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Abstract

Understanding  and  controlling  complex  physiochemical  processes at  the
photoelectrode/electrolyte interface in photoelectrochemical cells (PECs) are essential for
developing advanced solar-driven water-splitting technology. Here, we integrate ambient pressure
X-ray photoelectron spectroscopy (APXPS) and high-level first-principles calculations to
elucidate the evolution of the H>O/InP (001) interfacial chemistry under in-situ and ambient
conditions. In addition to molecular H>O, OH and H are the only two species found on InP (001)
at room temperature. Under elevated temperatures, although the formation of In-O-P is
thermodynamically more favorable over In-O-In, the latter can be preferentially generated in a
kinetically-driven and non-equilibrated environment such as ultra-high vacuum (UHV); however,
when InP is exposed to H>O at both elevated pressures and temperatures, its surface chemistry
becomes thermodynamically-driven and only In-O-P (or POx) oxygen bridges form. Our
simulations suggest that In-O-In, rather than In-O-P, constitutes a charge carrier (hole) trap that
causes photocorrosion in PEC devices. Therefore, understanding and modulating the chemical
nature of oxygen bridges at the H>O/InP (001) interface will shed light on the fabrication of InP-
based photoelectrodes with simultaneously enhanced stability and efficiency.

Introduction

Solar driven hydrogen production via water splitting using photoelectrochemical cells (PECs) has
long been considered the “Holy Grail” in the quest for a sustainable energy supply. A key
component in these devices is a semiconducting photoelectrode that needs to be stable in an
aqueous solution during operation while being able to absorb sunlight efficiently to drive water-
splitting reactions.! For decades, a large number of semiconductors have been explored, including
metal oxides, group III-V semiconductors, and chalcogenides; however, no single material has
been found to achieve high stability and efficiency simultaneously, which is necessary for
widespread commercialization of the PEC technology. As a prime example, III-phosphide-based

semiconductors have been demonstrated to yield the highest solar-to-hydrogen (STH) conversion



efficiency,>”’ but their potential applications in solar water-splitting technology are rather limited
because of their short lifetime in aqueous solutions.!-3-14

While it is generally acknowledged that the detailed chemistry that emerges at the
electrolyte (aqueous solution)/PEC photoelectrodes interface governs their stability, several open
questions remain, particularly the formation mechanism of surface oxides/hydroxides and the
specific relationship between local chemistry and PEC performance. A topic of particular interest
is the role of local oxides that often form spontaneously at the interface between the photoelectrode
and electrolyte. It has been demonstrated that for III-phosphide semiconductors, such as InP,
oxides that form at the photoelectrode/water interface can trap hole carriers, leading to
photocorrosion of electrode materials and blockage of hot carrier transfers that ultimately diminish
the reactivity.>!>!# In contrast, several studies have shown that the formation of interfacial oxides
and phosphates on the photoelectrodes can improve solar energy conversion by simultaneously
blocking dissolution of the photoelectrode ions and generating optimal hot carrier transfer.*!4-2!
Recent studies on the interfacial chemistry of HO/GalnP using model PEC device assemblies in
contact with liquid or close to ambient pressure water at room temperature have demonstrated the
dissociative adsorption of H>O, formation of phosphorus oxide species, and the electronic
passivation of GalnP and closely related surfaces.?*>> These mixed conclusions indicate that much
is left to investigate in terms of the relationship between surface oxidation and the efficiency &
stability of a PEC device, motivating more detailed and systematic studies of the
photoelectrode/water interface.

