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Abstract

The stability of p-InP photocathodes performing the hydrogen-evolution reaction (HER) has been
evaluated in contact with either 1.0 M H,SOy4(aq) or 1.0 M KOH(aq), with a focus on identifying
corrosion mechanisms. Stability for the solar-driven HER was evaluated using p-InP electrodes that
were either etched or coated with an electrodeposited Pt catalyst (p-InP/Pt). Variables such as trace
O, were systematically controlled during the measurements. Changes in surface characteristics after
exposure to electrochemical conditions as well as electrode dissolution processes were monitored
using X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma mass spectrometry

(ICP-MS).

In either H,SO, or KOH, etched p-InP photoelectrodes corroded cathodically under
illumination, forming metallic In® at the electrode surface. In contrast, electrodeposition of Pt
kinetically stabilized illuminated p-InP photocathodes in both H,SO, and KOH by inhibiting the
cathodic corrosion pathway. Notably, when held at 0 V vs the reversible hydrogen electrode (RHE)
in 1.0 M H,SO04(aq), p-InP/Pt exhibited a stable current density (J) of ~-18 mA cm for >285 h under
simulated 1-sun illumination. The long-term current density vs potential (J-E) behavior at pH 0 and
pH 14 of p-InP/Pt photocathodes correlated with changes in the surface chemistry as well as the
dissolution of p-InP. In acidic media, the J-E behavior of p-InP/Pt photocathodes remained nearly
constant with time, but the surface of p-InP/Pt electrodes gradually turned P-rich via a slow and
continuous leaching of In ions. In alkaline electrolyte, the surface of p-InP/Pt electrodes was
passivated by formation of an InO, layer that exhibited negligible dissolution but led to a substantial
degradation in the J-E characteristics. Consequently, changes in the catalytic kinetics and surface
stoichiometry are both important considerations for determining the corrosion chemistry and the

long-term operational stability of InP photoelectrodes.
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Introduction

Stability is the most persistent materials challenge limiting the development of operational, efficient
integrated solar-driven water-splitting cells. Although a solar-to-hydrogen energy-conversion
efficiency nstu > 10% was reported over twenty years ago,' and cell efficiencies have improved
gradually to > 15%,%¢ such efficiencies are rarely, if ever, maintained for more than a few days in

the laboratory.

Maximizing the theoretically achievable efficiency of a water-splitting cell requires the use of a
highly acidic or highly alkaline electrolytes, to limit pH gradients in the cell and to provide high
ionic conductivities without a loss of energy associated with electrodialysis of the electrolyte buffer
species.”® However, the aggressive electrochemical environment required for maximum operational
efficiency presents challenges to the stability of the materials in the device. For example, known
semiconductors with band gaps (E,) useful for absorbing a substantial portion of the solar spectrum
(E, <2.2 eV)’ are thermodynamically unstable when operated as photoanodes at potentials needed to
effect the water-oxidation half-reaction in strongly acidic or alkaline aqueous electrolytes.!%14 In
contrast, thermodynamic calculations suggest that many semiconductors, including GaP, InP, GaAs,
and Si, are predicted to be electrochemically stable when used as hydrogen-evolving cathodes in

aqueous electrolytes.!!

Group III-V semiconductors, such as InP, GaP, and GaAs, are attractive candidates for use in
efficient tandem solar-driven water-splitting cells, because high-efficiency multijunction
photovoltaic cells can be made using epitaxial growth and lift-off techniques.!> Alloying within the
Group III-V materials allows band-gap tuning of the light absorbers to optimize their properties for a
solar-driven water-splitting cell.!¢ Furthermore, the conduction-band edges of III-V materials are
located favorably relative to the water-reduction potential. Group III-V materials have been the

foundation of nearly all solar water-splitting cells that have exhibited ngr=> 10%.!3->6.17

P-type InP (p-InP) has been studied as a photocathode in hydrogen-evolving cells with acidic
electrolytes, including water-splitting and hydrohalic acid-splitting cells, but has rarely been

examined as a photocathode in hydrogen-evolving cells with alkaline electrolytes.!®2* Differential
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electrochemical mass spectrometry (DEMS) of illuminated etched p-InP(111) photocathodes in
contact with 0.5 M H,SO4(aq) has revealed a photocorrosion process involving evolution of
PH3(g).> A more recent study using on-line electrochemical mass spectrometry (OLEMS) has
shown that PH; evolution accompanies hydrogen evolution on illuminated etched p-InP(100)
photocathodes.?¢ p-InP has been reported to act as a stable photocathode for the reduction of VCl; to
VCl, in HC1.2%?7 However with hydrogen-evolution reaction (HER) catalysts of metallic Ru, Rh, or
Pt, p-InP photocathodes displayed stable photocurrents in 1 M HCI (in the absence of O,) only when
the electrode was electrically disconnected every 20 min.'32® Electrodeposition of Pt onto the p-InP
surface was found to also suppress the cathodic photocorrosion by accelerating the kinetics of the

HER.»

Typically, experimental investigations of photoelectrode stability are not conducted for more
than a few hours, and do not measure the electrode dissolution with sensitivity levels sufficient to
detect the corrosion of 1 nm of the electrode. For evaluation of multi-year use in solar-driven
water-splitting devices, the long-term dissolution rate of semiconductors needs to be defined
quantitatively, in conjunction with a detailed assessment of the changes in the electrode surface as a
result of sustained photoelectrode operation. Combined with the thermodynamic Pourbiax diagram,
such experimental studies can provide a comprehensive understanding of the corrosion mechanism

and form a basis for systematically improving the durability of such systems.

Theoretical predictions of thermodynamic materials stability generally do not consider reactions
involving O,. Additional corrosion pathways may result from the sensitivity of III-V materials to O,,
such as dissolution induced by surface oxidation.!® Phenomenological investigations of electrode
stability generally do not rigorously control the concentration of dissolved O, in the catholyte.
Possible oxidation of the electrode surface by ambient O,(g) after electrochemical measurements
may further convolute the analysis of a pristine electrode surface. Based on these considerations, a
comparison between theoretical expectations and experimental observations would benefit from

careful control over possible reactions between the electrode surface and O,.

Herein we systematically evaluate the stability of InP for use as a photocathode for the HER in

both 1.0 M H,SO4(aq) or 1.0 M KOH(aq). We focus on establishing both the mechanisms and rates
4
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of corrosion reactions observed under hydrogen-evolving conditions. Electrochemical experiments
and X-ray photoelectron spectroscopic (XPS) measurements were performed without exposing the
electrodes to O,, and were performed for etched p-InP and n-InP, as well as for p-InP with an
electrodeposited Pt catalyst. The surface conditions of the InP electrodes were compared by XPS
analysis before and after exposure to electrochemical conditions. Quantitative analyses by ICP-MS
of electrode dissolution into the electrolyte were performed throughout the electrochemical
experiments. Considering the thermodynamic Pourbaix diagram, the corrosion pathways of p-InP
were determined at both pH 0 and pH 14, with and without a Pt catalyst on the electrode surface. The
long-term evolution of the J-E behavior of these photoelectrodes was monitored during the stability
tests. Consequently, the changes in photoelectrochemical (PEC) performance were correlated with
dissolution as well as with changes in the composition and morphology of the semiconductor

photoelectrode surfaces.

