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Surface and Interface Models

Mixed-dimer δ(2×4)(001) and (001) surfaces in ultra-high vacuum conditions were modeled

using slabs of nine layers in supercells with a vacuum thickness of 20 Å between periodic im-
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ages. Structural optimization were carried out using DFT with the PBE exchange-correlation

functional. We used ultrasoft pseudopotentials with semicore d states included in the valence

descriptions for In and Ga. Kinetic energy cutoffs of 30 and 300 Ry were applied for the plane

wave expansion of the wave functions and charge density, respectively. We used theoretical

lattice constants of 5.5 Å and 5.97 Å for GaP and InP surface models, respectively.

Models of δ(2×4)(001) and hydroxylated interfaces with water were generated using

seven semiconductor layers oriented along (001). A (4×4) supercell with cell axes aligned

along [110] and [11̄0] was used, with top and bottom layers identically terminated. The

InP(001)/water and GaP(001)/water interfacial models were used as inputs in Car-Parrinello

molecular dynamics simulations, which were carried out within the canonical NVT ensemble

using the Quantum-ESPRESSO code.1 The simulations were carried out at 400 K, since the

elevated temperature has been shown to be necessary to reproduce the structural properties

of ambient liquid water.2–4 A fictitious electronic mass of 700 a.u. and a time step of

12 a.u. were used, and deuterium was substituted for hydrogen to permit the larger values.

Configurations employed for electronic structure calculations were extracted from production

runs of about 20 ps, after equilibration runs of 3.5 ps.

Band Edge Calculations

Absolute band positions of GaP and InP surfaces in vacuum (Evac.
VBM/CBM) were calculated

using the scheme outlined Refs. 5,6. Specifically, DFT band edges (EDFT
VBM/CBM) with respect

to the average electrostatic potential of bulk photoelectrodes were evaluated, and the GW

corrections (∆EGW
VBM/CBM) to the Kohn-Sham (KS) eigenvalues of the bulk systems were

subsequently taken into account in order to overcome possible band gap errors in DFT. Band

positions were then aligned with the vacuum level using the relative electrostatic potential

(∆V ) between the bulk materials and vacuum, which was computed with DFT, using surface

models with a specific orientation and morphology. Band edge positions relative to vacuum
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were derived as:

Evac.
VBM/CBM = EDFT

VBM/CBM +∆EGW
VBM/CBM +∆V. (1)

Here, many-body GW corrections were calculated using the G0W0 approach based on the

spectral decomposition of the dielectric matrix,7–9 as implemented in the WEST code.10

This approach does not require the calculation of the empty electronic states and allows

for controlled convergence of quasiparticle energies. All G0W0 calculations were carried out

using the DFT wavefunctions obtained with the PBE functional. The G0W0 calculations for

bulk systems were performed using 64-atom GaP and InP cubic supercells, and we sampled

the Brillouin zone using the Γ point. We used 2000 dielectric eigenpotentials for the G0W0

calculations, and we verified that the quasiparticle energies were converged to within 0.04 eV.

Results for the In(Ga)P(001) and (110) surfaces in ultra-high vacuum conditions are reported

in Table S1, together with experimental data.

The Evac.
VBM/CBM computed from Eq. 1 correspond to the minus of the ionization potential

(IP) and electron affinity (EA) of a semiconductor measured in photoemission experiments.

On the other hand, band edges of photoelectrodes in liquid water (Ewat.
VBM/CBM) are obtained

from electrochemical experiments, and the difference between Ewat.
VBM/CBM and Evac.