Understanding the chemical and electronic properties at the photoelectrodes/electrolyte

interface often requires probes with atomistic sensitivity under operating conditions in time-

resolving and surface-sensitive manners.?%?” In recent years, ambient pressure X-ray photoelectron



spectroscopy (APXPS) offers a promising approach, as it enables direct investigations of chemical
processes at photoelectrode surfaces at wide ranges of pressures and temperatures.?® In practice,
definitive XPS identification of chemically similar species can be challenging, particularly for
complex amorphous oxides that often take place at the photoelectrode/electrolyte interface, where
the intrinsic configurational heterogeneity significantly broadens and overlaps key spectral
features. In this regard, experiments can benefit from additional information derived from
simulation and modeling, particularly first-principles simulations that allow for accessing complex
chemical processes. It is, however, important to emphasize that despite significant advances made
in the past few decades, the length and time scales accessible to first-principles simulations
continue to constrain the configurational complexity of theoretical models, and therefore
simulating an exact electrode/electrolyte interface under working conditions remains out of reach
for even state-of-the-art first-principles simulations. Accordingly, a more proper approach for
understanding complex interfaces is by taking a close feedback loop between simulations and XPS
experiments. For instance, the core-binding energies of local chemical species that occur at the
electrode/electrolyte interface can be computed using a representative interface models, which are
then can be compared and validated with XPS measurements, while providing a more complete
interpretation of the experimental spectra.® 2’

In this work, we present a systematic investigation of the evolution of bridging oxygen
species at the HO/InP (001) interface using a combination of APXPS experiments, first-principles
molecular dynamics simulations, and direct core-binding energy (BE) calculations. We find that
the surface bridging oxygen species, In-O-In and In-O-P, can form under kinetically- and
thermodynamically-driven conditions, respectively. Namely, In-O-In forms preferentially in a

kinetically-driven and non-equilibrated environment, i.e., under ultra-high vacuum (UHV) and



annealing conditions via breaking the O-H bond, while In-O-P forms directly from a surface
hydroxyl that is equilibrated with environmental H>O under elevated pressures and temperatures.
On the basis of the integrated experimental and theoretical interpretations, the implications for the
surface engineering of InP-based photoelectrodes with enhanced operating lifetime and

photocatalytic performance are discussed.

Methods

The APXPS experiments were carried out on an InP (001) crystal under various water
vapor pressures and temperatures. Specifically, to track the formation and transition of surface
chemical species at the H>O/InP (001) interface, we investigated the evolution of O 1s, In 3ds»
(and In 4d), and P 2p core-level states via three sets of experiments, (1) isothermal conditions at
room temperature (RT) with water vapor pressure adjusted from ultra-high vacuum (UHV) to 5
mbar; (2) post-isothermal UHV annealing (RT to 723 K) of an InP (001) crystal pre-exposed to
H>O at RT; and (3) isobaric conditions at a constant water pressure of 0.1 mbar with temperature
varied from RT to 873 K. Additional information on the instrumental setup and experimental
procedures is presented in the Supporting Information (SI) and in our previous studies.?>-3!

To aid interpretation of the APXPS experiments, reference O 1s XPS BEs were computed
by averaging over 60 configurations sampled from an ab initio molecular dynamics simulation of
InP (001) in contact with liquid water,” 3? with results clustered and averaged according to their
local oxygen bonding environment. In considering a model to best approximate the conditions
observed in the APXPS experiments, we determined that dynamical sampling was necessary due
to the polar, strongly hydrophilic, and heavily reconstructed nature of the InP(001) surface, which

exhibits far higher reactivity compared with more ordered metal surfaces. This makes it difficult



to intuit and manually sample possible surface configurations based on symmetry considerations
alone, whereas the dynamics approach could be utilized without any a priori assumptions regarding
the specific surface structure, chemistry, or binding sites. In addition, the individual local
configurations sampled in the dynamics featured BEs that varied by as much as 0.5 eV for a given
oxygen coordination environment, highlighting the high environmental sensitivity; however,
sampling from multiple frames produced well-converged averages with far higher precision and
reliability by implicitly accounting for a degree of experimental configurational broadening. All
computed XPS BEs were referenced to an internal bulk water standard. Further details can be
found in the SI.

It is worth mentioning that at the APXPS pressures explored here, the use of liquid water
in our models may be suspect due to the higher degree of hydrogen bonding in the liquid overlayer
compared to expectations at the lower gas-phase pressures. Because the degree of hydrogen
bonding affects the BE, some associated inaccuracy is expected; however, our previous studies of
InP(001)% 32 have concluded that the electronic properties of water on the strongly hydrophilic
surface are largely determined by two factors: first, the Lewis acid-base interaction with the In and
P surface atoms; and second, the strong in-plane hydrogen bonding that occurs along the surface.
Accordingly, we expect that these features—which are accurately captured by our dynamical

sampling—dominate the BE, increasing confidence in our chosen reference configurations.