Methods
More detailed experimental descriptions are provided in the Supplementary Information.

Electrode preparation: Single-side polished, (100)-oriented, Sn-doped (Ng = 1-5x10!7 cm), n-type
InP wafers and Zn-doped (Ng = 1-5%10!7 ¢m3), p-type InP wafers were purchased from AXT Inc.
Ohmic back contacts to n-type InP were made by sputtering 20 nm of Ni onto the back (unpolished)
side of the n-InP wafer, followed by annealing under forming gas at 400 °C for 10 min. Ohmic back
contacts to p-type InP were made by sputtering 10 nm of Zn and then 90 nm of Au onto the back side

of the wafer, followed by annealing under forming gas at 400 °C for 10 min.

Prior to electrochemical measurements, all InP samples were first etched in a solution of 0.04 %
(by volume) Br,/CH3;0H for 30 s, then in 4.0 M NH;3/CH;0H for 30 s followed by rinsing in pure
CH;3;0H for 10 s. The etching and rinsing cycle was then repeated two more times, whereas

electrodes were finally blown dry by N,(g) for >10 s.
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Electrolyte purification: Before use in stability tests, the 1.0 M H,SO4(aq) and 1.0 M KOH(aq)
electrolytes were first pre-electrolyzed in a two-compartment electrochemical cell with either a
Nafion (acid) or Fumasep (base) membrane. For pre-electrolysis, either a constant bias of >3 V or a
constant current of 6 mA for > 24 h, was applied to two separate carbon cloth or carbon rod
electrodes. Only the pre-electrolyzed electrolyte in the cathode compartment was then collected and

used in the following electrochemical measurements.

Stability tests: (Photo)-electrochemical measurements of InP samples that required further XPS
analysis were performed in a Nj-filled glovebox (VAC, OMNI-LAB). All electrolytes were first
degassed using a Schlenk line, and transferred and stored in the glovebox. Electrochemical data were
collected on a SP-200 potentiostat (BioLogic Science Instruments) without compensating the series
resistance of the solution. To facilitate XPS analysis, electrochemical measurements were performed
using a custom electrochemical compression cell fabricated from PEEK, in a three-electrode set-up
(Figure S1). A leakless miniature AgCl/Ag electrode (eDAQ, ET072-1) or a hydrogen electrode
HydroFlex (Gaskatel) was used as the reference electrode. A Pt foil (for H,SO,4) or a Ni foil (for
KOH) was used as the counter electrode. During (Photo)-electrochemical experiments, H,(g) was fed
into the glovebox to constantly purge the catholyte after passing through a gas bubbler (Figure
S2a-b). Separate gas outlets were provided for the cathode chamber (H,) and the anode chamber
(O,). Besides, light illumination was introduced from the illumination source into the glove box via
the fiber optic. A miniature fiber-optic adjustable-arm light equipped with a 150 W halogen bulb was
used as the illumination source. The illumination intensity at the sample location in the cell was

calibrated to 1 Sun (100 mW cm?) using a Si photodiode (FDS100, Thorlabs).

Prior to each experiment, the electrochemical cell was assembled immediately after InP etching,
and the assembled cell was then promptly transferred into the glovebox. During electrochemical
experiment, 0.2 mL of electrolyte was removed from the cathode chamber for IC-MS analysis at
different time intervals, whereas the electrode was still under potential control. Then 0.2 mL of fresh
electrolyte was added to keep the total volume (3-4 mL) constant. Upon completion of each

experiment, the electrochemical cell was first disassembled inside the glove box. The electrode



Page 7 of 30 Energy & Environmental Science

sample was thoroughly rinsed with deionized water, dried under stream of flowing N,(g), and stored

inside the glove box until further XPS analysis.

To periodically measure the J-E behavior of photoelectrodes, chronoamperometry (CA) was
first interrupted by a short period (15 s) of open circuit while measuring E,., followed by three cycles
of consecutive cyclic voltammetry (CV). CV was started from Egp = Eo-30 mV to < 0 V vs RHE
and then ended at E.,q = E,.-80 mV in the return scan, to avoid passing anodic current through the

InP electrodes.

Electrodeposition of Pt: Electrodeposition of Pt particles on InP was carried out in an aqueous
solution of 5 mM K4PtCls and 0.5 M KCI in a two-electrode configuration. A constant current
density of -0.2 mA c¢cm™ was applied to the InP working electrode until a fixed charge of 20 mC cm
had passed, whereas a Pt wire or a carbon rod was used as the counter electrode. The

electrodeposition was performed under ~1 sun illumination for p-InP and in the dark for n-InP.

Electrochemistry outside the glovebox: To evaluate the stripping behavior of plated In® metals on
InP, a series of CA followed by CV experiments were performed for n-InP (dark) and p-InP (1-sun
illumination) electrodes. A two-compartment cell was used outside the glove box under a continuous
H, purge (Figure S2d). The CA-CV experiments started by potentiostatically holding freshly etched
InP electrodes at specified potentials for 30 min. Then at least three CVs were scanned from the
original applied potential to sufficiently positive potentials to oxidize any plated In° metal.
Epoxy-encapsulated InP electrodes were used as the working electrodes. A Hg/HgSO, in saturated
K;,SO4(aq) and a Hg/HgO in 1.0 M KOH (aq) reference electrodes were used for measurements in
1.0 M H,SO4(aq) and 1.0 M KOH (aq), respectively. A carbon rod placed within a fritted glass tube
was used as the counter electrode. To determine the interfacial energetics, impedance measurements
of freshly etched n-InP and p-InP electrodes were performed with the same three-electrode setup in
the dark, in contact with 1.0 M H,SO4(aq) or 1.0 M KOH(aq) under H,(g) bubbling. A frequency

range of 20 Hz to 20 kHz was used with a sinusoidal wave amplitude of 25 mV.

Analytical methods: To determine the concentrations of dissolved In ions in electrolyte, inductively
coupled plasma mass spectrometry (ICP-MS) data were collected using an Agilent 8800 Triple

7



Energy & Environmental Science Page 8 of 30

Quadrupole ICP-MS system. All electrolyte samples were diluted and acidified to pH <2 before the
measurements. The total amounts of In ions in the electrolyte were calculated and normalized to the

geometric electrode area to yield the equivalent corrosion thicknesses (nm) of the InP electrode.

