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Abstract. We perform extensive density-functional theory total-energy calculations and
ab initio molecular-dynamics simulations to evaluate the structure, stability, and reactivity
of oxygen- and hydroxyl-decorated InP(001) surfaces for photoelectrochemical water cleavage.
Surface oxygen is adsorbed in one of two primary local bond topologies: In–O–P and In–O–In.
We show that the chemical activity of the oxygen-decorated surface toward water dissociation
can be connected to the local oxygen bond topology, with In–O–In bridges promoting spon-
taneous water dissociation. Surface hydroxyl groups tend to form either In–OH–In bridges,
though the second of the two In–OH bonds is easily broken. Dynamics simulations of the full
water–semiconductor interface show surface proton transfer when the surface is hydroxylated,
facilitated by strong hydrogen bonding between atop OH groups and with interfacial water
molecules. Implications for understanding the reaction dynamics at InP(001)–water interfaces
are discussed. C© 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3625563]
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1 Introduction

Development of efficient, environmentally responsible processes for the production of chemical
fuel using sunlight has been identified by the U.S. Department of Energy as a strategic goal
for a secure and sustainable energy future.1 Semiconductor-based photoelectrochemical (PEC)
hydrogen production from water is particularly attractive, thanks to a simple device design and
the promise of efficient photon harvesting.2–4 Nevertheless, practical implementations of PEC
devices have been limited, in part, because the relevant chemical processes at the electrode–water
interface are poorly understood.

A schematic illustration of a p-type semiconductor-based PEC cell is given in Fig. 1. In
this model, the semiconductor serves a dual function as a photon harvester and catalytic sur-
face for hydrogen evolution from water.1,3 For maximum effectiveness, a PEC semiconductor
photocatalyst should have a bandgap that is optimized to the solar spectrum, with valence-and
conduction-band edges that closely match the redox potentials of water, which may themselves
be modulated by electrolytes or surface states. Recognizing this, past efforts have concentrated
on engineering the bandgap and level alignment to the redox potential of water. However, high
solar-to-fuel conversion efficiency has generally come at the expense of short device lifetime
due to fast degradation of the electrode.5–8

It has been suggested that oxygen, which is present in high concentrations as a contami-
nant on (001) surfaces of III-V semiconductors, may play a significant role in both the surface

1947-7988/2011/$25.00 C© 2011 SPIE

Journal of Photonics for Energy 016002-1 Vol. 1, 2011

mailto: wood37@llnl.gov
http://dx.doi.org/10.1117/1.3625563


Wood, Ogitsu, and Schwegler: Ab initio modeling of water–semiconductor interfaces...

Fig. 1 Schematic of a simple PEC device based on a p-type photocathode. Photoexcitation
occurs in the semiconductor photocathode, which is immersed with a counter-electrode in an
open-circuit configuration in a water-based liquid electrolyte. The valence and conduction band
edges, which sandwich the redox potentials of water, bend near the interface to facilitate electron-
hole separation. Catalytic evolution of hydrogen occurs at the semiconductor–water interface.

photocorrosion and the photocatalytic water-splitting reactions.8–11 Given the apparent connec-
tion between high catalytic activity and the potential for surface degradation in III-V systems,
evaluating this potential role of oxygen represents a high priority for developing a complete un-
derstanding of PEC device shortcomings under real-world operating conditions. Nevertheless,
although the water–InP(001) interface has been investigated theoretically12 the role of surface
oxygen has not been explored in detail.

Here we use a combination of ab initio molecular dynamics simulations and total-energy
calculations based on density functional theory (DFT) to understand the chemistry of a model
electrode/electrolyte interface consisting of oxygen- and hydroxyl-rich InP(001) surfaces and
water. The choice of InP(001) is motivated by its known water-splitting activity (although its
band gap of 1.35 eV is slightly too small for use in a practical PEC device).13 Our results are
used to explore the effect of oxide and hydroxide surface morphologies on surface stability
and reactivity, and to evaluate the specific role of interfacial water and surface dynamics in the
relevant chemical processes.

2 Methods

Results are based on density functional theory within the plane-wave pseudopotential formal-
ism, as calculated using the Quantum-ESPRESSO code.14 The Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional was used.15 Ultrasoft pseudopotentials16 were used for all el-
ements, and semicore d states were included in the electronic valence description for indium.
For the total-energy ionic relaxation calculations, five-layer InP(001) slabs were used to ensure
both exposed surfaces were Inrich, thereby minimizing spurious interactions between periodic
slab images. The bottom two layers were fixed to the bulk geometry, with all remaining atoms
free to move. A vacuum separation of 12 Å was inserted between periodic slab images.

