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Water adsorption and dissociation on a GaP(111) crystal surface are investigated using Near-

DOI: 10.1039/x0xx00000x Ambient Pressure X-ray Photoelectron Spectroscopy (NAP XPS) in a wide range of pressures
(~107'°-5 mbar) and temperatures (~300-773 K). Dynamic changes in chemical evolution at the
H,0/GaP(111) interface are reflected in Ga 2p3,, O 1s, and P 2p spectra. In the pressure-
dependent study performed at room temperature, an enhancement of surface Ga hydroxylation
and oxidation with an increase in H,O pressure is observed. In the temperature-dependent
study performed at elevated pressures, two distinct regions can be defined in which drastic
changes occur in the surface chemistry. Below 673 K, the surface Ga hydroxylation and
oxidation progress continuously. However, above 673 K, a large-scale conversion of surface
0-Ga—OH species into non-stoichiometric Ga hydroxide along with oxidation of surface P
atoms occurs through an intermediate state. The NAP XPS technique enabled us to
experimentally track the chemistry at the H,O/GaP interface under near-realistic conditions,
thereby providing evidence to compare with recent theoretical efforts to improve the
understanding of water-splitting mechanisms and photo-corrosion on semiconductor surfaces.

www.rsc.org/

Introduction has been made with regard to interface passivation and
dielectric properties of III-V semiconductors, the fabrication of
an ideal dielectric/semiconductor interface remains a challenge
due to the lack of a complete understanding of chemistry at the
interface of such systems. Since PEC processes occur in an
aqueous environment, it is essential to understand the nature of
water interactions with semiconductors and the possible
oxidation and reduction mechanisms at the H,O/semiconductor
interface.®

Hydrogen-networking and hydrogen transfer are the

Semiconductor-based photo-electro-chemical (PEC) solar cells
are capable of converting solar energy into hydrogen via water-
splitting reactions, thereby supplying environmentally benign
and sustainable energy.™® Such devices are of particular
interest, because solar energy can be converted to chemical
energy and stored in the form of hydrogen, a promising
candidate for sustainable and clean fuels in the future. ™ Due
to the limited availability of information on atomic and

electronic structures of a semiconductor surface under realistic .
o : - ) fundamental processes to be addressed in order to understand

conditions, a comprehensive picture of molecular chemistry at . .
1416 and characterize semiconductor surfaces that are exposed to a

the .v?/ater/electrode interface is not yet .been available.™" In water environment. 2 2 Therefore, much effort has been made
addition, factors such as the corrosion of electrodes or

L. . . . ] to explore hydrogen-bond networks at the water/semiconductor
complications with appropriate matching of a semiconductor

) - interface. For instance, Wood et al. performed ab initio
band gap to a typical solar spectrum make the practical L . . .
la.16 molecular dynamic simulations that revealed an increase in

implementation  of ~PEC  devices chrallengmg. . In water hydrogen-bond strength on a Ga/InP(100) surface that
contemporary technology, the most efficient PEC devices . . . .4 15

. . 1723 . facilitates water dissociation and local proton hopping.™ =
comprise III-V semiconductor photoelectrodes,~~= which are

Usi first-principl density functional th DFT
typically phosphide-based.® 2* Although tremendous progress Smg  Hrstprineiples  density - functiona cory  ( )
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calculations, Munoz-Garcia et al. reported the presence of
hydride-like H atoms on the GaP(110) surface as a result of

water dissociation via hydrogen-bonded intermediates.?” There
14, 28-31 16 16. 26, 32

are also other experimental and theoretica
studies on the role of hydrogen bonds in water interactions with
NI-V semiconductor surfaces such as GaP,* 1% GaAs,2® 3!
GasSb,?> # and InP.'® 2 3% These studies clearly emphasize the
importance of such local hydrogen-bonding in the interfacial
dynamics and chemistry of semiconductors.

Moreover, several studies have also focused on the role of
other surface species, such as oxides, hydroxyls, and adsorbed
water molecules.® 1> 1& 27 Water, in its molecular form, and
water dissociation products can greatly influence the chemical
and electrical structures of semiconductor surfaces. It has been
suggested that there is a correlation between water splitting and
the existence of surface oxygen species on III-V semiconductor
electrode surfaces.® 7 '* ® In a recent investigation of water
adsorption onto a GaP(100) surface under ultra-high vacuum
(UHV) conditions,* it was observed that water can be either
molecularly or dissociatively adsorbed, according to reflection
anisotropy spectroscopy. However, in the same work, no
changes in the chemistry of surface Ga or P atoms were
observed by UHV X-ray photoelectron spectroscopy (XPS)
performed after exposure of the GaP(100) surface to water.'* A
recent theoretical study showed that the effects of water
behavior on GaP(110) depend strongly on water coverage.?’
These results indicated an enhancement in water dissociation at
higher coverage. Therefore, to obtain a deeper insight into
water interactions with semiconductors, it is necessary to
conduct an in situ study of the H,O/semiconductor interfacial
chemistry under more realistic conditions.