X-ray photoelectron spectroscopy (XPS) data was collected using a Kratos Axis Ultra system
with a base pressure of < 1x10 Torr, equipped with a monochromatic Al Ka X-ray source with a
photon energy of 1486.6 eV. Prior to XPS measurements, samples were mounted on a sample holder
and loaded in a transfer box inside the N,-filled glovebox. Samples were then transferred from the

glovebox to the XPS without any exposure to air (Figure S2c¢).

Scanning-electron microscopy (SEM) images were obtained on a Nova NanoSEM 450 (FEI)
with an accelerating voltage of 5 kV. Transmission-electron microscopy (TEM) cross-sections of the
samples were prepared using a focused Ga ion beam (FIB), on a FEI Nova-600 Nanolab FIB/FESEM
or a FEI Helios NanoLab G4 Dual Beam. TEM images of the prepared lamella samples were
obtained using a Tecnai Polara (F30) TEM at an accelerating voltage of 300 kV, or a FEI Osiris at an
accelerating voltage of 200 kV equipped with a Gatan 2K TEM camera and Bruker EDS.
Atomic-force microscopy (AFM) images were obtained on a Bruker Dimension Icon using Bruker

ScanAsyst-Air probes operating in the ScanAsyst mode.
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Results

A. Stability of illuminated etched p-InP electrodes during the HER.
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Figure 1. Surface analyses of illuminated etched p-InP electrodes (1-sun) after 2 h of
chronoamperometry (CA) at (a-d) £ = 0 V vs the reversible hydrogen electrode (RHE) in contact
with 1.0 M H,SOy(aq), and (e-h) £ = -0.2 V vs RHE in contact with 1.0 M KOH(aq). (a,e) SEM
images showing the morphology of electrode surfaces. (b,c,f,g) XPS data of the (b,f) In 3d and (c,g)
P 2p regions after the 2 h CA. (d,h) Total amount of dissolved In ions in the electrolyte during the 2
h CA, calculated as the equivalent depth of InP dissolved from the electrode surface.

Figure 1 presents surface analyses after 2-h of chronoamperometry (CA) to assess the cathodic
stability of illuminated (1 sun) etched p-InP electrodes in contact with either 1.0 M H,SOy(aq) or 1.0
M KOH(aq). During CA at £ =0 V vs. the reversible hydrogen electrode (RHE) in 1.0 M H,SO4(aq),
within the first 20 min the current density (|J]) of an illuminated etched p-InP electrode decreased
from ~9 mA cm™ to 1 mA cm? (Figure S3). After 2 h, the electrode surface was covered by a white
film, and the SEM image showed a fibrous morphology on the surface (Figure 1a). XPS analysis of
the In 3ds;, spectral region revealed a large peak for the In** cations of InP (binding energy,
BE=444.1 eV), accompanied by a peak at lower binding energy, BE = 443.3 eV, ascribable to
metallic In® (Figure 1b). The P 2p XPS data showed the P*- anions of InP (BE=128.3/129.2 e¢V) with
minimal surface phosphates (BE~133 eV) (Figure 1c). Before CA, a fresh p-InP sample displayed an

In/P atomic ratio of 1.3 at the surface (Figure S4), whereas after the CA in H,SOy, the In/P atomic

9
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ratio increased to 3.2, indicating enrichment of In at the surface. The concentration of dissolved In
ions in the acidic electrolyte increased over the 2 h experiment, implying dissolution of >40 nm in

depth of InP (Figure 1d).

During CA at £=-0.2 Vvs RHE in 1.0 M KOH(aq), in the first 10 min, the |J] of an illuminated
etched p-InP decreased from ~6 mA cm™ to 0.5 mA cm (Figure S5). After the 2-h CA, the surface
of the p-InP electrode was covered uniformly by densely packed nanoparticles (Figure 1e). After the
CA of p-InP at -0.2 V vs RHE in 1.0 M KOH(aq), a peak at BE = 443.3 eV, corresponding to
metallic In®, was observed in the In 3d XPS region (Figure 1f), similar to the results in acid described
above. The peak at higher BE = 444.5 eV is attributable to the presence of surface oxide (InOy),
consistent with the peak in the O 1s XPS region at BE = 529.6 ¢V (Figure S6).2° The P 2p XPS
region only showed peaks ascribable to P3- anions in InP, whereas after the CA the 8.1:1 In/P ratio
indicated a substantial enrichment of In relative to P (Figure 1g). However, the concentration of

dissolved In ions in the alkaline electrolyte was negligible and did not increase with time (Figure 1h).

Collectively, these results clearly show the formation of metallic In’ on the surface of
illuminated etched p-InP electrodes under cathodic conditions in both 1.0 M H;SOy4(aq) and 1.0 M
KOH(aq).

The stripping behavior of plated In® metal on the surfaces of n-InP electrodes was explored in
the dark and on p-InP under 1-sun illumination, at both pH 0 and pH 14. A series of 30-min CAs
were performed for n-InP electrodes in the dark and for p-InP electrodes under illumination as a
function of the electrode potential, £, followed by CV scans from the originally applied E towards
more positive E values. The CA initiated the cathodic corrosion of InP to In® metal, whereas the CV

was used to observe the onset potential of In® oxidation on the InP surface.

Initially, a series of CAs at E between -0.4 to -0.9 V vs RHE was performed for n-InP electrodes
in the dark (Figure 2a-b and Figure S7). Figure 2a-b shows the first CV sweeps of the electrodes
after CA in 1.0 M H,SO4(aq) and KOH(aq), respectively. In 1.0 M H,SO4(aq), an anodic wave with
an onset E (E,,) of ~-0.4 V vs RHE was observed during the first CV sweep for n-InP electrodes that

had been initially held at £ < -0.6 V vs RHE (Figure 2a and Figure S7). The value of J during the

10
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anodic wave increased as the electrodes were held at increasingly negative potentials during the CA.
Typically, the anodic waves disappeared after the second CV cycle (Figure S8). For comparison, E,,
of anodic current for an In metal foil electrode in 1.0 M H,SOy4(aq) was ~-0.36 V vs RHE (Figure
S9). The observed anodic waves of n-InP electrodes held at £ <-0.6 V vs RHE in the dark thus
correspond to the stripping of In® metal plated onto the InP surface during the prior 30 min CAs (Eq
1):

man3*t +3e~ E°= —0.342 4+ 0.0197 log [In®*] V vs. NHE (1)

Thus, the disappearance of anodic waves after the second CV cycle in Figure S8 suggests complete

removal of plated In® metal from electrode surface in acidic electrolyte.