Results and Discussion
Fig. 1 shows the photoelectron spectra of O 1s, In 3ds»2, and P 2p obtained for three
representative experimental conditions, UHV, water vapor pressure of 5 mbar (RT), and at 773 K

(0.1 mbar H20). The dashed vertical lines in O 1s and P 2p represent the BE of surface species



from our spectroscopic simulations (see SI), while those in In 3ds,, are obtained from values in
existing literature. The detailed evolution of the In 3ds,, P 2p and In 4d spectra under isothermal
and isobaric conditions also is included in the SI (Figs. S1 and S2).

We focus first on the O Is photoemission spectra, which provide fingerprints of the
oxidation/hydroxylation events that occur at the H2O/InP (001) interface. Here, to probe the BE of
different O-related species at the interface, we rely on first-principles calculations of O 1s BE of a
fully hydroxylated In-rich surface, which has been shown to be a reasonable model for the
InP/water interface in our previous studies (see Methods and SI for computational details).®19-32
We note that although the simulation was carried out for the surface in liquid water, it is known
that the effects of liquid water are localized within a few water layer from the surface,®* and hence
the simulation model can be reasonably compared to experimental measurements at 5 mbar
pressure. A representative model of the H>O and pristine reconstructed InP (001)-6(2x4) interface
is shown in Scheme 1. Our computational analysis of the H>O/InP (001) interface indicates that
the lower BE side of the O 1s spectrum (530-532 eV) is attributed to the chemical products of
water dissociation, while the broad contribution at ~533 eV is associated with near-surface region
molecular H>O via physisorption, chemisorption, or the formation of a hydrogen bond network.
Specifically, atomistic topologies of oxygen on the InP (001) surface can be categorized as
bridging oxygens (I, II, and VI representing In-O-In, In-O-P, and bridging oxygen in POy (1<x<4),
respectively, where POy constitutes a major product in isobaric studies at high temperatures) with
the representative structures shown in Fig. S3. Detailed investigation of InP oxidation is reported
in a separate study)**, atop (III: In-OH), and bridging (IV: In-O(H)-In) hydroxyls, and adsorbed
molecular water (V: H2O). The computed BEs of species [-VI are 529.99, 531.00, 531.53, 531.75,

533.04 and 531.7 eV, respectively, shown as the vertical lines in Fig. 1a. Similarly, the surface P-



containing species are found to be P-H, PO, and InPOs4, with corresponding BEs of 129.1,% 133.7,
and 134.7 eV, respectively. We also note that, upon dissociative adsorption, OH and H interact
preferentially with surface In and P, respectively; therefore OH-P interactions, if any, are not
considered.

As expected, we find that elevated H,O pressures and temperatures lead to enhanced
spectral changes (O 1s, In 2p, In 3d, and In 4d) attributable to the formation of complex surface
oxides/hydroxides (Figs. 1, S1 and S2). For O 1s, no oxygen is found on a pristine InP (001)
surface, and the O 1s signature arises after the introduction of H,O (Figs. 1a and 2, lower panel),
where the BEs of surface O-containing species are found to coincide primarily with II, III, IV, and
VI. Meanwhile, the spectral evolution observed in In 3ds» and P 2p consistently suggests the
formation of surface oxides/hydroxides upon the introduction of H>O vapor and increase of surface
temperatures (Figs. 1, S1 and S2). Spectral fittings of In 3ds,» suggest that approximately 8% and
60% of surface In are in modified chemical environment at 5 mbar H>O at RT and 0.1 mbar H.O
at 773 K, respectively. Assuming the formation of uniform of surface oxides/hydroxides, the
thicknesses of modified InP (d) are estimated as ~1.3 ML and 15 ML, respectively (details in SI).
Collectively, our results indicate significant modification of the InP surface under elevated
pressures and temperatures. Identification and quantification of individual surface species under a
series of kinetically- and thermodynamically-driven conditions are discussed below.