Molecular-dynamics results were obtained within the Car–Parrinello framework,17 using
D2O in lieu of H2O to permit larger time steps. The fictitious electronic mass was chosen as
700 a.u., using a time step of 12 a.u. All simulations were run within the canonical NVT ensemble,
with temperatures maintained using Nose–Hoover chains.18 Simulations were run at 400 K in
order to properly reproduce the structural properties of liquid water.19 A weak thermostat was
also added to the electronic degrees of freedom in order to maintain separation from the ionic
degrees of freedom over long simulation trajectories.

For simulations of the full semiconductor–water surface, seven semiconductor layers were
included in a surface slab configuration, with 16 atoms per layer (112 semiconductor atoms,
excluding the surface oxygen/hydroxyl atoms). All exposed surfaces were indium-rich InP(001).
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In-plane axes were aligned along the [110] and [1̄10] crystallographic directions. A total of 142
water molecules were inserted between periodic slab images, filling an intermediate region of
16.5 Å wide (the density was chosen to match the experimental density of liquid water). To
generate the initial configuration for the interface, we first ran classical simulations for bulk
water using the TIP4P potential. The water molecules were then inserted into the full model
structure, and the system was equilibrated for 1 ps with the surface degrees of freedom kept
frozen. Another 3 ps of equilibration was then performed with all degrees of freedom active
before the production runs, which were 15 ps each.

3 Structure of Oxygen-Rich Indium Phosphide (001)

Our purpose lies in evaluating the effect of surface oxygen on the structure and stability of
InP(001); however, the exact structure of oxygen-rich InP(001) surfaces has been difficult to
determine.7,20–24 We have therefore extracted low-energy candidate configurations by adsorbing
atomic oxygen on high-symmetry sites of an initially unreconstructed In-rich InP(001) surface
slab, then allowing the atoms to relax into their local-minimum configuration. Atop, hollow, and
both bridge sites were tested in the high coverage (1.0 ML) limit, with four surface adsorbate
atoms decorating a (2 × 2) supercell (see Fig. 2 for schematic of initial adsorption sites). Site
symmetry was broken by displacing the four oxygen atoms off their ideal sites in symmetric
and antisymmetric patterned configurations.

This procedure exposed seven total morphologies, which are shown in Fig. 3. The corre-
sponding formation energies are given in Table 1 with respect to two reference configurations.
The first is with respect to molecular O2, whereas the second is with respect to H2O and H2.
For the InP(001) reference phase, we used the δ(2 × 4) mixed-dimer reconstruction, which is
the most commonly observed In-rich reconstruction in vacuum.25,26 It is worth emphasizing that
the symmetry sites listed in Table 1 represent initial oxygen adsorption sites, which may not
necessarily resemble the final configurations in Fig. 3. To avoid further confusion, we index
the morphologies in Table 1 with a letter corresponding to the initial adsorption site (A = atop,
X = bridge x, Y = bridge y, H = hollow) and a numerical index to distinguish the different
configurations for the A and H symmetry sites.

All tested configurations show that incorporation of oxygen is thermodynamically favored
with respect to the clean surface in the presence of gaseous O2, in agreement with experimental
observations of high surface oxygen contamination under atmospheric conditions.8,9,11,27 When
taken with respect to water, however, incorporation is endothermic.

It is immediately evident from Fig. 3 that oxygen incorporation is characterized by two
primary topological motifs: In–O–In and In–O–P. Because our (001) surface layer is heavily
In-rich, the In–O–In configuration corresponds to surface oxygen, whereas the In–O–P config-
uration corresponds to subsurface oxygen that bridges two layers. The relative concentrations
of In–O–In and In–O–P motifs are listed alongside the formation energies in Table 1. In some

Fig. 2 High-symmetry sites for initial adsorption on unreconstructed InP(001). Indium atoms
(large, dark circles) form the surface layer, with phosphorous atoms (small, light circles) in the
subsurface layer (Online color scheme: In = green, P = gold).
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Fig. 3 Relaxed structures for the oxygen-rich surfaces listed in Table 1. Views are along the [1̄10]
crystallographic direction. Large spheres are In atoms; smaller light and dark spheres are P and
O atoms, respectively. (Online color scheme: In = green, P = gold, O = red).

of the structures (X, in particular), the oxygen pushes the indium to which it is bonded far out of
the indium plane.