The present study was motivated by the lack of experimental
data on chemical characterizations of H,0O/semiconductor
interfaces such as H,O/GaP,** 2’ particularly at near-ambient
conditions. As reported previously, it is possible for a
molecular environment to induce a difference between the
surface chemistry at near-ambient conditions and the surface
chemistry occurring under UHV conditions.®* 2* To achieve an
understanding of the H,O/semiconductor interface at the atomic
level, our work reports the results of an NAP XPS study of H,O
interactions with the GaP(111) surface. The NAP XPS is
capable of tracking the chemical evolution at such interfaces
under near-realistic conditions. Our results can significantly
contribute to understanding and improving the technological

applications of GaP, an electrode material that is incorporated

into many current PEC devices® > and is considered to be one

of the most promising photocathode materials for water and
CO, reduction.* ¢ %

Experimental Section

All in situ photoelectron spectra were recorded using a SPECS
near-ambient pressure X-ray photoelectron spectrometer
equipped with an Al Ka X-ray tube coupled to a Micro-FOCUS
600 X-ray monochromator, a preparation chamber with an ion
gun for surface cleaning, a reaction cell (filled with a gas up to
a pressure of 20 mbar) mounted to an analyzer chamber, and a
PHOIBOS 150 hemispherical energy analyzer (HEA) with a

2| J. Name., 2012, 00, 1-3

differentially pumped electrostatic lens system. A detailed
description of the present experimental set-up and procedure
can be found in our previous work.?® 3! The binding energy
(BE) scale for photoelectron spectra was calibrated using the P
2ps/; peak, which corresponds to the P—-Ga bond with a BE of
128.8 eV.3 37 All spectra were corrected for the background of
scattered photoelectrons using Shirley’s method and were fitted
with a multiple Gaussian/Lorentzian peak combination using
SpecsLab2 and CasaXPS software. This hybrid function was
selected because the Lorentzian function represents physical
effects (i.e., intrinsic lifetime broadening of the core-level hole
the the
contribution of instrumental effects (e.g., the response function

state), whereas Gaussian function represents
of the electron analyzer, the profile of the X-ray line shape,
phonon broadening, or surface charging). We allowed a
flexibility of 0.15 eV for the BE and full width at half-
maximum (FWHM) for all fitted peaks.

The undoped (n-type semiconductor, resistivity of ~0.3
Qcm) simple planar GaP crystalline surface with (111)
orientation was purchased from Sigma-Aldrich, USA. High-
purity silver paint (from Supplies SPI, USA) was used to
increase conductivity, and the sample was thoroughly degassed
before it was introduced into the system. The GaP(111) crystal
was gently cleaned by Ar’ bombardment in the preparation
chamber. Since the ion bombardment method can induce
surface modifications, we systematically examined the GaP
surface as a function of the Ar" energy and exposure time. The
Ar' beam (0.4 keV, 45° with respect to the sample surface, 10
min, and 2 cycles) at a pressure of 3x10 mbar successfully
removed the native oxide layer and other contaminants. Then,
the sample was annealed to 725 K for surface structure
restoration.23# The BE of the Ga 2p;,, peak maximum for the
Ga-P bonds is located at 1117.3 eV, while a small shoulder at
BE of 1116.8 eV is expected to appear in the event of a metallic
phase formation (Ga-Ga bonds). The purity and electronic
structure of the surface were monitored by taking photoelectron
spectra after each cycle. Neither contamination nor Ga-Ga bond
formation were observed after the above mentioned treatment.

Survey photoelectron spectra of GaP(111) samples before and

after Ar’ bombardment are displayed in Fig. S1 in
Supplementary Information (SI). After cleaning and before H,O
introduction, the GaP(111) sample was transported,

contamination-free, from the preparation chamber to the
directly connected analysis chamber with the reaction cell (a
base pressure of 5x107'"mbar). The crystal temperature was
read by a K-type (chromel-alumel) thermocouple sandwiched
between the crystal and the molybdenum sample holder. The
photoelectron spectra were obtained by heating the sample at 5
K/min (heating rate) followed by 20 min of stabilization.
Typically,
recording was about one hour. Prolonged heating in an H,O

the average time of photoelectron spectrum
environment can induce minor changes (~5%) in the intensity
of photoelectron peaks, particularly at higher temperatures.
There were no differences in the type of formed species
between the plotted data and the data obtained after prolonged

heating at temperatures below 673 K. The ultra-pure water was

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 (a) Contour plot of the Ga 2ps, signal under various conditions (y-axis): UHV, 0.005, 0.05, 0.5, and 5 mbar of H,O at RT (1-5); 273, 373, 473, 573,
673, and 773 K at the H,O pressure of 0.1 mbar (6-11), and 773 K at an H,O pressure of 0.5 mbar (12). The obtained contour plot was recorded
intermittently after each increase of pressure or temperature followed by condition stabilization. The signal at each specific condition was collected within

one hour; (b) and (c) Comparison of high resolution Ga 2p3, and P 2p spectra obtained under UHV (5x10°'° mbar) conditions and at the H,O pressure of 5

mbar and RT (~300 K). Due to the short mean free path of photoelectrons from Ga 2ps,» and P 2p, the signal intensity decreases significantly at the pressure

of 5 mbar. Therefore, the Ga 2p3, spectra are normalized to unit intensity of main peaks and shifted to the same background lines; (d) and (e) Comparison of
high resolution Ga 2ps, and P 2p spectra obtained under UHV (5x107'° mbar) and under 0.1 mbar at RT, 673 K and 773 K, and under 0.5 mbar at 773 K.

The C 1s spectra were frequently recorded throughout the entire
experimental procedure to monitor possible C-based
contaminants introduced by water or by the silver paint.
However, no contamination was observed within our detection
limit.

