out. Lastly, phosphate and phosphite are
identified by NMR as products of GaP photocorrosion during
photocatalysis. Improved stability may be achievable with
other sacrificial donors, such as selenide, or by coupling the
Ni,P/n-GaP system to a water oxidation catalyst.

B EXPERIMENTAL SECTION

N-type gallium phosphide wafers doped with sulfur (0.20—0.125 Q
cm, carrier density 4.5 X 10'7—4.75 X 10'7 cm ™) were obtained from
EL-CAT Inc. Hydrogen peroxide (30 wt % in H,0), concentrated
sulfuric acid, potassium iodide (99.9%), potassium hexacyanoferrate
(i) (99%), potassium hydroxide (99%), sodium sulfite (98%),
sodium sulfide nonahydrate (98%), iron (II) sulfate (99%),
bisacetylacetonate nickel (II) (98%, eMolecules), trioctylphosphine
(90%), oleylamine (80—90%, Fisher Scientific), dioctyl ether (99%,
Fisher Scientific), hexanes (98.5%), chloroform (HPLC grade,
Thermo Fisher), ethanol (200 proof), isopropanol (>99%), acetone
(99.9%), polyvinylpyrrolidone (MM = $55,000), dihydrogen hexa-
chloroplatinate (IV) (99.9%, Alfa Aesar), rhodium(III) chloride
(>99%, Fisher Scientific), chromium(III) nitrate nonahydrate (99%,
Acros Organics) were used as received. Water was purified using a
Nanopure system. Caution: nickel compounds are carcinogenic.

GaP particles were prepared by grinding the commercial wafers for
45 min in an N, atmosphere in a glovebox using a mortar and pestle.
The resulting powder was stored in a closed container in the dark
under N,. The GaP wafer or the GaP particles were etched in a small
beaker containing 3 mL H,SO,, 1 mL H,0,, and 1 mL H,O (“piranha
acid”) at 50 °C for S min (particles) or 30 min (wafer). The wafer was
washed S times with nanopure water to remove excess acid. The
particle suspension was diluted to S0 mL of nanopure water after
etching and centrifuged at 9000 rpm for 4 min. This was repeated an
additional 4 times with 50 mL of water. The etched wafer and
particles were dried in the dark under a N, flow.

Fluorine-doped tin oxide (FTO) and gold coated glass substrates
were cleaned by ultrasonication in acetone for 15 min followed by
nanopure water for an additional 15 min. The cleaned substrates were
dried at 60 °C for at least 1 h.

Particle films (GaP, Rh,Cr,_,0; or Ni,P) on conductive substrates
were fabricated by dispersing 10 mg of the respective powders in 1
mL of ethanol via sonication for 15—30 min. A 0.04 mL aliquot of the
suspension was drop-coated onto FTO or Au substrates using a
circular mask (38.5 mm’) made from polyester masking tape,
followed by drying under N, flow in the dark for 1 h. Subsequent
layers were added until the desired thickness was achieved. n-GaP
particle films were allowed to dry under N, flow in the dark and then
annealed under argon for 3 h at 450 °C to achieve electric contact
with the substrate.

Ni,P cocatalyst particles of average diameter of 12 nm were
prepared via an air-free two-step synthesis.">*> All glassware was
cleaned and dried overnight in a 60 °C oven before use. In a S0 mL
two-necked round-bottom flask equipped with a coil condenser, 0.50
g (2.0 mmol) of Ni(acac),, 8 mL (25 mmol) of dioctyl ether, 3 mL (9
mmol) of oleylamine, 6 mL (14 mmol) of trioctylphosphine, and a
stir bar were combined. The system was purged and refilled with N,
three times before it was heated to 120 °C with a heating mantle. The
system was left under a vacuum to remove water and other impurities
with low boiling points. The solution was then heated to 220 °C for 1
h to allow the formation of Ni nanoparticles followed by an increase
in temperature to 350 °C for 8+ hours to form Ni,P. The reaction

https://doi.org/10.1021/jacs.3c14545
J. Am. Chem. Soc. 2024, 146, 7723—-7733


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14545/suppl_file/ja3c14545_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14545/suppl_file/ja3c14545_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

mixture was then cooled slowly to 200 °C before being removed from
the heating mantle and cooled to room temperature. The liquid
reaction mixture was transferred into centrifuge tubes and separated
by centrifuging at 12,500 rpm for 5 min. The black product was then
washed with a 1:4 by volume mixture of hexanes and ethanol 5 times
and suspended in 12 mL of pure hexanes via sonication for the ligand
exchange reaction. The balanced reaction for the synthesis of the
dinickel phosphide is 4Ni(CsH,0,), + H,NC;gH;, + 2P(CgH,;); —
2Ni,P + 6CgH, s + HNC,Hyg + 8CH,O,.