The X configuration is the most stable of those we tested, whereas Y is the least stable by
∼1 eV. Although this may point to a strong preference of the In–O–P bridge over the In–O–
In bridge, this conclusion is tenuous, given that the three A configurations also contain large
fractions of In–O–In bonds but, nevertheless, have relatively low formation energies. Closer
examination reveals that Y has an unusually large bending strain induced in the In–O–In bond,
which is a consequence of forced simultaneous occupation of neighboring bridge sites due to
high oxygen coverage. This is expressed in the In–O–In bond angle, which is 157 deg for Y but
100–115 deg for all other topologies. We confirmed this by calculating the Y configuration with
every other bridge site left vacant (0.5 ML coverage), which decreased the In–O–In bond angle
to 113◦ deg and brought the formation energy per oxygen down to −2.70 and +0.66 eV with
respect to the O2 and H2/H2O references, respectively. These values make Y competitive with
the other configurations listed in Table 1.

Although our results do not represent an exhaustive configurational search, they suggest that
any real oxide should consist of In–O–In and In–O–P local bridge morphologies. Indeed, exper-
imental studies of surface oxides on InP(001) have confirmed this to be the case,23 validating
our models.

Table 1 Energies of relaxed oxygen-rich surface structures (electron volts per oxygen) relative
to the reference state (see text for details). Symmetry site for initial oxygen placement is also
listed, along with the final location of the oxygen with respect to the top indium layer (surface or
subsurface) and the oxygen bond topology (In–O–In bridging versus In–O–P bridging). Compare
to Fig. 3.

Initial Energy Energy Percent In–O–In Percent In–O–P Notation
site (O2 ref.) (H2/H2O ref.) (%) (%) in text

Atop −2.47 +0.89 50 50 A1
Atop −2.51 +0.85 75 25 A2
Atop −2.56 +0.80 75 25 A3
Bridge x −3.02 +0.34 0 100 X
Bridge y −1.97 +1.39 100 0 Y
Hollow −2.55 +0.81 0 100 H1
Hollow −2.70 +0.66 0 100 H2
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Fig. 4 Relaxed structure of a single gas-phase water molecule adsorbed on three different
oxygen-rich InP(001) surface structures. For the X configuration (a), which features exclusively
In–O–P bond topologies, the water molecule remains intact. For the Y configuration (b), which
features exclusively In–O–In bond topologies, water dissociation occurs, resulting in local surface
hydroxylation. For the A1 configuration (c, d), which features both In–O–In and half In–O–P
topologies, water dissociation does not occur if adsorption happens near the In–O–P bond (c),
but does occur if adsorption happens near the In–O–In bond (d). Labeling of atomic species
follows Fig. 3, with H atoms shown in white.

To test whether surface oxygen affects reactivity for water dissociation, single water
molecules were adsorbed near the oxygen sites on the morphologies in Table 1. In each case,
oxygen bond topology proves an excellent predictor of gas-phase dissociative adsorption of
water: oxygen sites in In–O–P bonds bind water weakly and do not encourage dissociation,
whereas sites in In–O–In bonds promote barrierless spontaneous dissociative adsorption. For
morphologies containing both types of oxygen bonds, reactivity depends on the specific ad-
sorption site. To illustrate this point, the relaxed configurations for water adsorption on three
representative oxygen-rich surfaces (X, Y, A1) are shown in Fig. 4. For the reactive In–O–In
topologies, adsorption of water results in cleavage of one of the O–H bonds. The lone hydrogen
attaches to one of the surface In–O–In bridging oxygens, whereas the remaining OH moiety
attaches to a nearby In atom [Fig. 4(b) and 4(c)]. The result is local surface hydroxylation,
suggesting a thermodynamic preference of the system towards hydroxide formation.

4 Structure of Hydroxyl-Rich of Indium Phosphide (001)

In order to investigate the surface structures for hydroxyl-decorated InP(001), we repeated the
procedure of placing OH in high-symmetry sites to obtain the relaxed local-minimum structure.
In contrast to the rich array of oxygen-decorated surfaces in Table 1, only three unique relaxed
configurations were found for OH coverage (bridge y, hollow, and atop). These are shown
in Fig. 5. The corresponding energies are listed in Table 2, calculated with respect to the
same two references as before: first, O2/H2; and second, H2/H2O. Again, we used the δ(2 × 4)

Fig. 5 Relaxed structures for the hydroxylated surfaces listed in Table 2. Views are along the
[1̄10] crystallographic direction. Labeling of atomic species follows Fig. 3, with H atoms shown in
white.
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Table 2 Energies of relaxed hydroxylated surface structures (electron volts per OH) relative to
the reference state (see text for details). Compare to Fig. 5.