Two types of in situ XPS experiments were performed on
the GaP(111) crystal surface; in these experiments, the crystal
was exposed to different i) H,O pressures and ii) temperatures.
For a comprehensive comparison, most of the recorded
photoelectron spectra taken under these different conditions are
displayed in the SI. The pressure-dependent study was
implemented in the H,O pressure range of UHV (5x107'° mbar)
to 5 mbar at room temperature (RT, ~300 K). Photoelectron
spectra were taken at UHV, 0.005 mbar, 0.05 mbar, 0.5 mbar,
and 5 mbar in the reaction cell. The evolution of in situ
photoelectron spectra for Ga and P elements corresponding to
these pressures are presented in Fig. S2. The temperature-
dependent study was conducted in the temperature range from
RT to 773 K under a constant H,O pressure environment (0.1
mbar or 0.5 mbar). The evolutions of in situ photoelectron
spectra under an H,O pressure of 0.1 mbar or 0.5 mbar for
different temperatures are displayed in Fig. S3. Because the
surface chemistry may be influenced by H,O exposure
durations, time-dependent photoelectron spectra have also been
recorded under extreme conditions and are presented in Figs. 4
and S4.

Results

This journal is © The Royal Society of Chemistry 2012

chemical changes that occur due to H,O interactions with the
GaP(111) surface, photoelectron spectra for Ga 2p;,, and P 2p,
shown in Fig. 1, were taken at RT under two extreme pressure
conditions: under UHV and at an H,O pressure of 5 mbar. The
Ga 2p;, features are broader and shifted toward higher BEs at
5 mbar when compared with the UHV spectra, while only
slightly noticeable effects of broadening and displacement are
observed for the P 2p features. Due to photoelectron scattering
with gas-phase molecules, a shorter photoelectron inelastic
mean free path (IMFPs) at higher pressures causes a decrease in
signal intensity, the photoelectron spectra for the Ga 2p;, and P
2p were normalized to unit intensity of the main peaks, which is
a peak with the highest intensity, and shifted to the same
background lines (Fig. 1).

A detailed analysis of pressure-dependent evolutions for Ga
2p3 and O 1s spectra reveals complementary changes (Fig. 2).
The Ga 2p3/2 spectra are fitted with three components at
binding energies (BEs) of 1117.3 + 0.05 eV (peak A), 1118.1 +
0.1 eV (peak B) and 1119.2 £+ 0.15 eV (peak C), corresponding
to Ga—P bonds, O—Ga—OH and O,—Ga—(OH);_, (0<x<1) species
on the surface, respectively (Fig. 2a). These BEs in peak
assignments are consistent with BE values obtained from earlier
extensive XPS studies on Ga-based semiconductor materials
(crystals and standard oxide samples) under UHV conditions.*®
4144 However, the two latter structures (i.e., O—Ga—OH and O,—
Ga— (OH);), instead of forming pure phase, represent non-
stoichiometric compounds; this will be discussed in detail
subsequently. The UHV Ga 2ps,, consists of one peak (A),
while the presence of two higher BE peaks (B and C) is due to

J. Name., 2012, 00, 1-3 | 3
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dissociative water adsorption onto the GaP(111) surface. The
increasing photoelectron intensity of peaks B and C correlates
with increasing H,O pressures (Fig. 2a).

Ga 2p3)» O 1s

A
@ , uhy ©
V"L
Evacuated f AL/

Photoelectron intensity / arb. units

I I
1120 1118 1116 1114

534
Binding energy / eV

532

Fig. 2 Evolution of high-resolution Ga 2ps, and O 1s spectra of the
GaP(111) surface at various H,O pressures at RT and after H,O is
pumped away (“Evacuated”). (a) Peak assignments of Ga 2p;, spectra:
A - Ga-P bond, B - O-Ga—OH, and C - O—Ga—(OH);,; (b) Peak
assignments of O 1s spectra: I - Ga—O—Ga , II - Ga—OH, III - H20---
HO-Ga, and IV - molecularly adsorbed H,O. The symbols “---"and “-”
are used to indicate the molecular interaction and the covalent bond,
respectively. To better visualize the changes, the photoelectron intensity

axis is rescaled.

The O 1s spectra are fitted with four components at BEs of
530.6 + 0.1 eV (peak I), 531.2 £ 0.1 eV (peak II), 531.7 = 0.1
eV (peak III), and 532.6 = 0.2 eV (peak IV), corresponding to
Ga—0-Ga, Ga—OH, OH species attached to H,O molecules via
hydrogen bonds (H,0---HO-Ga), and molecularly adsorbed
H,O0, respectively (Fig. 2b). In the case of Ga—OH (peak II), the
hydroxyl group can bridge another surface atom (M—-O(H)-M,
where M = Ga, and also M = P in the case of the temperature-
dependent study described below) or can exist as a terminal
group (atop OH, M—OH, where M only represents Ga). The
photoelectron of different O-based