We first discuss the results for the isothermal condition at RT with varying water pressures.
We find that, while the shape of O 1s photoemission spectra obtained for different experimental
conditions is similar, their absolute intensities increase steadily as a function of elevated water
pressures, together with a slight shift in the peak maximum toward lower BEs (from 531.8 eV to

531.6 eV, Fig. 2, lower panel), indicating enhanced formation of surface hydroxyls in the form of



either In-O(H)-In or In-OH. These results highlight the important effects of the hydrogen bond
network formed on the photoelectrode surface in determining the rate of water dissociation. This
is consistent with the results we obtained for InP using first-principles molecular dynamics
simulations, where it was found that water dissociation becomes strongly exothermic, particularly
when chemisorbed oxygens such as hydroxyls are present.’ These surface chemical behaviors are
also reflected in the spectral changes in In 3ds» and P 2p (Fig. S1), because of their preferential
interactions with OH and H, respectively.>!* In addition, we find that In/P atomic ratio remains at
~11:10 at RT, thereby eliminating the possibility of large-scale surface P substitution by O and the
formation of In suboxide species, as proposed by Henrion et al.>¢ Meanwhile, the absence of an O
Is signal at ~530 eV excludes the presence of In-O-In. However, it is notable that the
photoemission spectra in the present study are not as surface sensitive as that of Henrion’s. If there
is any substitution of P surface by O atoms, they occur at the topmost surface of InP on a small
scale. Therefore, at RT, surface O-containing species are predominantly hydroxyls, while the
formation of bridging oxygens, i.e., In-O-In, In-O-P, or POx attributable to further dissociation of
hydroxyl into O and H, are kinetically hindered, as discussed below.

Next, to understand the conversion of surface hydroxyls into oxides and subsequent
desorption, we proceed by annealing the post-isothermal InP (001) surface under UHV conditions.
As shown in Fig. 2 (upper panel), the absolute intensity of the O 1s spectra gradually decreases as
the temperature increases, accompanied by the development of a new peak at ~530 eV that
corresponds to the formation of In-O-In, as our spectroscopic calculations demonstrate (Fig. 1a).
The spectral changes in O 1s suggest the conversion of surface hydroxyls into In-O-In via H-loss
is a kinetically limited process at RT and activated at 373 K<T<573 K. The surface chemical

transformations occur at small scale and no conclusive changes were identified in P 2p or In 3d



spectra during the post-annealing process. We note that the evolution of O Is photoemission
spectra from RT to 473 K in the post-isothermal annealing excludes the possibility of the presence
of In-O-P bridge-related species in the isothermal study (RT), which would otherwise remain
stable at this temperature regime; the In-O-P bond typically is stable up to high temperatures'> and
also is shown in the present study to desorb at above 700 K under UHV conditions (Fig. 2, upper
panel). Interestingly, we find that, above 573 K, a new peak emerges at ~531 eV that corresponds
to the formation of In-O-P (Fig. 1a), together with a decrease and then disappearance of OH and
In-O-In contributions, suggesting the initial kinetically-driven conversion of surface hydroxyls
into In-O-In, which transform further into In-O-P at higher temperatures, a thermodynamically
more stable bridging oxygen configuration.?*37-8 The thermodynamic preference for In-O-P over
In-O-In is driven by the higher bond reaction enthalpy for oxygen insertion in In-O-P.%37 This
conclusion is supported by our DFT calculations, in which the analysis of oxide bond topology
shows that oxygen generally is more stable in the In-O-P bridge configuration than in In-O-In.3®
Overall, our analysis clearly indicates that specific local species, such as In-O-In, can form on the
surface only under a kinetically-controlled and non-equilibrated regime. It is also worth noting
that, at high temperatures of approximately 723 K, the InP surface is free of oxygen because of the
desorption of In-O-P bridge-related species (Fig. 2, upper panel).