VBM/CBM

represents the collective effects of water on the semiconductor surface.11–13 In particular,

band edges of photoelectrodes in aqueous environments are often determined experimentally

by measuring the flat band potential Efb, where no space-charge layer and band bending exist

in the photoelectrode. Under this condition, the Fermi level (EFermi) of the photoelectrode

is equal to the flat band potential. This determined Fermi level can be used to approximate

the CBM (VBM) of n-type (p-type) photoelectrodes.14 In practice, determination of the

flat band potential involves measurements of the capacity of the semiconductor-electrolyte

junction (C) as a function of applied voltage potential. A plot of 1/C2 against the applied

voltage gives a straight line and this is extrapolated to zero to derive the flat band potential
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Efb.
14 For GaP(001) and InP(001) surfaces, it has been demonstrated that the variation in the

band edge positions with the pH follows the Nernst equation, with a shift of approximately

0.058 eV per pH.15,16 The experimental band edges of GaP(001) and InP(001) in the pH range

of 0–14 reported in Table S2 were deduced from the Nernst equation based on values obtained

at pH=7 and pH=14, as described in Ref. 17. We note that these band edges were measured

with respect to the saturated calomel electrode (SCE) potential, and can be conveniently

converted to the standard hydrogen electrode (SHE) and absolute electrode potentials by

using the relations ESHE
VBM/CBM=ESCE

VBM/CBM + 0.24 (eV) and Eabs.
VBM/CBM = −(ESCE

VBM/CBM +

0.24 + 4.44) (eV), respectively.18 Here, ESHE
VBM/CBM, E

SCE
VBM/CBM and Eabs.

VBM/CBM are band edge

positions on the SHE, SCE and absolute electrode scales, respectively.

In this work, photoelectrode band edges in liquid water were computed using the scheme

introduced in Ref. 6. In particular, electrode band edges were aligned with those of liquid

water using the interfacial models; since the water bands are known,19 band edges of hydrated

photoelectrodes relative to vacuum can be eventually obtained. Similar to calculations for

surfaces in vacuum, many-body corrections to the band positions are included at the G0W0

level of theory. Since the approach is directly applied to the interfacial models, it allows

for the evaluation of water effects on semiconductor surfaces. Band edges computed for the

mixed-dimer and hydroxylated GaP and InP surfaces in liquid water are also reported in

Table S2 together with experimental data.

XPS Measurements and Calculations

Natively n-type GaP and InP were used in our experiments, without dopants added dur-

ing the crystal growth process. The InP(001) and GaP(001) crystals were cleaned in the

preparation chamber following the method reported in Refs. 20 and 21, respectively. Surface

structures were then characterized by low-energy electron diffraction (LEED); LEED images

of the surfaces after cleaning (Figure S1) show similar patterns with previous studies,22 and
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indicate the formation of reconstructed δ(2×4) surfaces.

All photoemission spectra were recorded using a custom-built ambient pressure X-ray

photoelectron spectrometer (APXPS, SPECS Surface Nano Analysis GmbH, Germany). The

analysis chamber with a base pressure of 5×10−10 mbar was equipped with an Al α X-ray

tube coupled to a Micro-FOCUS 600 monochromator (XRMF). Inside the analysis chamber

a minimized reaction cell (15 cm3) was attached to a differentially-pumped, electrostatic lens

system and a PHOIBOS 150 hemispherical energy analyzer. The monochromatized Al Kα

(1486.6 eV) X-ray beam was produced at a power of 100 W with an anode voltage of 15 kV

and a current of 6.7 mA. The X-ray beam size was measured using a phosphor screen which

was illuminated with a spot diameter of approximately 2 mm. High resolution photoemission

spectra were obtained using an energy step of 0.05 eV and a pass energy of 20 eV. The BE

scale of the photoemission spectra was calibrated using the P 2p3/2 peak, which corresponds

to P-In or P-Ga bonds with a BE of 128.8 eV (Figure S2).23–25

The energy analyzer was operated in the Fixed Analyzer Transmission mode to keep the

resolution independent of the kinetic energy of photoelectrons. Shirley background shapes

were used in the background corrections of the photoemission spectra, which were further fit-

ted into multi-components using a mixture of Gaussian/Lorentzian (70:30) peaks in CasaXPS

software. The hybrid function was selected because they represent two types of contributions

in a photoemission spectrum: Lorentzian function represents physical effects (i.e., intrinsic

lifetime broadening of the core-level hole state), whereas the Gaussian function represents

the contribution of instrumental effects (e.g., the response function of the electron analyzer,

the profile of the X-ray line shape, phonon broadening, or surface charging). In the fittings

of O 1s photoemission spectra, except contribution from molecular water, peak width of all

the components were set the same, by taking into account the resolution of the spectrometer.