peak assignments

4| J. Name., 2012, 00, 1-3

components are also consistent with previous in situ XPS
studies on H,O adsorption and dissociation on metal surfaces,>®
4546 and Ga-based surface compounds.?® 3! The broad peak at
532.6 £ 0.2 eV (peak IV) is attributed to intact H,O molecules.
There are three possibilities of the HO molecule’s existence in
an intact form on the surface: 1) when H,O is directly adsorbed
via two lone-electron pairs that are bonded as Lewis base to an
empty hybrid p-orbital of Ga;* ® 1327 2) when H,O is hydrogen
bonded to surface OH groups;** 2> 3¢ or 3) when H,O is bonded
to other H,O molecules,*” ** as components of the hydrogen-
bond network in the latter two cases. These three forms of
adsorbed water molecules can contribute to a broader structure
for peak IV because they have relatively close BEs that are
mainly influenced by hydrogen bonding. The peak area ratio of
IV and III components is estimated to be between 2:1 and 3:1
depending on the H,O pressure, and the ratio decreases to 1:1
after H,O is pumped away. A similar behavior was observed in
studies on H,O interactions with Cu(110) performed using in
situ XPS.* The peak area ratio of the dissociative products
(peaks I-III) and intact water molecules (peak IV) is
approximately 6:1 upon evacuation (Fig. 2b, “Evacuated”),
which suggests the presence of a higher dissociation yield of
H,0 molecules resulting in oxidation and hydroxylation of the
GaP(111) crystal surface.

It is worth noting that the shape evolution seen in the Ols
spectra under different pressure conditions reflects changes
observed in the Ga 2ps; spectra (Fig. 2). No noticeable changes
were observed for Ga 2p;,, (Fig. S4) and other elemental spectra
(not shown) collected for four hours at an H,O pressure of 5
mbar. This time-dependent study indicates that prolonged water
exposure at an H,O pressure of 5 mbar and at RT does not
induce observable changes in the surface chemistry.
Temperature dependence: To compare the temperature-
dependent chemical changes due to H,O interactions with the
GaP(111) surface at elevated temperatures, photoelectron
spectra for Ga 2ps,, and P 2p were taken under UHV (RT), H,O
pressure of 0.1 mbar (RT, 673 and 773 K), and 0.5 mbar and
773K, as shown in Fig. 1d and le.

A detailed analysis of temperature-dependent evolution for
Ga 2p;/; and O 1s spectra reveals complementary changes (Fig.
3). For all photoelectron spectra, we can clearly identify two
temperature regions in which distinctive interfacial chemistry
occurs at the regions below and above 673 K (Fig. S3). The Ga
2p3, and O 1s spectra are fitted and assigned in a similar
manner as for the pressure-dependent study, with the exception
of an additional peak formation above 673 K (Fig. 3).

The Ga 2pj3), spectra are fitted with four components at BEs of
1117.3 £ 0.05 eV (peak A), 1118.1 £ 0.1 eV (peak B), 1119.2 +
0.15 eV (peak C) and an additional peak at 1117.6 £ 0.1 eV
(peak D), corresponding to Ga—P bonds, O—Ga—OH, O,—Ga—
(OH);_, species, and Ga oxides (hereinafter referred to as Ga,O-
like species, since the BE maximum for this peak matches the
BE value for stoichiometric Ga,0* #* 4% 3% respectively (Fig.
3a). Apart from peak A, all the other peaks result from H,O
adsorption and its dissociation on the GaP(111) surface. The
peak assignments are based on previous XPS studies related to

This journal is © The Royal Society of Chemistry 2012
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Ga-based materials. 28 3L 42 44 49. 30 A mentioned above, these

assignments do not suggest that the species are stoichiometric
compounds in their pure phase. Their structure can contain the
Ga—P bond involving stabilizing surface P and its oxides, which
can only deplete or evaporate at much higher temperatures.

Ga 2p3), 3 O1s

0.5 mbar 773 K [V, A"
VI #

(b)

Bgtorad]

&N

LA
-d'f q
e .

mbar 373 K "WN

Photoelectron intensity / arb. units

—
112211201118 1116 534 532
Binding energy / eV

530

Fig. 3 Evolution of high-resolution Ga 2ps, and O 1s spectra of the
GaP(111) surface at different temperatures in an 0.1 mbar/0.5 mbar
H,O environment. (a) Peak assignments of Ga 2ps, spectra: A - Ga—P
bonds, B - O-Ga—-OH, and C - O,—Ga—(OH)s4, and D - Ga,O-like
species; (b) Peak assignments of O 1s spectra: I - Ga—O-Ga, II - Ga—
OH, III - H,O---HO-Ga, 1V - molecularly adsorbed H,O, V - Ga(OH)s,
VI — P oxides, VII - P,Os-like species. To better visualize the changes,

the photoelectron intensity axis is rescaled.

In the lower temperature region (below 673 K), the Ga (both
2p;, and 3d) peaks are largely broadened, and their maxima
shift toward higher BEs with an increase in temperature
compared to relatively minor changes in the P 2p spectra (Fig.
le and S3). The observed shift of the Ga 2p3/, peak maximum is
mainly due to a greatly enhanced intensity of peak B assigned
to O—Ga—OH. In the higher temperature region (above 673 K),
peak C at a BE of 1119.2 + 0.15 eV develops with a greatly
increased intensity, along with the appearance of peak D at a
BE of 1117.6 + 0.1eV. Simultaneously, peaks A and B are
almost completely quenched. The same trend is also observed
in Ga 3d spectra, as shown in Fig. S3b, which indicates that the
chemical changes are not restricted only to a few top atomic
layers but rather expand to deeper layers. However, as assessed
from the time-dependent results (Fig. 4), the newly formed

This journal is © The Royal Society of Chemistry 2012
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component D is not stable, and its intensity gradually decreases

as the intensity of peak C increases.