In contrast to the exclusive formation of hydroxyls and H under isothermal conditions (RT),
we find that scission of O-H and In-P bonds, as well as the diffusion of O into a deeper lattice of
InP are activated under elevated temperatures (RT-873 K, 0.1 mbar H,O, Fig. S2). As shown in
Fig. 3, when temperature is increased from RT to 673 K, the peak maximums of the O s spectra
shift from 531.7 eV to 531 eV, together with a continuous increase in the photoelectron intensity.

In addition, no signal in O 1s associated with In-O-In is observed (530 eV), suggesting that the
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OH-dominated surface at RT converts directly into In-O-P bridge-related oxides (primarily In-O-
P and POy) in a thermodynamically-driven process. The observation of the formation of In-O-In
(post isothermal annealing, Fig. 2, upper panel) or In-O-P (isobaric, Fig. 3) bridges under different
conditions suggests that fundamentally different surface chemistry occurs at the H>O/InP interface
under UHV and ambient pressure conditions, with the former largely kinetically-driven and the
latter thermodynamically-driven. Remarkably, we also find that water molecules interact
differently with these two topologies. In particular, gas phase water binds weakly to the In-O-P
bond and remains intact, while water that interacts with In-O-In dissociates spontaneously.*® The
formation of relatively stable In-O-In is observed only under specific conditions, which are
presumably kinetically-driven and will eventually be converted into stable In-O-P bridge-related
oxides. These results highlight the interplay between kinetics and thermodynamics in determining
chemical species at the interface, while suggesting that local chemistry of the interface can be
modulated by tuning experimental conditions.

Compared to the isothermal and post-isothermal annealing processes, additional distinct
chemical processes under isobaric conditions are also visible at high temperatures. Above 673 K,
the peak center of O 1s shifts in reverse toward higher BEs (from ~531.2 eV to 531.7 eV, Fig. 3)
as a result of deeper surface oxidation and hydroxylation. This behavior is in contrast with the
pressure effects we find in the isothermal study and post-isothermal annealing (Fig. 2), further
suggesting intrinsically different chemical processes. Complementary spectral changes are
observed in the corresponding In 3ds» and P 2p photoemission spectra (Fig. S2). For example, the
In 3ds» photoemission spectra gradually broaden with clearly distinguishable appearance of a
higher BE shoulder above 573 K; further, the lesser-resolved, spin-orbital-splitting of P 2p, P 2p3)2,

and P 2p1,2, and emergence of a broad peak in the P 2p spectra at 134-135 eV become prominent.
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Collectively, the significant spectral changes we observe in the isobaric conditions (Figs. 3 and S2)
suggest the scission of In-P bonds and diffusion of O into a deeper lattice of InP (001). As a
consequence, complex surface indium oxides/hydroxides/phosphates (such as InPOy, and In
(PO3)x), referred here as POy, are formed on InP (001) with an estimated thickness of up to 15 ML
at 773 K (0.1 mbar H>O).

We find that the chemical and electronic properties of InP (001) are modified continuously
at high temperatures. Further annealing up to 873 K induces the gradual evaporation of the majority
of surface phosphorus oxides and/or hydroxides and the formation of metallic phase In. This is
evident in the In spectra, where we find the development of a strong peak at 444 eV (Figs. S2 and
S4) and a decrease in the P:In atomic ratio from ~1:1 to 1:9. Such vigorous changes also are
observed in the In 4d photoemission spectra, suggesting that chemical reactions occur even in the
deeper layers (Fig. S2), which in turn modify the surface chemistry as well as the system’s
electronic properties significantly.