A 200 mL two-neck round-bottom flask was charged with 125 mL
of chloroform containing 1.0 g of polyvinylpyrrolidone. The
nanoparticle suspension was added, and the system was purged and
refilled with nitrogen S times. The flask was heated to 65 °C for 10—
12 h using an oil bath. Once cooled to room temperature, the product
was centrifuged out after adding twice the volume of acetone
(antisolvent) to the reaction mixture. A centrifuge speed of 12,500
rpm was needed to separate the majority of the product from the
supernatant. The resulting black powder was washed S times with
acetone and then dried in a vacuum. The Ni,P particles were stored in
a glovebox until use.

Pt cocatalyst loading: platinum was deposited onto GaP particles
by irradiating 200 mg of GaP particles in 100 mL of an aqueous
solution of H,PtClg (1 wt % Pt with respect to GaP) and 20%
methanol for 3 h under illumination from an unfiltered 300 W Xe arc
lamp. The solid product was isolated by sedimentation and washed
three times with nanopure water, followed by drying in vacuum. The
resulting powder was stored in a nitrogen-filled glovebox in the dark
until use.

Rh,Cr,_,O; cocatalyst loading: the cocatalyst was deposited by
impregnation/calcination as previously reported.”* In a small beaker,
GaP, RhCl;-xH,0 (0.5 wt % Rh), Cr(NO;);-9H,0 (1 wt % Cr) and
30 mL of nanopure water were mixed and heated in an 80 °C water
bath with occasional stirring. The resulting powder was collected after
2 h and heated in air at 350 °C for 1 h.

Ni,P cocatalyst loading: the Ni,P cocatalyst was added to 100 mg
of n-GaP to achieve ~4% (mass) loading. The particle mixture was
suspended in a few mL of ethanol and sonicated for 15 min to
disperse the Ni,P nanoparticles. Next, the mixture was transferred to a
mortar and ground under air until the ethanol evaporated. The fine
and uniform powder was transferred into a ceramic boat and annealed
under argon flow in a tube furnace. The temperature was held at 450
°C for 3 h to ensure good contact between the Ni,P and n-GaP
particles.

SEM and energy dispersive X-ray spectroscopy (EDX) of GaP
samples and particle films on a Au substrate were taken on a Scios
DualBeam SEM/FIB instrument. TEM was performed on a FEI
L120C TEM with an accelerating voltage of 80 kV.

Powder X-ray diffraction measurements were performed on a
Bruker D8 Advance Eco with a Cu Ka radiation source and a
monochromatic wavelength of 0.15418 nm. UV-—vis diffuse
reflectance spectra were recorded on a Thermo Scientific Evolution
220 spectrometer by using dried sample films and white teflon tape as
a reference.

XPS measurements were conducted on a Supra XPS spectrometer
using an Al Ka source that generate X-rays at 1487 eV and an
ultrahigh vacuum (UHV) analytical chamber with a pressure of 1077
mbar. The spectra were electrostatically corrected based on the
position of C 1s (284.6 V). Baseline simulation of the core-level
spectrum was done using the Shirley method.

SPV spectra were measured under vacuum (<6.0 X 10~ mbar) on
wafer pieces. A Besocke gold Kelvin probe was used as the reference
electrode. Samples were illuminated with a 300 W xenon lamp. The
light was filtered through an Oriel Cornerstone 130 monochromator
to obtain spectra in the 0.4—4.0 eV window (scanning from low to
high energy). Transient SPV data was collected by illumination with a
405 nm LED. All SPV data is referenced against the CPD value in the
dark.

Work function measurements were performed under vacuum using
a vibrating gold Kelvin probe reference electrode that was calibrated
with a gold-coated glass substrate. Particle films of Ni,P or
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Rh,Cr,_,O; were provided on gold-coated glass substrates. The Pt
work function was measured from a Pt wire electrode that was coiled
tightly and flattened to fit under the Kelvin probe.

Photocatalytic HER experiments were performed by suspending 50
mg of GaP particles (or SO mg of cocatalyst-modified GaP) in S0 mL
of 0.05 M electron donor (unless otherwise stated) in a 100 mL
round-bottom flask. The reaction flask was purged and refilled with
argon S times before beginning irradiation. A 300 W Xe arc lamp with
a 400 nm long pass filter (0.22 M NaNOj; solution) was used to
irradiate the suspension. The lamp intensity was measured to be 380—
450 mW cm™? at the surface of the flask by an IL1400BL photometer
equipped with a GaAsP detector for 280—660 nm sensitivity range. A
mirror behind the sample flask was employed to ensure full
illumination, and a fan was used to maintain a constant temperature
of 35 °C. The irradiation system was hardwired to a Varian 3800 gas
chromatograph with a 60/80 A molecular sieve column and thermal
conductivity detector to identify quantities of H,, O,, and N, in the
flask at various times.

Phosphorus nuclear magnetic resonance (NMR) spectroscopy was
performed using a Varian 600 MHz NMR spectrometer and data was
analyzed using Vnmr] software. Samples were prepared by
centrifuging the solution after HER experiments at 10,000 rpm.
The supernatant was then dried using rotary evaporation and
resuspended in D,0. The solution was filtered into an NMR tube
and the P-31 NMR was conducted using manual tuning and 32—64
pulses with and without proton decoupling.
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