In 1.0 M KOH(aq), two anodic waves, one with £,,~-0.2 V vs RHE and the other with £,,~-0.1
V vs RHE were observed during the positive scan of the first CV for n-InP electrodes that had been
held at £ <-0.4 V vs RHE (Figure 2b and Figure S7). A single reductive peak was observed at £ ~
-0.25 V vs RHE in the return scan. Similar to the behavior in acid, electrodes that had been initially
held at more negative potentials exhibited larger peaks in J. However, the redox waves of InP
electrodes remained after consecutive CV cycling, indicating that the plated In® did not rapidly
dissolve (Figure S10). Similarly positioned anodic and cathodic waves were observed in the CVs of
an In metal foil electrode in 1.0 M KOH(aq) (Figure S11). The peak J depended linearly on scan
rate, consistent with a redox process confined to a single monolayer of In atoms (Figure S9b). Thus,
the anodic waves observed after the CAs are consistent with the oxidation of metallic In® plated on

the electrode surface to anhydrous and hydrated In(III) oxide (Eq 2a-b):!%-3
In + 30H 2 In(OH)3 +3e ™~ E°= —0.172 V versus RHE (2a)!0

2In + 60H ~2 In,05 +3H,0 + 6e~ E°= —0.190 V versus RHE (2b)10

11
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Figure 2. (a-b) Comparison of the 13t CV obtained after the 30-min CAs of n-InP electrodes at E
from -0.6 to -0.4 V vs RHE in the dark in (a) 1.0 M H,;SO4(aq) and (b) 1.0 M KOH(aq); (c-d)
Comparison of the first CV obtained after the 30-min CAs of p-InP electrodes under 1-sun
illumination at £ from 0 to 0.3 V vs RHE in (c) 1.0 M H,SO4(aq) or (d) 1.0 M KOH(aq). (e-f)
Comparison of the CVs of n-InP dark electrodes and illuminated p-InP electrodes, respectively, after
30-min CAs at different potentials, in (e) 1.0 M H,SO4(aq) and (f) 1.0 M KOH(aq). All CVs were
scanned in positive direction from the initially applied E (scan rate: 20 mV s!).

In parallel, a series of 30-min CAs was performed for p-InP electrodes under 1-sun illumination
between £ = 0.3 and -0.3 V vs RHE, in both 1.0 M H,SO4(aq) and 1.0 M KOH(aq) (Figure 2c-d and
Figure S12). In the post-CA CVs, anodic waves similar to those exhibited by n-InP were observed in
both electrolytes. However, the potentials of the waves were offset positively for the p-InP electrodes
held at £ < +0.2 V vs RHE in 1.0 M H,SO4(aq), and for all p-InP electrodes tested in 1.0 M
KOH(aq). p-InP electrodes that had been held at negative £ exhibited large peaks in J. These anodic

12



Page 13 of 30 Energy & Environmental Science

waves are consistent with the deposition of metallic In® on the surface of illuminated p-InP
electrodes during the prior 30-min CAs.3!32 As shown in Figure 2e-f, comparisons between In®

stripping waves in the CVs reveals positive shifts from n-InP (dark) to p-InP (light) by >550 mV and

>400 mV in 1.0 M H,SO4(aq) and 1.0 M KOH(aq), respectively.

B. Stability of illuminated p-InP/Pt electrodes during the HER.
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Figure 3. (a) CA of a p-InP/Pt photoelectrode at 0 V vs RHE in 1.0 M H,SOy4(aq) under 1-sun
illumination. (b) Comparison of J-E behaviors of a p-InP/Pt electrode (scan rate: 50 mV s!) and (c)
the corrosion thickness of InP over time measured during the CA in (a). (d) SEM image and (e-f) XP
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spectra in the (e) In 3d and (f) P 2p regions, and (g-i) cross-sectional TEM images of the p-InP/Pt
electrode after the 285 h of CA in (a).

The behavior of etched InP electrodes was also compared to the behavior of InP electrodes that
had a layer of Pt catalyst electrodeposited onto the surface. Pt was electrodeposited over the surface
of an illuminated p-InP electrode (1 sun) at J = -0.2 mA cm™ in a Pt plating solution, and the
resulting p-InP/Pt electrodes were subsequently evaluated by CA at 0 V vs RHE in either 1.0 M
H,SO4(aq) or 1.0 M KOH(aq). The SEM image showed that the electrodeposited Pt was present as
sparsely distributed particles on the electrode surface (Figure S13). XPS analysis of the as-prepared
p-InP/Pt electrode revealed a nearly stoichiometric InP surface (In/P=1.1) with minimal PO, (Figure

S14).

Prior to CA, the p-InP/Pt electrode yielded an open-circuit potential (£,.) of 0.71£0.01 V vs
RHE in contact with 1.0 M H,SO4(aq) under simulated 1-sun illumination (Figure S15). During the
CA at E=0 Vvs RHE in 1.0 M H,SO4(aq), the illuminated p-InP/Pt electrode exhibited a stable |J]
of 17.9+1.4 mA cm? for >285 h (Figure 3a). A gradual decrease of E,. to ~0.55 V vs RHE was
observed in the first 150 h and then towards the end of the experiment E, slightly increased to ~0.62
V vs RHE (Figure S15). Despite the slight changes in FE,., periodic measurements revealed
essentially no change in the J-E behavior of p-InP/Pt electrodes during the CA (Figure 3b). Within
the first 50 h of the CA, the leaching rate of In ions from p-InP into the electrolyte was ~0.15 nm hl,
and after 150 h the leaching rate decreased to 0.03 nm h! (Figure 3c). After the 285 h CA, SEM

images showed that the electrodeposited Pt particles remained on the surface (Figure 3d).

After the CA, the XPS data in the In 3d region only showed a single peak ascribed to the In3*
cations of InP, with no observed peak attributable to metallic In® (Figure 3¢). The XPS data in the P
2p region revealed a pronounced peak at 132.7 eV, attributable to oxidized phosphorous (POy) at the
electrode surface (Figure 3f). A new peak attributable to elemental P? emerged at BE =130.0 eV. The

In/P atomic ratio decreased to ~0.67, indicating an enrichment of P over In at the electrode surface.

Consistent with the SEM image of p-InP/Pt after the CA, electrodeposited Pt was visible as

discrete nm-sized particles in the cross-sectional TEM image of the p-InP substrate (Figure 3g).
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Close examination of the p-InP surface revealed an amorphous overlayer with a maximum thickness
of 8 nm on the regions of p-InP that were not covered by Pt particles. This layer is attributable to the
oxidized phosphorous and elemental P° species observed in the XPS data (Figure 3h-i). In contrast,

the amorphous layer was much thinner (~2 nm) in the regions directly beneath the Pt particles.