At 773 K, the Ga 2pj, spectrum consists mainly of one
component, which is peak C at the H,O pressure of 0.5 mbar
(Fig. 3a). This drastic change in the Ga 2p;, spectra at both
elevated pressures and elevated temperatures is well
represented by the contour plot in Fig. 1a. The Ga 2ps,, peak
representing pure Ga—P bonds shifts from its original position
(1117.3 eV) to higher BEs upon increasing H,O pressures.
Moreover, this shift is coupled with peak broadening. Below
673 K, the O—Ga—OH species are the main H,O dissociation
products, but above this temperature the Ga 2p;, spectrum
splits into two maxima, thereby representing a mixed phase of
oxide and hydroxide species; finally, at elevated pressures and
temperatures, the surface is in the chemical state largely
corresponding to Ga hydroxides. Additionally, Figs. 1d and S3c
show a comparison of P 2p spectra indicating the formation of
P-based oxides (P—O) at a BE of 134 eV above 673 K>3

Ga 2p3p

Photoelectron intensity / arb. units

I
1122 1120 1118 1116
Binding energy / eV

Fig. 4 Time-dependent Ga 2ps, spectra obtained for the GaP(111)
surface at a temperature of 773 K and an H,O pressure of 0.1 mbar,
which were continuously taken within 4 hours. Peak assignments: C-
O,—Ga—(OH)s., and D -Ga,O-like species.

In the case of the O 1s spectra (Fig. 3), the peak assignments
for the low-temperature region are the same as those for peaks
I-IV in the O 1s spectra at clevated pressures in Fig. 2.
However, the two lower BE components that are assigned to
Ga—0O—Ga (peak I) and Ga—OH (peak II) surface species exhibit
significantly enhanced intensities at elevated temperatures (Fig.
3). Simultaneously, the two higher BE peaks, which correspond

J. Name., 2012, 00, 1-3 | 5
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to OH bonded to H,O (peak III, H,0---HO-Ga) and
adsorbed H,O (peaks 1V), exhibit
quenching. The relative signal intensity (peak area) ratio for

molecularly strong
these two peaks remains at 1:1 up to 673 K, after which both
peaks vanish. A similar temperature behavior was reported in
previous in situ XPS studies involving H,O dissociation on
GaAs? 3! and metal®* #> %6 surfaces at near-ambient pressures.
For the high temperature region shown in Fig. 3b, the formation
of other O-based species is observed at a BE of 532 eV (peak
V). This peak is attributed to the Ga(OH); structure.** Two
minor contributions at BEs of 534.3 eV (peak VII) and 533 eV

(peak VI) are also observed and can be assigned to P oxides.>*
55

Discussion

Molecularly adsorbed water: The present pressure- and
temperature-dependent studies allow us to determine the
evolution of chemistry at the H,O/GaP interface under near-
ambient conditions. Initially, the interacting water molecule
that possesses two lone-electron pairs can bind as a Lewis base
to an empty hybrid p-orbital of Ga-rich surfaces.* & 15 7
However, according to DFT calculations by Jeon et al..® such
an adsorption structure at low (~ sub-monolayer) coverage is
relatively unstable, with the adsorption energy calculated to be
0.41 eV. Therefore, water molecules are expected to desorb at a
relatively low temperature (i.e., 209 K). Low-temperature
desorption was also observed for molecularly-adsorbed and
fully or partially hydrogen-bonded H,O released from the
GaAs(110) surface below RT in a temperature-programmed
desorption study.>® Additionally, a previous XPS study on
water interactions with GaP(100) at RT under UHV conditions
reported a partially solvated GaP surface, particularly at RT,
with an estimated coverage of 0.25 % 0.2 monolayer.'*
However, the adsorption energy increases with higher surface
H,O coverage.Z In our study, the GaP(111) surface is exposed
to elevated H,O pressures (up to 5 mbar); thus, much higher
water coverage is expected in comparison to conditions in UHV
studies. A higher coverage can be verified by higher intensities
of peaks attributed to H,O molecules adsorbed on the GaP
surface in the O 1s spectra in Figs. 2b and 3b. As seen in these
figures, peak IV exhibits a particularly broad structure with a
maximum in the range of 532.5-532.8 eV, which suggests water
cluster formation. Typically, a water monomer is not frequently
observed even at low temperatures.’”” At elevated pressures,
water diffusion on a surface facilitates clustering of neighboring
water molecules and formation of hydrogen bonds.®® Recent
DFT calculations have suggested that two H,O molecules can
interact with each other via hydrogen bonds, forming a bridge
between surface Ga and P atoms (Ga---OH,---OH,---P).%Z Such
a bridge enables the proton transfer process between H,O and
the P atom, because water molecules are bonded via hydrogen
interactions that weaken their O—H bonds, thereby leading to
the formation of a Ga—OH---OH,---H—P structure.?