Initial Energy Energy Notation
site (H2/O2 ref.) (H2/H2O ref.) in text

Atop −3.63 −0.27 A
Bridge y −3.69 −0.33 Y
Hollow −3.63 −0.27 H

reconstruction as the reference configuration for InP(001). We adopt the same notation as for the
oxygen-rich surfaces, where A=atop, Y=bridge y, and H=hollow indicate the initial hydroxyl
adsorption sites.

The three structures in Fig. 5 are very similar, each featuring bridge y-derived In–OH–In
motifs with variations on the bonding of the remaining OH groups. Notably, unlike the oxygen-
decorated case, there are no stable structures featuring an O–P bond. Nevertheless, three distinct
local bond configurations for the OH group can be derived from the structures we found. The
first, represented in all three structures, is an In–OH–In bridge oriented along [1̄10] (ŷ). The
second, found in one-quarter of the OH groups for the H configuration, is an In–OH–In bridge
oriented along [110] (x̂). The third, found in half of the OH groups for the A configuration,
is a local hydrogen-bond bridge structure oriented along [1̄10] (ŷ), featuring paired atop-site
dangling OH groups, one of which acts as a hydrogen-bond donor for the other. Each of these
three local bond types is similar in strength, as reflected in the near degeneracy of the energies
in Table 2. The strength of one of the In–OH bonds in an In–OH–In complex must therefore be
competitive with the OH· · ·OH hydrogen bond found in A. This implies that immersion in liquid
water could facilitate interconversion between the structures in Fig. 5, because the interfacial
water should act as a surface hydrogen-bond donor with an energy that competes with In–OH
secondary bond formation.

Unlike the oxygen-rich surfaces, Table 2 shows that hydroxylation formation is thermody-
namically favored both with respect to the molecular H2/O2 reference and the H2O/H2 reference.
This means hydroxylation should be favored in solution as well as under atmospheric condi-
tions. The relative stability of the values in Table 2 over those in Table 1 also confirms the
thermodynamic driving force for the dissociation of water on the reactive oxygen-decorated
surfaces.

5 Molecular Dynamics

Although zero-temperature interactions of III-V semiconductor surfaces with gas-phase water
molecules can illustrate some of the local mechanisms that operate at the water–semiconductor
interface, the complex dynamics of the surface morphology casts doubt on the transferability
of these results to more realistic operating conditions. Accordingly, we have supplemented
our zero-temperature results with ab initio molecular-dynamics simulations of the full water–
semiconductor interface.

We have run three dynamics simulations using model configurations derived from our zero-
temperature study. For the oxygen-rich surface, we isolated the In–O–In and In–O–P oxygen
bond topologies and examined them in two separate simulations using the X configuration
(exclusively In–O–P bonds) and the Y configuration (exclusively In–O–In bonds). For the
hydroxylated surface, we ran only one simulation based on the Y configuration, recognizing that
the shallow free-energy surface should mean realization of the other morphologies in the course
of the dynamics.

5.1 Oxygen-Rich Surface

Consistent with our zero-temperature study, the In–O–In bond topology (Y) demonstrated much
higher reactivity than the In–O–P topology (X), with spontaneous water dissociation events
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Fig. 6 Profile of frequency of O–H bond cleavage in water versus location, as projected along
the Cartesian axes (x and y correspond to the [110] and [1̄10] crystal axes, respectively). Data
are for InP(001) with the oxygen-rich Y surface (see Fig. 3). Peaks are normalized against the
total number of water-splitting events. The solid surface layer begins at z = +25 Å.

occurring frequently in the former case but not at all in the latter. Figure 6 provides a spatial
map of the relative statistical likelihood of water cleavage for the Y configuration, projected
along the [110] (x̂), [1̄10] (ŷ), and [001] (ẑ) directions. The periodicity of the underlying lattice
is clearly visible, and it is easy to see that the reaction takes place near the interface. Along ẑ,
two strong peaks are discernible, representing the first and second interfacial water layers. Both
are involved in water splitting, although the first surface layer (where the oxygen is adsorbed)
is dominant. A small third peak is also present, but its contribution is weak. The existence of
non-negligible water-splitting activity as far as 4–5 Å from the actual surface reflects of the
medium-range order of liquid water and suggests a dynamical correlation with molecules closer
to the interface.