The full width at half maximum (FWHM) of the Au 4f7/2 peak measured using a Au (111)

single crystal, with a pass energy of 20 eV, was 0.5 eV, when the inherent lifetime broadening

of this peak has been reported to be ∼0.3 eV.26 A flexibility of 0.1-0.2 eV for the BE and
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FWHM was used for peak fitting.

In contrast to photoelectrode band edges which were computed using the G0W0 approxi-

mation, the BEs of the O 1s core state were calculated within the final-state approximation27

using density functional theory and the PBE exchange-correlation functional. In particular,

the O 1s BEs were computed for the full hydroxylated GaP(001)/water and InP(001)/water

interfaces. In addition, to facilitate direct comparison with experimental spectra, the BEs

of surface oxygens on GaP and InP were evaluated with respect to that of bulk water oxy-

gens in the corresponding simulation models. Next, the BE of bulk liquid water was set to

the experimental value of 533.8 eV, which in turn was obtained by calibrating against the

gas-phase water peak at 535.6 eV.28 The BEs computed for each oxygen species were ob-

tained as averages of results computed for 60 snapshots extracted qually from the simulation

trajectories.
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Figure S1: LEED patterns of InP(001) (left) and GaP(001) (right) after surface pretreatment
(electron energy of 80 eV).
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Figure S2: Photoemission spectra of P 2p recorded for InP and GaP at a water vapor
pressure of 5 mbar. For the purposes of visualization, the spectra are normalized to their
respective maximum intensity and shifted to the same baseline.
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Table S1: Absolute band edge positions (eV) of In(Ga)P(110) and (001) surfaces in vac-
uum, as computed with DFT and G0W0 approximation. The G0W0 results, denoted as
G0W0@PBE, were computed using the wavefunctions obtained with DFT and the PBE
exchange-correlation functional.

DFT (PBE) G0W0@PBE Experiment

GaP (110) Ref. 29
VBM -5.28 -6.04 -6.01
CBM -3.65 -3.60 -3.74
GaP δ(2×4)(001)
VBM -4.54 -5.30 —
CBM -2.91 -2.86 —

InP (110) Ref. 29
VBM -5.20 -5.90 -5.85
CBM -4.67 -4.65 -4.51
InP δ(2×4)(001) Ref. 30
VBM -4.53 -5.23 -5.20
CBM -4.00 -3.98 -3.86

Table S2: Absolute band edge positions (eV) of GaP(001) and InP(001) in vacuum (mixed-
dimer δ(2× 4)) and in the presence of liquid water (mixed-dimer δ(2× 4) and hydroxylated
surfaces), as computed with the G0W0 approximation. Data from photoelectrochemical
measurements17 with varying pH (0–14) are also presented.

δ(2× 4)-vacuum δ(2× 4)-water Hydroxylated-water Experiment17

GaP (001)
VBM -5.30 -4.52 -6.15 -(4.72–5.52)
CBM -2.86 -2.08 -3.71 -(2.48–3.28)
InP (001)
VBM -5.23 -4.30 -6.21 -(4.88–5.68)
CBM -3.98 -3.04 -4.95 -(3.58–4.38)
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(24) Franke, R.; Chassé, T.; Al-Araj, B.; Streubel, P.; Meisel, A. Phys. Status. Solidi. A

1990, 160, 143–151.

(25) Zhang, X.; Ptasinska, S. Phys. Chem. Chem. Phys. 2015, 17, 3909–3918.

(26) Patanen, M.; Aksela, S.; Urpelainen, S.; Kantia, T.; Heinäsmäki, S.; Aksela, H. J.
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