Water dissociation: It has been reported that the calculated
energy barriers for water dissociation on various materials are

6 | J. Name., 2012, 00, 1-3

lower for clusters or packed monolayers of water compared to a
monomeric water molecule.* % For example, Munoz-Garcia
et al. reported a relatively low dissociation barrier of 40 meV
on a fully solvated GaP(110) surface (with a coverage > 4
monolayers), which is only slightly higher than the thermal
energy at RT (26 meV).?” The authors explained that at higher
H,O coverage (in our case higher H,O coverage is correlated to
higher H,O pressure), local hydrogen-bond networks can be
formed, and such an instantaneous solvent environment leads to
shorter intermolecular water distances that are necessary for

15

proton transfer.® A similar concept was reported by

Tatarkhanov et al. regarding two possible competing
interactions: between H,O and a metal surface and between
H,0 molecules.®® A low coverage facilitates the former case
and leads to the formation of H,0O---metal bonds, while an
elevated coverage facilitates the latter case, in which the
interaction between H,O molecules weakens O—H bonding in
H,O and, thus, decreases bond dissociation energy.ﬂ In other
words, a higher H,O pressure contributes to the formation of
larger hydrogen-bond networks and to the enhancement of
water dissociation yields, which is consistent with our
experimental data. We observe relatively higher yields of H,O
dissociation products (i.e., lower BE contributions) at elevated
pressures in comparison with the higher BE component (i.e.,
peak IV) that is associated with molecularly adsorbed water, as
shown in Fig. 2b. We have anticipated that coverage of the GaP
surface with molecular water will be enhanced due to an
increase in H,O pressures, thereby greatly increasing the higher
BE component of the O 1s spectra. However, as shown in Fig.
2b, the peak area of the lower BE components gradually
increases with respect to the higher BE component at elevated
pressures. Moreover, the maximum in the Ols spectra shifts
toward lower BEs in Fig. 2b. This maximum moves from 532.7
eV (UHV and 0.005 mbar) to 532 eV (0.05 mbar) and then
reaches 531.5 eV (0.5 mbar and 5 mbar). From such a dynamic
change, we can deduce that, first, H,O dissociates into O and
OH; then, the formation of oxide adsorbates increases upon
higher H,O pressures.
Importantly, after H,O is pumped away, the O 1s spectrum
(Fig. 3b, top) indicates a significant increase of photoelectron
signals corresponding to water dissociation products (peaks I, II
and III). These signals are suppressed by that from molecularly
adsorbed water during the in situ experiment. These spectra
strongly support our conclusion regarding the enhancement of
H,O dissociation at higher pressures.

During the H,O interaction with the surface atom M (where
M = Ga or P), the OH adsorbate (M—OH) can have two
configurations, bridging and atop,* due to the proton transfer
process to the neighboring oxides (M—O-M), as shown
schematically in Reaction (1):

M---OH, + M-O-M — M-OH (atop) + M-(OH)-M
(bridging) a

This journal is © The Royal Society of Chemistry 2012
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The atop and bridge OH can be easily converted to oxides by
losing one more H and releasing a gas-phase H, molecule to
vacuum (Reaction 2):%

M-(OH)-M + M-H — M-O-M + H, 2)

Moreover, OH recombination reactions, in which OH

adsorbates are converted to oxides assisted by water molecule

desorption, can occur even at RT (Reaction 3):%- 2

M-OH + M-OH — M-0O-M + H,0 A3
Admittedly, the water dissociation products can also recombine
to produce gas-phase water (Reaction 4),” or local proton
hopping can occur (Reaction 5):*

M---OH, + M — M-OH + M-H — M + M + H,0 7))

M---OH, + M-OH — M-OH + M---OH, 5)
The formed oxides (M—O-M) in Reactions 2 and 3 can induce
more water dissociation by accepting an H from a water
molecule following Reaction 1.* ® The oxygen-containing
products of one reaction, hydroxyls and oxides, can be reactants
of another dissociation reaction and thus promote further
dissociation.* ® Apart from a relatively high photoelectron
intensity of molecularly adsorbed water in our in situ study as
compared to earlier UHV studies,™* 3¢ which showed that water
molecules desorb at low temperatures (even below RT), we
observe an even stronger signal intensity from the products of
H,O dissociation. The 6:1 peak area ratio between the adsorbed
dissociation products and intact water molecules in the O 1s
spectra after H,O is pumped away indicates a high yield for
water dissociation on the GaP(111) surface. The changes in the
O 1s spectra clearly reflect the evolution of the water
dissociation process in the Ga 2ps/, spectra; a strong broadening
effect at the higher BE side for both the Ga 2p3), (Fig. 2a) and
the Ga 3d peak (Fig. S2b) at higher H,O pressures indicates the
oxidation and hydroxylation of surface Ga atoms. Because
these changes in the Ga 2p;/, spectra are more pronounced than
those in the Ga 3d spectra, we conclude that the oxidation and
hydroxylation mainly occur at the outmost atomic layers at RT,
since the Ga 2p spectra are more surface-sensitive compared to
the Ga 3d spectra.* %6

Simultaneously, a slightly broader and shifted P 2p peak at
elevated pressures can suggest the formation of P—H bonds.
Even though the XPS technique cannot pinpoint hydrogen-bond
formation, an H adsorbate resulting from H,O dissociation on
the GaP surface is supported by calculations.® & 13 16:22. 66 1¢ 5
estimated that the presence of P-H bonding can increase the
water adsorption energy by 0.23-0.35 eV at a coverage of one
monolayer.* A rigid interfacial water hydrogen-bond network
promotes local proton hopping and thus enhances H,O
dissociation. As has been shown in computational modeling,
the water dissociation products, OH and H, interact with Ga and
P atoms, forming Ga—OH and P-H bonds, respectively.?’
Similarly, our study of H,O interactions with the GaAs surface