To better understand the formation of a P-rich surface of p-InP/Pt after the long-term CA, two
other p-InP/Pt electrodes were evaluated at £ =0 V vs RHE under simulated 1-sun illumination, for 1
h and for 25 h, respectively, without intermediate J-E scans. XPS analyses indicated that the surfaces
of both electrodes remained nearly stoichiometric (In/P=1.2) with minimal oxidized phosphorus
(Figure S16). These results suggest that the observed P-enrichment of the electrode surface

developed over longer term (>25 h) of the CA.
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Figure 4. (a) CA for a p-InP/Pt electrode held at 0 V vs RHE in 1.0 M KOH(aq) under 1-sun
illumination. (b) Comparison of the J-E behavior of a p-InP/Pt electrode (scan rate: 50 mV s!) and
(c) the corrosion thickness of InP over time measured during the test in (a). (d) SEM image of
p-InP/Pt electrode surface after 72 h of operation. (e-f) XP spectra of the (e) In 3d and (f) P 2p
regions of a p-InP/Pt electrode after 72 h of operation in (a).

In 1.0 M KOH(aq), the initial E,. of the illuminated (simulated 1 sun) p-InP/Pt electrode was
0.63+0.03 V vs RHE, ~80 mV lower than the initial £,. measured in 1.0 M H,SO(aq). Within the
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first 24 h at £ = 0 V vs RHE under simulated 1-sun illumination, |J] for the p-InP/Pt electrode in 1.0
M KOH(aq) gradually decreased from ~17 mA cm? to ~12 mA cm2, and subsequently remained
nearly unchanged (Figure 4a). The decrease in |J] is attributable to a substantial shift of the J-E
behavior towards negative potentials during the first 24 h of the CA (Figure 4b). In contrast, the J-E
behavior of the p-InP/Pt electrode remained nearly unchanged between 24 and 72 h of operation.
Notably, the light-limited current density (Jp,) in the measured J-E behavior remained at ~ -17 mA
cm? from the start to 72 h into the experiment. Measurements of the concentration of dissolved In
ions in the electrolyte indicated negligible dissolution (<0.2 nm) of InP over the 72-h CA (Figure
4c).

Due to the unchanged J-E behavior, the CA test of the p-InP/Pt was stopped after 72 h for
further surface analysis. SEM images showed that discrete Pt particles remained on the p-InP surface
after the CA (Figure 4d). The atomic-force microscopy (AFM) image in the region of the p-InP that
had been directly exposed to the 1.0 M KOH(aq) electrolyte showed aggregated nanoparticles, with a
surface roughness (Ry) of 1.7 nm (Figure S17). The XPS data of the p-InP/Pt electrode for the In 3d
region (Figure 4e) displayed a distinct peak at higher BE = 444.8 eV ascribable to InO,,3*3 in
addition to the peak at lower BE = 444.2 eV assigned to the In*' cations of InP. Consistently, the
XPS data in the O 1s region displayed a pronounced peak at 529.9 eV attributable to InOy (Figure
S18).293637 The XPS data in the P 2p region showed peaks at BEs <130 eV that are ascribable to the
P3- anions in InP, as well as a small peak at BE ~132 eV indicative of PO, (Figure 4f). Notably, the
increased atomic ratio of In/P (~3.1) after 72 h of operation indicated a substantial enrichment of In
at electrode surface. Such In enrichment was not observed for the same p-InP/Pt electrode that
underwent only 3 cycles of CV in 1.0 M KOH(aq), whose surface In/P ratio remained at ~1.3 (Figure
S19-20).

Cross-sectional TEM images were obtained for a p-InP/Pt electrode after 72 h of CA in 1.0 M
KOH (aq) (Figure 5a-c). A conformal overlayer attributable to the InO, observed in the XPS data
was evident on the exposed InP surface (Figure 5a). A higher magnification TEM image of the
InP/InOy interface revealed that this overlayer was amorphous and had a maximum thickness of 7
nm (Figure 5b). This amorphous layer was not observed at the InP/Pt interface (Figure 5c¢). An
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energy-dispersive X-ray spectroscopy (EDS) line scan showed that the atomic fraction of P gradually
decreased from 50% to 0% within the 5 nm region beyond InP (In/P~1), accompanied by a rapid
increase in the number of O atoms (Figure 5d). Collectively, these data suggest a gradient
InP/InPO,/InOy interfacial region, consistent with the XPS analyses. The EDS mapping also
confirmed the enrichment of In and O relative to P in the region beyond InP. Pt and Fe (~20 at.%)
were observed in addition to the amorphous InPO,/InOy layer. The Pt was located closer to the InP
substrate than Fe, implying that these small Pt particles resulted from the prior electrodeposition.
Consistent with the EDS mapping, the XPS of Fe 2p (Figure S21) revealed weak but observable
signals attributable to trace FeOy species (BE~711 eV), which may have been incorporated into the

surface oxide from the 1.0 M KOH(aq) electrolyte during the long-term CA 3837

Composite

Atomic fraction
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Figure 5. (a-c) Cross-sectional TEM images and (d) high-angle annular dark-field (HAADF) image,
EDS maps and EDS line scan of the p-InP/Pt photoelectrode after 72 h at 0 V vs RHE in 1.0 M
KOH(aq) under 1-sun illumination.

To robustly attribute the degradation in the J-E behavior to formation of interfacial InOy, the
illuminated p-InP/Pt electrode was first held in 1.0 M KOH(aq) at £ =0 V vs RHE for 15 h and was
then immersed in 1.0 M H,SO4(aq). After the 15-h CA in 1.0 M KOH(aq), the J-E behavior shifted
towards negative potentials, and E,. decreased from 0.62 to 0.34 V vs RHE (Figure 6). However,
when the degraded p-InP/Pt electrode was immersed in 1.0 M H;SOy4(aq), the J-E behavior was
immediately restored to its original shape before the CA, accompanied by an increase in £, to 0.66
V vs RHE. The XPS data (Figure S22) confirmed that after exposure to 1.0 M H,SOy(aq), the
electrode surface was restored to nearly stoichiometric InP (In/P=1.2) and no peak ascribable to InO,