The disproportionate loss of phosphorous at elevated temperatures has been observed in
Farrow’s studies under UHV conditions.?* However, in the present study, the observed P depletion
in H20 occurs at higher temperatures, which we attribute to one or more of the following reasons:
1) the continuous surface oxidative reaction gradually passivates the InP surface by forming an
indium phosphate shell, which may serve as a physical barrier for the dynamic out-diffusion of
phosphorus oxides; 2) the local driving force for P out-diffusion at the surface, which derives from
the chemical potential gradient in the interfacial region, becomes weaker due to the accumulation
of the P-depleted oxide below the surface; or 3) P loss may proceed according to a different
mechanism altogether in the presence of H>O (e.g., via formation of P4O10 complexes), leading to

different kinetics.?*
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The presence of continuous surface oxidation may also explain the different surface
compositions of InP (001) upon cooling to RT in different environmental conditions. When the
surface is cooled naturally in 0.1 mbar of H20, the photoemission spectra indicate the re-oxidation
of In and outward diffusion of P that leads to restoration of In-P, and only a minor amount of
metallic-phase In, with the atomic ratio of P/In recovered from 1:9 to 1:3. This contrasts with the
behavior when the surface is cooled in UHV. We speculate that the restoration of In-P bonds while
cooling in H2O is due to gradual out-diffusion of P from deeper atomic layers, which is driven
(and kinetically facilitated) by the continuous surface oxidative reaction leading to the formation
of In20s. Upon sufficient coverage, this oxide serves as a stable physical barrier to eventually slow
further oxidative depletion of P.

With a detailed understanding of surface chemistry under these three experimental
conditions, the in-situ photoemission spectra can be interpreted with high fidelity. As shown in
Fig. 4, the O 1s photoemission spectra recorded for two representative conditions, including
isothermal (5 mbar, RT) and isobaric (0.1 mbar 573 K), are fitted into bridging oxygens (In-O-In,
In-O-P, and POy), atop (In-OH) and bridging (In-O(H)-In) hydroxyls, and adsorbed molecular
water (V: H20). At RT (Fig. 4, lower panel), hydroxyls at either the atop or bridging sites are the
dominant surface species resulting from direct H>O dissociative adsorption with negligible amount
of bridging oxides formed. At high H>O pressure (5 mbar), hydroxyls at atop sites are preferentially
formed over bridging sites, while the latter forms primarily at lower H,O pressures, as suggested
by the shifted peak center of O 1s towards lower BE in the isothermal study (Fig. 2, lower panel).
This preference on the adsorption site of surface hydroxyls is related to surface hydroxyl/In ratios,
where hydroxyls reside on surface In sites by compromising adsorption energy (In-OH or In-O(H)-

In binding energies) and the repelling interactions with neighboring hydroxyls.
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In contrast to the hydroxyl-covered InP (001) at RT, O 1s spectra at elevated temperatures
in H20 (0.1 mbar) are dominated by thermodynamically stable bridging oxygens, i.e., In-O-P and
POy (Fig. 4, upper panel), while the kinetically-driven product, In-O-In, is not observed in the
isobaric study. The O 1s spectrum broadens with a significant contribution from In-O-P at ~531
eV (Fig. 4, upper panel), which largely remains populated throughout the isobaric conditions (Fig.
3). It is, however, not as straightforward to identify the formation surface indium phosphates (POx)
at ~531.7 eV because of the almost identical BE to that of surface hydroxyls. Our ab initio
molecular dynamics simulations show rapid local hydrogen hopping, promoted by a weakening of
O-H bonds in water and a strengthening of the hydrogen bond with surface oxides.” In addition,
the HoO/InP (001) interface exhibits facile fluidity of hydrogen transport on the surface with
simultaneous exchange of surface products with the surrounding water, which occurs more
frequently under elevated temperatures. The breakage of O-H and In-P bonds and the activation
of O diffusion into a deeper lattice of InP (001) leads to the formation of a complex and
heterogeneous surface oxygen network. Therefore, the chemical origin of the species at 531.7 eV
in isobaric conditions is of a bridging oxygen nature with close proximity to stoichiometric indium
phosphate, rather than merely surface hydroxyls, albeit with nearly identical BEs. Consistent with
the analysis of O Is photoemission spectra, complementary mechanistic interpretations are

obtained in corresponding In 3ds» and P 2p (Figs. S1 and S2).