This journal is © The Royal Society of Chemistry 2012
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exhibits peak broadening and shifts in the As (2p;,) spectra
attributed to As—H bond formation at elevated pressures.®®
However, the IMFP of photoelectrons from the As 2p level
(IMFP ~6.3 A) is much shorter than that of the P 2p level
(IMFP ~29 A).®Z Therefore, the As 2p spectra are more surface
sensitive than the P 2p spectra, while the P 2p spectra also
contain a contribution from the lower-laying layers. This
explains why the broadening effect in the P 2p spectra is not so
clearly pronounced in the present study than that observed for
GaAs.®®

More
temperatures compared to that of the present pressure-

dynamic chemistry 1is observed at elevated
dependent study. As mentioned above, in the temperature-
dependent study, two distinctive regions are observed in which
different From RT to 673 K, the

hydroxylation and oxidation of Ga atoms and the hydration of P

chemistry occurs.

atoms occur, along with a possible desorption of H, (to be
discussed later). Above 673 K, the oxidation of P atoms and
the deeper-layer hydroxylation of Ga atoms occur by
conversion of O—Ga—OH species via the intermediate Ga,O-
like species.

At temperatures below 673 K, fast
hydroxylation of Ga occur, as indicated by the largely
broadened and shifted peaks toward higher BEs in the Ga 2ps,
spectra, which are well-mirrored by changes in peak positions

oxidation and

and shapes in the O 1s spectra. Upon heating, the interactions
of H,O with GaP are not restricted to the surface region, as
demonstrated by the largely shifted Ga 3d spectra (Fig. S3b),
which also include chemical information from deeper atomic
layers. An increase in temperature facilitates H hopping at the
H,O/GaP interface and also leads to an enhanced yield of O—H
bond breakage in adsorbed water molecules. As shown in Fig.
3a, the surface Ga atoms are largely hydroxylated and oxidized,
with only a small contribution from Ga—-P bonds at 673 K.
Correspondingly, the lower BE portion of the O 1s spectra (Fig.
3b) exhibits two contributions that originate from intact water
molecules (higher BE contribution, peak IV) and from products
of water dissociation (lower BE contribution, peaks I, II, and
IIT). The lower BE contribution exhibits a significant increase,
indicating enhanced oxidation and hydroxylation of the
GaP(111) surface. No significant changes are observed in the P
2p spectra below 673 K, with the exception of slightly less
separated P 2p;, and P 2p,; peaks (Fig. le and S3c), which
may suggest the formation of P-H. Because an H atom has an
electronegativity higher than that of Ga, the attachment of H to
a P atom would result in a shift of P 2p peaks toward higher BE
and would overlap with P 2p peaks that originated from Ga—P
bonds. Additionally, a strong quenching of P 2p signals is
expected if the formation of dimer P—P and/or pure P—O phase
occurs due to their high volatility.®® Since the atomic ratio of
Ga:P remains at 7:5
experiment, it is assumed that Ga—P bonds are preserved. This

throughout the pressure-dependent

constant ratio also suggests that stoichiometric Ga oxides, such
as Ga,0 and Ga,0;, are unlikely to be formed under the present
experimental conditions. Moreover, the production of Ga,O and
Ga,0; would require oxygen diffusion into deeper layers of the
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GaP crystal lattice and splitting of Ga—P bonds at a large scale,
which is not observed in our photoelectron spectra. Therefore, a
mixture of Ga oxides and hydroxides is expected to be formed
at the H,O/GaP interface, as represented by the structure of O,—
Ga—(OH);,, which appear at a similar BE to that of
stoichiometric Ga hydroxides (Ga—(OH);) reported in previous
UHV studies.*=**

Upon heating above 673 K, oxidation of P atoms is
observed, which is evident from the peak appearance at a BE of
~ 134 eV in the P 2p spectra (Figs. le and S4). However, we
believe that most of the P atoms are still bonded to Ga atoms
within a crystal lattice rather than bonded to P or O atoms. As
obtained from computational modeling, the Ga—O—Ga structure
is more stable, by approximately 0.5 eV, than the Ga—O-P
structure.® > Therefore, P oxidation is a kinetically controlled
process at high temperatures at which large-scale oxidation is
initiated as a result of more reactive species generated on the
surface region. It is unlikely that the formation of P,Os occurs
in the pure phase, for which the BE was reported between 134-
136 V.44 38 [gtead, these oxides are most likely to be in the
form of O=P(Ga)-O-Ga than in the form of pure-phased P
oxides that are highly volatile.®® A certain kind of Ga and P
oxide/hydroxide network with the schematic formula of
Ga,P,O.(OH)4 (a, b, ¢, and d represent a ratio of different
elements and groups) may be formed at the H,O/GaP interface.
Such a Ga,P,O,(OH)y network-like structure may eventually
help to stabilize the newly formed P oxides/hydroxides. The
possible mechanisms of chemical processes at elevated
pressures and temperatures are presented in Fig. 5, with a
suggested configuration of the chemical environment of P
atoms.

GaP + H,0

H, VY

So—1
Ga— P
H H Y
v °H g pt \? H
my L1 T« I
Ga—0—Ga— P—Ga Ga—P
T1 RT-673K)
v
H H H H H H
\? 1]1 (If (If \(l) 0 (l)’ (]{
H T1 (above 673 K) H H
(}a—[()]—(iu— P—Ga—0—Ga f > Ga—lgl—(}u— u—lol—(}a—l()]—(;a

Fig. 5 Possible mechanisms of water dissociation onto the GaP(111)
surface under elevated pressures and temperatures. Note: an H atom can
easily diffuse on the surface; therefore, [H] represents the formation of
Ga-O-Ga or Ga-O(H)-Ga bridges.