was observed in either the O 1s and In 3d XPS regions.
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Figure 6. (a) Comparison of the J-E behavior of the illuminated p-InP/Pt electrode before (black)
and after (red) testing at 0 V vs RHE for 15 h in 1.0 M KOH(aq) and then after (blue) exposure to 1.0
M H,SO4(aq). Scan rate: 50 mV s!. (b) Schematic illustration of the formation of InO, on InP during
the stability test in 1.0 M KOH(aq) and its subsequent dissolution in 1.0 M H,SOy(aq). V. and ff
represent the open-circuit voltage and fill factor of the photoelectrode, respectively.
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The XPS analyses of p-InP/Pt at pH 0 and pH 14 indicate that under both conditions the
presence of Pt inhibited the cathodic corrosion of p-InP to form metallic In®. To further understand
the kinetic effect of the Pt HER catalyst, the stability of n-InP and n-InP/Pt electrodes was evaluated
in the dark at £ =-0.1 Vvs RHE in 1.0 M H,SOy(aq) or 1.0 M KOH(aq) (Figure S23-24). The value
of £ =-0.1 Vvs RHE matched the overpotential of a Pt catalyst when producing J=-10 mA c¢cm for
the HER.** Use of n-InP electrodes, in which electrons are majority charge carriers, in the dark
allows deconvolution of photovoltage effects that are inherent in illuminated p-InP electrodes. A
dissolution rate of ~0.3 nm h'! was observed for an etched n-InP electrode evaluated for 72 h in 1.0
M H,SO4(aq) at £ = -0.1 V vs RHE (Figure S23). After the CA in H,SO,, three independent etched
n-InP electrodes, as well as an n-InP/Pt electrode, consistently displayed stoichiometric InP surfaces
(In/P=1.2) with no appreciable additional species such as In® or PO, (Figure S25 and S27). In 1.0 M
KOH(aq), dissolution of In ions was not observed for either n-InP or n-InP/Pt electrodes (Figure
S23-24). Two n-InP samples evaluated in KOH for different durations of CA showed a slight
enrichment (In/P=1.4) in In, in the form of In(OH)s, at the electrode surface (Figure S26). In contrast,
the n-InP/Pt electrode displayed a stoichiometric InP surface after the CA in KOH (Figure S27).
Compared to previous results in which n-InP electrodes were evaluated with CA at much more
negative E than those used herein, metallic In® was not detected for any n-InP electrodes operated at
E =-0.1 Vvs RHE. These results indicate that the dissolution and surface conditions of illuminated
p-InP/Pt electrodes resemble those of both n-InP and n-InP/Pt evaluated at £ =-0.1 V vs RHE in the
dark, at both pH 0 and pH 14.

Discussion

Pourbaix diagrams!® that represent thermodynamic electrochemical equilibria in aqueous solutions
are useful for analysis of the corrosion pathways of semiconducting materials. Although Pourbaix
diagrams typically only consider ions and compounds formed between single elements and water,
simultaneous consideration of the diagrams for each element in a compound provides insight into the
reactions that can occur under various conditions of pH and E. Figure S28 shows a combined In-P
Pourbaix diagram obtained from the Materials Project.!®> The formal oxidation states in InP are In3*
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and P3-. The reaction of either element with water is irreversible, as InP is not predicted to be stable
in any E-pH region. Table S1 shows the half-reactions of In and P relevant to the decomposition of

InP at pH 0 and pH 14. Tables S2-3 summarize the experimental results obtained herein.

Cathodic corrosion of InP: At sufficiently negative E, electrochemical reduction of InP to metallic

In° can occur, with the production of PH3(g) at both pH = 0 and pH = 14 (Eq 3a-b):25-2
In acid: InP(s) + 3H* (aq) + 3e ~ —In(s) + PH3(g) (3a)
In base: InP(s) + 3e™ + 3H,0(1)—In(s) + PH3(g) + 30H ™ (aq) (3b)

For Eq 3a, the formation energies of the species predict an InP/In° standard potential, £(InP/In°), of
~-0.31 V vs RHE, close to the standard redox potential of the In®*/In® couple (-0.34 V vs RHE at pH
= 0). Eq 3a and 3b contain mutually the same number of protons/water and electrons, suggesting that
as the pH is varied E(InP/In°) should stay fixed relative to the RHE potential. Therefore, at pH = 14,
E(InP/In% is predicted to be more negative than either E(In,Os/In®) = -0.19 V vs RHE or
E(In(OH)3/In%) = -0.172 V vs RHE. In the dark, we observed appreciable In® plating on the n-InP
surface at £ < -0.6 V vs RHE for pH 0 and at £ < -0.4 V vs RHE for pH 14, respectively. These

results are consistent with the calculated value of E(InP/In°).

Mott-Schottky analysis was performed at both pH 0 and pH 14 to estimate the band-edge
positions of InP relative to the RHE (Figure S29a-d). For n-InP, the flat-band potentials (Eg,) were
-0.34 Vvs RHE in 1.0 M H,SOy(aq) and -0.27 V vs RHE in 1.0 M KOH(aq), whereas for p-InP, Ej,
was 0.91 V vs RHE in 1.0 M H,;SO4(aq) and was 0.95 V vs RHE in 1.0 M KOH(aq). Ep, of both
n-InP and p-InP thus remained essentially constant relative to the RHE potential at pH 0 and 14.
Figure S29¢ shows an analysis of the interfacial energetics between the band-edge positions of InP,

the value of E(InP/In°) and the RHE potential, which applies to both pH 0 and pH 14.3132

The In® stripping waves shifted substantially (>0.4 V) between dark n-InP electrodes and
illuminated p-InP photoelectrodes. As shown in Scheme 1a, the positive shifts are consistent with the
expected photovoltage effect produced by the p-InP photoelectrode, leading to a splitting between
the potentials of the quasi-Fermi levels (Eqr) of minority carriers (electrons) and majority carriers

(holes). Under negative bias, the surface potential (Ey,¢) is expected to be much more negative than
20
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the potential applied to the back contact of the electrode (£,,,). Moreover, substantial In® plating was
observed at the surface of illuminated p-InP electrodes when £ < +0.2 V vs RHE for both pH = 0 and
pH 14. Despite E,,, > E(InP/In°), the occurrence of cathodic corrosion at the surface of the
illuminated p-InP electrode suggests that the photogenerated electrons from the conduction band of

p-InP are energetically able to promote the reduction of InP to In® at the InP/electrolyte interface.

The cathodic photocorrosion of p-InP to In® comprises a primary failure mode for the p-InP
photocathode. The appearance of In® on the p-InP surface correlated with a rapid decay in cathodic
|/] at negative potentials. The decrease in |J] is likely due to metallic In® being optically opaque with a
high overpotential for the HER (Figure S30). Under negative bias, the plated In metal on the InP
surface was partially soluble at pH = 0 but almost insoluble at pH = 14. The cathodic corrosion of
InP to In® can occur due to the slow kinetics of the HER at etched InP surfaces, resulting in a large
overpotential (1) to effect /> 10 mA cm™. In the dark, an etched n-InP electrode produced J = -1
mA cm?at £ =-0.78 Vvs RHE in 1.0 M H,SOy(aq) and at £ = -0.66 V vs RHE in 1.0 M KOH(aq),
with both of these potentials much more negative than either £(InP/In°) or the RHE potential (Figure
S31). As a consequence, under negative bias sufficient to produce cathodic currents through the InP,
photogenerated electrons from illuminated etched p-InP electrodes compete between effecting the

HER and the reduction of InP to In°.
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Scheme 1. Comparison of the band energy diagram and the direction of photogenerated electron (e°)
flow for (a) an etched p-InP electrode, (b) a p-InP/Pt electrode and (c) a p-InP/InO,/Pt electrode
under illumination in contact with 1.0 M KOH(aq). E,,, and Egs represent the applied potential at
the back contact and the surface potential of photogenerated minority carriers (e°), respectively. SS
represents the surface states produced by an In-rich surface of p-InP, ~0.4 eV below the
conduction-band minimum (CBM).#! The horizontal lines marked InP/In° and RHE represent the
thermodynamic equilibrium potentials for the cathodic corrosion of p-InP and for the HER,
respectively, which are ~-0.31 Vvs RHE and 0 V vs RHE at both pH 0 and pH 14.