The mechanism of dissociative water adsorption on the reactive oxygen-rich Y surface, as
determined in the molecular-dynamics simulations, is depicted in Figs. 7(a)–7(d). The reaction

Fig. 7 Mechanism of water dissociation on the oxygen-rich Y configuration of InP(001). O1 and
O2 refer to the oxygen atoms originally associated with the water molecule and the surface,
respectively. (a, b) O1 binds to indium, and a hydrogen bond is formed with O2. (c) The water
molecule transfers a hydrogen across the O1–H· · ·O2 complex. (d) The In–O2 bond breaks. (e,
f) Optionally, O2 is pulled below the surface to form a bond with P. Labeling of atomic species
follows Fig. 3, with H atoms in white.
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begins with the adsorption of a water molecule on a surface indium site to form a bond between
the water oxygen (O1) and the indium. The water molecule is initially oriented such that one
of the O1–H bonds lies generally parallel to the surface, with the other pointing upward into
the solution. The parallel-lying O1–H bond is thereby free to engage in hydrogen bonding with
one of the surface oxygens (O2). The subsequent cleavage occurs via proton transfer across the
O1–H· · ·O2 complex, such that the covalent and hydrogen bonds are exchanged. The result is
the hydroxylation of two neighboring indium atoms, the first of which (the one to which the
water O1 was originally bound) forms an atop hydroxyl, and the second of which forms either
an In–OH atop or In–OH–In bridge hydroxyl.

For most water cleavage events, the reaction culminates in two surface hydroxyl groups
(O1–H and O2–H), as in Fig. 7(d). However, there are also instances in which O2 binds to a
second-layer phosphorous and is pulled into the subsurface. This phenomenon is depicted in
Figs. 7(e) and 7(f). The exact consequences of such hydroxyl incorporation are unclear, although
further deprotonation would lead to surface passivation, since the In–O–P configuration is inert
to water splitting.

In summary, we observe a competition among three possibilities for the water-splitting
by-product hydroxyl groups: first, formation of a In–OH–In bridge; second, formation of an
atop OH; and third, incorporation of the OH below the InP(001) surface, where it forms a
bridge between In and P. It is worthwhile investigating which local chemical environments
preferentially bias the system toward one of the three. Qualitatively, we can conclude that the
final configurations of the hydroxyl groups is a function of the local chemical environment,
which consists of two primary factors: the number and strength of the hydrogen bonds formed
with neighboring water molecules and the occupancy of nearby oxygen bridge sites.

To be pulled into the subsurface, the product oxygen must not be engaged in significant
hydrogen bonding. On the other hand, to be converted into the atop hydroxyl configuration,
a product oxygen must be engaged in very strong hydrogen bonding. The surface In–OH–In
bridge configuration lies intermediate between the two. However, the preexistence of a In–O–In
or In–OH–In bridge structure next to the active site precludes formation of another bridge. This
has the effect of pushing the system toward one of the other two possibilities. In addition, atop
In–OH configurations tend to form on a host In atom that is bound to one other oxygen in a
bridge In–O–In topology. This likely alleviates some of the strain induced by coexistence of
neighboring oxygen bridges, as discussed above.

5.2 Hydroxyl-Rich Surface

Although we start the simulation with all hydroxyl groups in the Y configuration (see
Fig. 5), a number of these convert to the atop configuration within the first few picoseconds,
consistent with the zero-temperature predictions of facile exchange between the two. Following
equilibration, the system adopts a dominant but fluctuating pattern of local hydroxyl topologies.
This pattern is characterized by preferential breaking of In–OH bonds so as to have an In atom
simultaneously bound to only one atop and one bridge OH group. This often results in atop OH
groups attached to two neighboring In atoms, which allows one to act as a hydrogen-bond donor
for the other, as in the A hydroxyl configuration of Fig. 5. The hydrogen bonding serves to
stabilize this construction, as does the dissipation of strain energy associated with simultaneous
occupation of neighboring In–OH–In bridges, in which degrees of freedom are restricted and a
fixed In–In distance is forced.