Interestingly, the dynamic conversion of surface species that
were previously formed at elevated pressures in the lower
temperature region into large-scale Ga hydroxides, along with
the oxidation of surface P atoms, is observed above 673 K and
was not predicted by previous calculations. A relatively high
temperature (=773 K) provides sufficient energy to overcome

certain  activation barriers and eventually facilitates
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transformation of O—Ga—OH and Ga oxides to Ga hydroxides
accompanied by P oxidation. The evolution of Ga 2p3/, spectra
(Fig. 3a) indicates a signal decrease for O—Ga—OH species
along with a signal increase for Ga,O-like and O,—Ga—(OH);_,
species. This suggests that O—Ga—OH acts as a precursor for
other species formed at temperatures above 673 K. After O—
Ga—OH species are mainly converted into Ga,O-like species at
the boundary of two temperature regions, the newly formed
Ga,0-like species are relatively unstable and are converted to
0,—Ga—(OH)s.,, which is particularly clearly seen at the
elevated pressure of 0.5 mbar (Fig. 3). Moreover, the peak area
ratios of O,—Ga—(OH),_, and Ga,O-like species change within
four hours of exposure to an H,O pressure of 0.1 mbar and at
773 K, as displayed in Fig. 4. Such a time-dependent study
indicates that prolonged heating at a fixed pressure and
temperature causes vigorous changes in the surface chemistry

until an equilibrium is reached.

Finally, it is predicted by several calculations that gas-phase
molecular hydrogen can be released from the H,O/GaP
interface (e.g., Reaction 2).* & !> However, H, is not observed
in the present study within the experimental design and
detection limit. There is a possibility that H, abundance is
insufficient to be detected by a mass spectrometer (MS)
attached to the chamber, which is separated from the reaction
cell by another chamber coupled to the differentially pumped
system of the HEA.2® Similarly, no H, detection was reported in
our previous study on H,O dissociative adsorption onto the
GaAs(100) surface.®® On the other hand, the large-scale
formation of Ga hydroxides or Ga,P,O.(OH)y networks could
prevent H, formation. As suggested by Wood et al., a rigid
structure of the hydrogen-bond network is formed at the
H,0/GaP interface, and long-range proton hopping is
kinetically limited.* Consequently, such a confined region,
where H,O dissociation is initiated and H, is formed, becomes
a catalytic site for water splitting or a nucleation site for photo-
corrosion reactions.

Conclusions

We monitored the chemical evolution of H,O dissociation on
the GaP(111) surface using NAP XPS. Our results suggest that
H,0 dissociative adsorption and the subsequent hydroxylation
and oxidation of the surface Ga and P atoms occur at large
scales at elevated H,O pressures and temperatures. This
observation is in good agreement with theoretical calculations
of H,O interaction with the GaP surface, which showed that at
higher H,O coverage Ga (and P), hydroxylation and oxidation
are greatly amplified due to the formation of hydrogen-bond
networks with stronger intermolecular interactions that lower
the water dissociation barrier. & 13 2 32 The formation of Ga
hydroxide species and P oxides at elevated temperatures
facilitates the formation of Ga,P,O,(OH)y network-like
structures comprising preserved Ga—P bonds in addition to the
formation of O-based compounds involving both elements.
Furthermore, such a highly oxidized GaP surface can
provide evidence for the photo-corrosion process of GaP-based
PEC solar cells. As reported earlier, an M-O-M (where M
represents Ga or P) bridge can create a trap for hole carriers due
to the lattice strain or chemical environment of the M atoms,

This journal is © The Royal Society of Chemistry 2012
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and such a trapped hole may contribute to the observed photo-
corrosion of GaP/InP-based electrodes in PEC cells.* 13 24 913
Therefore, our research can greatly contribute to establishing an
atomistic understanding of the generation and roles of surface
oxygen species to improve the designs of PEC devices that can
resist or reduce corrosion processes while maintaining efficient
electron transfer. Since proton transfer can passivate surface
dangling bonds and “self-protect” the material surface,* limited
proton transfer could be another process that leads to photo-
corrosion of GaP-based electrodes. Currently, a cell with a
monolithic GalnP,/GaAs absorber results in a 12.4% solar-to-
hydrogen efficiency, which is the highest efficiency achieved
for PEC water splitting.> 7 7> The use of GaP in earlier PEC
devices showed limitations

such as corrosion and low

efficiency for electron extraction due to the formation of an

oxide layer.> 2

The formation of oxide layers is consistent with
our present study. However, functionalized InP can overcome
these limitations through the formation of a mixture of oxides
and phosphates on the surface that are thermodynamically
stable and exhibit good dielectric properties.> >> ’® Therefore, it
would be interesting to determine the role of Ga and In in a
GalnP,-based PEC device in terms of their chemical behavior
at the H,O/semiconductor interface. A further study will be
performed in our laboratory to understand H,O interactions

with such modified surfaces at the atomic level.
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Graphical abstract: Chemical evolution bridging
UHV and near-realistic conditions at the
H,O/GaP interface.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11