Kinetic stabilization of p-InP by the Pt catalyst: Metallic In° was not detected by XPS on
illuminated p-InP/Pt electrodes after extended periods of CA at 0 V vs RHE at either pH 0 or pH 14
(Figure 3e and Figure 4¢) These results suggest that the presence of Pt at p-InP surface inhibits
cathodic corrosion. However, Pt only covers a fraction of the surface, leaving a large fraction of the
p-InP surface exposed to the acidic or alkaline electrolyte. Because £(InP/In°) is more negative than
the RHE, the HER is thermodynamically favored compared with the cathodic corrosion of InP.
Hence, the lack of metallic In® formation reveals a kinetic effect of the Pt HER catalyst, consistent
with expectations for Pt substantially reducing the kinetic n of the HER at the electrode surface.
Based on the HER activity of Pt, a small n of <200 mV is required to produce J = -20 mA c¢m2.40:42
Under light-limited current densities (Jpu) for p-InP, the Eg,¢ of p-InP/Pt occurs in a potential region
between the RHE potential and E(InP/In®), due to the facilitated surface kinetics (Scheme 1b). The
spacing between electrodeposited Pt particles is within hundreds of nm, so the photogenerated
electrons can be effectively collected at the Pt catalyst due to the large (typically a few microns)
minority-carrier diffusion length of highly efficient p-InP samples.#** Consequently, the
photogenerated electrons from the p-InP can selectively perform the HER at the catalytic Pt sites
under these photocurrent densities, without effecting the self-reduction of InP. The catalytic current
densities at the Pt depend on the ratio of electrochemically active area of the Pt catalyst particles
relative to the geometric area of the InP light absorber that determines the overall photocurrent
density. Previous studies using the dual working electrode (DWE) technique support the expectation
that the Eg,¢ of the semiconductor photoelectrode is largely determined by the surface kinetics, and
becomes fixed by J,, even at increasingly negative E,,, values.*#® These results thus reveal that the

specific energy level of Eg,r and the surface kinetics are important for defining the corrosion
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chemistry of p-InP photoelectrodes, in accord with expectations based on early theories of

semiconductor stability.49->0

As a result, the reaction pathways of the p-InP/Pt electrodes under the HER operation can be
determined by referring to £ = -0.1 V vs RHE in the In-P Pourbaix diagram at both pH 0 and pH
14:51

In acid: InP(s) +4H,0(1) +3H " (aq)—In®* (aq) +H3P04(aq) + 4H,(g) (4a)
In base: 2InP(s) + 60H ~ (aq) + 5H,0(1)—In,03(s) + 2P0;3(aq) + 8Hy(g) (4b)

Insoluble In,O5 rather than dissolved InO, ions is postulated for reaction 4b, due to the experimental
observation that negligible dissolution of In ions was present at pH 14. Under illumination at both
pH conditions, the potential of the Fermi level (£¢) of electrons or the surface potentials (Ef,) are not
sufficient energetically to effect the self-reduction of In3* cations in InP. Thus, the main driving force
for the corrosion of InP is the reduction of water or protons by the oxidation of the P3- in InP. The
reduction potentials of P(III) species to PH;(g) (H3POs at pH 0 and HPO3?- at pH 14) are ~ -0.28 V vs
RHE and ~ -0.48 V vs RHE at pH 0 and pH 14, respectively (Table S1). The observation that
E(P¥/P3) is negative relative to the RHE potential corroborates the hypothesis that the P3- anions in

InP have sufficient reducing power to reduce water or protons to H,.

XPS analyses and ICP-MS measurements both support the proposed corrosion pathways (Eq
4a-b). In acidic electrolyte, the illuminated p-InP/Pt electrode displayed a dissolution rate of ~0.15
nm h'! for the first 50 h, which slowed to ~0.03 nm h-! after 150 h. The XPS data also show that
during the CA at 0 V vs RHE, the p-InP/Pt surface remained nearly stoichiometric (In/P=1.2) in the
first 25 h, corresponding to a stoichiometric dissolution of In and P into the electrolyte based on Eq
4a. Despite the predicted thermodynamic instability, the dissolution kinetics of illuminated the
p-InP/Pt electrodes is sufficiently slow to provide an operationally stable photocathode for >285 h.
The decreased dissolution rate after long-term operation of the HER (>150 h) is attributable to
passivation of the surface with a PO,/P? layer, resulting in a P-rich surface of p-InP. Under alkaline
conditions, the p-InP/Pt electrode evaluated by CA at 0 V vs RHE exhibited negligible dissolution
over 72 h. However, the surface of p-InP was enriched with InOy, indicating a surface conversion
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process (Eq 2b). The preserved InOy layer at the p-InP surface after the 72-h CA at 0 V vs RHE also
suggests a much lower solubility of InOy in 1.0 M KOH(aq) than in 1.0 M H,SO4(aq), resulting in

different surface conditions at different pH values of of electrolyte.

pH-dependent evolution of the J-E behavior: The long-term evolution of the J-E behavior of
illuminated p-InP/Pt electrodes also depends on the pH of the electrolyte. In acidic electrolytes, the
J-E behavior remained nearly unchanged for as long as 285 h, despite the slightly lower E,.. This
behavior was accompanied by: (1) a nearly stoichiometric InP surface in the initial 25 h of CA,
which then converted into a P-rich surface; and (2) a slow but continuous leaching of In** ions from
electrode surface. In contrast, continuous leaching of In ions was not observed for the illuminated
p-InP/Pt electrode in 1.0 M KOH(aq). Instead, the surface passivation of p-InP with InOy caused
substantial degradation in the J-E behavior of a p-InP/Pt electrode. These results reveal the
importance of surface stoichiometry (In/P atomic ratio) for determining the long-term evolution of

the J-E behavior of p-InP/Pt photocathodes.