Conclusions
In conclusion, our integrated APXPS and first-principles simulations provide a high-
fidelity identification of the chemical species at the H>O/InP (001) interface by mapping out the

complex transitions of surface chemical species under a series of kinetically- and
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thermodynamically-driven conditions. In particular, our isothermal study at RT suggests that
increased H>O pressure facilitates the dissociative adsorption of H,O onto InP (001) and the
formation of a predominantly H- and OH-covered surface. Further, the post-isothermal annealing
experiment in UHV offers convincing evidence of the absence of bridging oxygens at RT and
demonstrates that In-O-In forms only under kinetically-driven conditions. In contrast to the
hydroxyl-covered InP (001) at RT and the transient formation of In-O-In in post-isothermal
annealing, only thermodynamically-stable bridging oxygens, i.e., In-O-P and POy, form under
isobaric conditions. In essence, our in-situ experiments demonstrate the formation of a
heterogeneous, nonstoichiometric indium oxide and indium phosphate phase that forms at the
H>O/InP (001) interface under operating conditions and the exact chemical nature of these species
can be modulated depending on the conditions of formation.

Further, we propose that the controversy over the role of surface oxides/hydroxides in the
stability and catalytic performance of InP-based photoelectrode is likely is attributable to a
confusion on the chemical nature of these surface species formed under different experimental
conditions and their correlations with associated physiochemical properties. As also observed by
recent studies of H>O/GalnP interface in model PEC device assemblies performed at room
temperature, complex H>O dissociation products and hetero-oxides formed on GalnP surface after
device operation.?>2> The present study provides a basis for a molecular-level understanding of
the processes that can occur in a PEC solar cell via water splitting, during which the corrosion of
photoelectrodes can be minimized and an efficient charge transfer at the electrolyte/electrode
interface can be maintained.”!%?! Note that, in such PEC solar cells, In-O-In bridges, rather than
In-O-P, serve as charge carrier (hole) traps that cause photocorrosion.”!® The preferential

formation of In-O-P over In-O-In initiated by hydrogen transfer of OH-terminated InP surfaces
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observed in the present study suggests that fabrication of an In-O-In free electrolyte/photoelectrode
interface under controlled conditions may lead to InP-based photoelectrodes with enhanced
stability. An optimized amorphous surface layer of indium phosphates may serve as a good
dielectric by blocking ion transport, preventing photocorrosion of electrodes, and providing

optimal electron transfer simultaneously.
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Figure 1. Photoelectron spectra of O 1s, In 3ds;2, and P 2p recorded on pristine InP (001) at RT in
UHV (1), in 5 mbar of H>O at RT (2), and at 773K in 0.1 mbar H>O (3). The In 3ds and P 2p
photoemission spectra are normalized to their respective highest intensity. The dashed vertical
lines in O s and P 2p represent BE values obtainable from our direct spectroscopic simulations,
and those in In 3ds); are referred to BE values in the literature.
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Scheme 1. A representative model of the H,O and pristine reconstructed InP (001)-8(2x4) interface
used in the present simulation, whereby the red, grey, orange and guava atoms are O, H, P and In,
respectively.
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Figure 2. Evolution of O 1s photoemission spectra under isothermal (bottom panel, H>O pressure
changed from 0.005 to 5 mbar at RT) and post-isothermal annealing conditions (top panel,
conducted immediately after water evacuation in the isothermal study and the temperature is
increased from RT to 723 K in UHV). Vertical lines indicate the peak maximum of respective O
Is spectrum and the arrow marks the position of In-O-In. These spectra are stacked along the y-
axis.
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Figure 3. Evolution of O 1s photoemission spectra under isobaric conditions (under elevated InP

(001) temperatures in 0.1 mbar H>O). Vertical lines indicate the peak centers of respective O 1s
spectrum. These spectra are stacked along the y-axis.
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Figure 4. Fitted O 1s photoemission spectra recorded under 5 mbar H>O at RT (bottom) and at 573
K in 0.1 mbar H>O (top). The vertical dashed lines indicate locations of different O-containing

surface species and connect identical components in two fitted photoemission spectra. The spectra

were stretched along the y-axis (arbitrary units) to enhance visibility.
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