The hydroxyl-decorated surface shows high affinity for water adsorption. Water molecules
are adsorbed exclusively on indium sites, as for the oxygen-decorated surface. In addition,
water preferentially adsorbs on indium atoms that are bound to a single oxygen rather than to
two oxygens, because this leaves an available binding site. Notably, this undercoordination of
indium atoms is connected to conversion of a In–OH–In bridge to an In–OH atop hydroxyl
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Fig. 8 Proton transfer across a Grotthuss chain involving an adsorbed water molecule, a water
molecule in solution, and an atop OH group. Frames are taken from a molecular-dynamics
simulation of the hydroxylated Y configuration of InP(001). The color scheme follows Fig. 4.

configuration. In this way, the local bond topology of hydroxyl-rich surface regions impacts the
strength of the interfacial interaction with the first water layer.

We have discussed the hydrogen-bond donor-acceptor pair structure of neighboring surface-
adsorbed atop OH groups. An adsorbed water molecule next to an atop OH group can also act
as a hydrogen-bond donor, forming a similarly stable complex. In this case, the hydrogen is
shared equally between the water molecule donor and the OH acceptor, forming a HO· · ·H· · ·OH
complex in which each oxygen is bound to a surface indium atom. In this case, the O–H bond
distance for the shared hydrogen is 1.21 Å, compared to 0.98 Å for an ordinary O–H bond.

Alternatively, the hydrogen-bonded H2O· · ·OH complex may involve a second water
molecule in the first solution layer. This forms a three-member network chain that echoes
the hexagonal symmetry of the underlying lattice. Here, the hydrogens are not shared equally,
but the barrier for Grotthuss-type proton transfer across the chain to the adsorbed OH group
is lowered. This mechanism for proton exchange, shown in Fig. 8, is commonly observed in
the dynamics simulation. Notably, a very similar structure to that of Fig. 8(a) has also ap-
peared in calculations of water on TiO2,28 suggesting a link between oxygen-rich InP(001) and
conventional oxide surfaces.

6 Summary and Conclusions

In summary, we have performed extensive total-energy calculations and ab initio molecular-
dynamics simulations of water interactions with oxygen- and hydroxyl-decorated surfaces of
the model semiconductor InP(001). Whereas several unique oxygen-rich surface structures are
identified, fewer hydroxyl-rich configurations are found. The oxygen- and hydroxyl-decorated
surfaces can be characterized by the dominant local oxygen bond topology.

For the oxygen-decorated surfaces, the oxygen prefers either to bridge two surface indium
atoms along the [1̄10] (ŷ) crystallographic direction, or else it bridges a surface indium and
subsurface phosphorous. Our ab initio molecular-dynamics and total-energy calculations suggest
that the In–O–In structure encourages spontaneous dissociation of water at the interface, whereas
the In–O–P structure is inactive toward dissociation of water molecules. Additional surface
oxygen configurations can be characterized in terms of these two prototypical cases, with
dissociative adsorption of water occurring near sites with In–O–In bond topologies and not
occurring near sites with In–O–P topologies.

For the hydroxyl-decorated surfaces, the OH group is found either to bridge two surface
indium atoms or to bind atop a single indium atom. In the latter case, the dangling OH is
likely to be stabilized by a donor-acceptor pair hydrogen bond with a neighboring atop OH or a
water molecule in solution. Dynamics on the hydroxylated surfaces demonstrate interconversion
between the In–OH–In bridge configuration and the In–OH atop configuration, with indium
atoms preferring to bind to one atop OH and one bridge OH simultaneously. Expression of the
atop OH configuration enables binding of additional interfacial water, because it occupies only
one of the indium binding sites.
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Local hydrogen bonding, both between adsorbed surface groups and with the solution, is
found to be important in understanding the surface dynamics and reactivity. For the O-decorated
surface, hydrogen-bond formation is an important first step in the water splitting reaction. For the
OH-decorated surface, hydrogen bonding facilitates rapid surface proton transfer from adsorbed
water molecules across Grotthuss network chains. Because the specific hydrogen-bond network
topology near the surface fluctuates thermally, our simulations underscore the importance of
finite-temperature dynamics in gaining a complete understanding of reactions at the interface.
Taken together, our results suggest that oxygen contaminants play an active role in stabilizing
transition states and driving dissociative adsorption of water in contact with III-V semiconductor
surfaces. In addition, the facile proton transfer within hydrogen-bonded complexes suggests the
possibility that proton dynamics may be relevant to the mechanics of hydrogen evolution at the
interface.
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