Based on the unified defect model proposed by Spicer and co-workers, a non-stoichiometric
surface of InP with additional In or P atoms can lead to surface states (SS) within the band gap,
altering the electrical behavior of the interface.*!">33 According to this model, an In-rich surface and
a P-rich surface of InP create surface states located 0.4 eV and 0.1 eV below the conduction-band
minimum (CBM), respectively. Thus, for p-InP, the impact of Fermi level pinning by SS is expected
to be more pronounced for an In-rich surface (Scheme 1c). The evolution in the J-E behavior of
illuminated p-InP/Pt electrodes reported herein is consistent with this model. After long-term CAs,
the In-rich surface of p-InP that formed in alkaline electrolytes caused a more substantial degradation
of the J-E behavior of p-InP/Pt electrodes than was observed for surfaces operated electrochemically

in acidic electrolytes.

These results moreover suggest that the physical stability (dissolution) and electrochemical
stability (decay in J) of a p-InP/Pt electrode need to be considered separately. At pH = 0, the p-InP/Pt
photoelectrode is physically unstable and exhibits a slow rate of dissolution, while providing stable
PEC performance. At pH = 14, the p-InP/Pt photoelectrode remains physically robust without

continuous dissolution, but the PEC performance degrades over time.
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As shown in the In-P Pourbaix diagram (Figure S27), InP is not predicted to be a stable phase in
any E-pH region, indicating its thermodynamic tendency to undergo surface corrosion via In-P
dissociation in an aqueous environment. A comparison between the different changes in surface
conditions of p-InP/Pt at pH = 0 and pH 14 suggests that the formation of InOy at the surface of
p-InP/Pt may be universal regardless of pH. However, the higher solubility of InO, in acidic
electrolytes allowed the dissolution of the InO4 upon formation, whereas in alkaline electrolytes the
InOy is insoluble and led to surface passivation. The stable PEC performance of p-InP/Pt at pH 0 is
thus ascribable to a “self-cleaning” behavior that maintains a nearly stoichiometric surface by slowly
dissolving the detrimental InOy layer and leaching out In* ions. This hypothesis is further supported
by the immediate recovery of the J-E behavior of the KOH-degraded p-InP/Pt electrode after
exposure to acidic electrolytes. Further strategies for the development of stable p-InP photocathodes
in either acidic or alkaline electrolytes could consequently focus on minimization of continuous

dissolution while preserving a stoichiometric surface to enable stable PEC performance.

Outlook: The present work has implications that can be generalized for understanding the stability
and corrosion mechanism of semiconductor photoelectrodes. The photovoltage produced by the
semiconductor may complicate a direct analysis of the thermodynamic potentials of corrosion
reactions. Hence, this photovoltage effect needs to be deconvoluted from the surface thermodynamic
potentials to understand the fundamentals of the corrosion chemistry at the front-surface of the
photoelectrode. Due to varied overpotentials at a given J, the catalytic kinetics at the electrode
surface are crucial for defining the corrosion pathways at semiconductor/electrolyte interfaces, based
on the Pourbaix diagram. For the HER, the presence of electrocatalysts such as Pt moves the surface
potential closer to the RHE potential, which may result in a different corrosion chemistry than is
present at an etched semiconductor surface. The onset potentials for the corrosion reactions should
moreover be compared to the potentials for the fuel-forming reactions to identify a possible stability
window that would take advantage of both thermodynamics and kinetics. For p-InP, cathodic
corrosion can be systematically inhibited by accelerating the surface kinetics of the
thermodynamically favored HER. Furthermore, the J-E behavior of the semiconductor

photoelectrode is sensitive to the changes in surface stoichiometry, and a non-stoichiometric surface
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can lead to operational instability. Thus, the physical stability and electrochemical stability of
semiconductor photoelectrodes need to considered separately. Overall, this work provides insights
into rationally understanding the stability of semiconductor photoelectrodes and consequently is

beneficial for designing further strategies towards the realization of stable solar fuel devices.

Conclusions

The stability of p-InP has been evaluated for use as a photocathode for the HER in both 1.0 M
H,SOy4(aq) and 1.0 M KOH(aq), with or without an electrodeposited Pt catalyst. The corrosion
mechanisms of etched p-InP and p-InP/Pt photoelectrodes were systematically established using XPS
to monitor changes in the surface conditions after electrochemical tests, and the electrode dissolution
over time was assessed using [CP-MS. In either 1.0 M H,SOy(aq) or 1.0 M KOH(aq), illuminated
etched p-InP photoelectrodes underwent cathodic corrosion to form metallic In® at the electrode
surface. In contrast, electrodeposited Pt at p-InP surfaces kinetically stabilizes illuminated p-InP
electrodes against self-reduction in both 1.0 M H,SOy4(aq) and 1.0 M KOH(aq). When held at £ =0
V vs RHE in acidic electrolytes, the p-InP/Pt photoelectrode exhibited a stable J of ~ -18 mA c¢m™
for >285 h. The long-term evolution of the J-E behavior of the p-InP/Pt photoelectrode was
dependent on the pH of the electrolyte, and strongly correlated with surface changes as well as with
the dissolution of InP. In 1.0 M H,SOy(aq), the surface of p-InP/Pt electrode gradually turned P-rich
with slow and continuous leaching of In ions, while the J-E behavior remained essentially
unchanged. In 1.0 M KOH(aq), the p-InP/Pt electrode exhibited negligible dissolution while forming
a passivating InOy layer that caused substantial degradation in the J-E performance. This work
reveals the importance of both catalytic kinetics and surface stoichiometry for defining the long-term

stability of semiconductor photoelectrodes.
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Broader Context

Photoelectrochemical water splitting by semiconductor photoelectrodes offers a promising
approach to convert solar energy into chemical fuels in one step. However, materials stability
remains the most persistent challenge for developing operational and efficient integrated
solar-driven water-splitting devices. Fundamentally understanding the corrosion mechanism of
semiconductor electrodes under varied operational conditions underpins rational strategies to
improve the device stability. In this work, by investigating the stability of p-InP photocathodes,
we reveal the generalizable factors that control the photoelectrode stability. Specifically,
illuminated etched p-InP photocathodes undergo cathodic corrosion to form metallic In® in both
acidic and alkaline electrolytes. In contrast, electrodeposited Pt catalysts stabilize the p-InP
surface against such cathodic corrosion via kinetic control. Furthermore, we observe that a
non-stoichiometric surface of p-InP/Pt photocathode passivated by InO, in KOH leads to a
substantial degradation of the current density-potential (J-E) behavior over long term. Overall,
both surface catalytic kinetics and surface stoichiometry are important considerations of
evaluating the corrosion chemistry and long-term stability of semiconductor electrodes. This
work also underscores the need to separately consider the physical stability (electrode

dissolution) and electrochemical stability (J-E behavior) of solar fuels photoelectrodes.
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