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ABSTRACT: Charge-carrier-selective interfaces between elec-
trocatalyst particles and semiconductor light absorbers are
critical for solar photochemistry, but controlling their properties
is challenging. Using thin films and nanoparticle arrays of Pt
hydrogen-evolution catalysts on p-InP (a high-performance
photocathode material), along with macroscopic and nanoscopic
electrical and chemical analysis, we show how hydrogen alloying,
the pinch-off effect for nanoscale contacts, and the formation of a
native surface oxides all play different roles in creating charge-
carrier-selective junctions. The new insights can be broadly
applied to photocathodes, photoanodes, and overall water-
splitting systems to control charge-carrier selectivity and improve
performance.

Photoelectrochemical (PEC) water splitting produces H2
from water and light and offers the possibility of
integrating solar-energy conversion with storage, ideally

leading to simple lower-cost device architectures. InP is
particularly well-suited for efficient conversion of solar to
chemical energy because of its ideal bandgap of 1.35 eV, high
electron mobility, and low surface-recombination velocity.1−3

To achieve high efficiency, however, the surface must be
coated with electrocatalysts. Pt/p-InP and Pt/p-GaxIn1−xP, for
example, reduce protons with high photocathode efficiency
(>12%) and external quantum efficiency (>80%).1 While Pt is
among the most-active for the hydrogen-evolution reaction
(HER), Pt also has a high work function (5.65 eV) that is
consequently aligned with the Fermi level of p-type InP.1,4 For
example, p-InP with an acceptor concentration of 4 × 1017

cm−3 has a Fermi level (5.64 eV) that is more positive than
that of Pt (on the vacuum scale), which should form an ohmic,
non-carrier-selective contact (i.e., a Schottky barrier of zero)
based on conventional theories of metal−semiconductor
contacts.5 However, when this combination is used in
photoelectrodes, a rectifying, Schottky-like contact is formed
that leads to interfacial photovoltages of >0.7 V and high
photocathode efficiencies.1,3,6 More-recent work has used TiO2
interlayers to protect the InP, which further appear to increase
the interface photovoltage.7 An improved understanding of the
mechanisms for selective collection of photoexcited minority
carriers over majority carriers at catalyst/semiconductor

interfaces would facilitate the design of durable and efficient
photoelectrodes from InP specifically and more generally
illustrate design principles that can be translated to other
material systems.
There are several possible explanations for the high

photocathode efficiencies for p-InP with Pt and other noble-
metal catalyst layers. Heller et al. noticed that, for Pt, Ru, or
Rh, irrespective of the metal-catalyst work function, the open-
circuit voltage (Voc) of the catalyzed photocathode was similar
and approached that expected for p-InP contacted with the
H+/H2 redox couple (0.9 ± 0.2 eV).1−3 They hypothesized
that H2 permeates the metal catalyst, accumulates at the
interface, and sets an interfacial barrier height that leads to high
electron selectivity at the H−Pt/p-InP junction (Figure 1a).
Aspnes et al. showed in a dry two-electrode system that an H2

gas atmosphere led to increased rectification of the Pt/p-InP
interface, purportedly due to modulation of the Pt work
function.3 Recently, Nunes et al. reported that an interfacial
oxide coupled with an H2 gas atmosphere also yields increased
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electronic barriers/photovoltages in the “theoretically” ohmic
Pt/p-Si system.8

A second mechanism that could modulate the catalyst/
semiconductor interface is the formation of an interfacial oxide
(Figure 1b). InP naturally forms a surface oxide consisting of
Inx(PO3)z, In(PO4), P2O5, and In2O3 when exposed to air
and/or aqueous solution under anodic conditions.6,9−15 In2O3
is typically a conductive n-type oxide; however, it is soluble at
the low pH used in electrolytes for these InP photocathodes.
This complex oxide may grow directly on p-InP and undercut
the Pt particles or form through thin catalyst films via oxygen
diffusion at defects or pinholes. This n-type oxide could
generate an electron-selective contact due to the high
conductivity of electrons (over holes) as discussed by Würfel
broadly in the context of photovoltaic devices.16 Such an
interlayer might govern the nature of the junction irrespective
of the metal-catalyst deposited on the upmost layer. The
construction of n-In2O3/p-InP heterojunction solid-state solar
cells, for example, is known.17

The nanoscale size of the metal-catalyst contacts to the p-
InP could also be important (Figure 1c). Nanoparticle layers
usually result from the photoelectrodeposition of metals on
semiconductor surfaces and are often intentionally sought to
reduce parasitic optical absorption in the catalyst layer. We
previously showed that for Ni nanoparticles contacting n-Si
photoanodes, smaller particles give rise to dramatically larger
photovoltages and photoelectrode efficiency.18 This observa-

tion was quantitatively explained by the pinch-off effect for
heterogeneous nonuniform Schottky contacts. When the radius
of nanoscale contacts is similar in dimension to the depletion-
region depth in the regions surrounding the nanoscale
contacts, a new effective barrier describes the transport
through the contact.18−21 This effective barrier may be
modeled analytically by Tung’s patch theory to predict a
photovoltage that depends on metal nanocontact (catalyst
particle) radius (see the Supporting Information).19

Herein, we use a combination of macroscale photoelectrode
measurements, surface-sensitive spectroscopies, conducting
atomic force microscopy (C-AFM), and transmission electron
microscopy (TEM), on both well-defined nanopatterned Pt
and heterogeneous electrodeposited Pt on p-InP, to illustrate
the roles the physical phenomena outlined above play in
controlling the charge-carrier selectivity at the catalyzed
photochemical junction. Specifically, we discover that hydro-
gen adsorption/alloying with Pt catalyst material alone is
insufficient to explain the large photovoltages at the Pt/p-InP
interface, in contradiction to earlier findings. Instead, the
formation of an n-type In-rich oxide between the Pt and p-InP
appears essential to generate an interface that selectively
collects electrons over holes. We further find that the pinch-off
effect is indeed critical in setting the interface selectivity at Pt
nanoparticles on p-InP prior to the formation of an interface
oxide, but that after photochemical testing is not significantly
important. These results are useful because they illustrate how

Figure 1. Possible mechanisms of interfacial charge-carrier selectivity in Pt/p-InP photocathodes. (a) Adaptive-junction behavior caused by
Pt alloying with H2 thus lowering its work function. (b) Heterojunction formation by an interfacial oxide. (c) Pinch-off effect caused by a
peripheral material increasing the effective barrier at the catalyst/semiconductor interface. (d) Typical photoelectrode J−E curves in 1 M
HClO4 illuminated at ∼100 mW cm−2 of solar simulation, for two Pt loading conditions (100 and 5 mC cm−2 of charge passed during Pt
photoelectrodeposition). (e) SEM images of the two samples at the same scale. (f) XPS spectra of the In 3d5/2 peak show surface conversion
of the InP to In2O3 from H2O2/HCl pretreatment to postelectrodeposition of Pt; the In2O3 persists while higher-energy suboxides diminish
after illuminated cyclic voltammetry. The shift to higher binding energy of all of the In species is thought to originate from surface-charging
effects, as the Pt 4f peaks did not shift. Changes in band bending may also play a role in the shift. (g) Phosphate species of mixed ratios seen
near 133 eV in the P 2p spectra were most prevalent after electrodeposition and persist in greater amounts than after etching pretreatment.
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to engineer interfaces between active catalyst materials and
semiconductor absorbers independent of the specific work
function of the catalyst and in ways not easily predicted based
on traditional Schottky-contact theory. These insights are
relevant not only to designing higher-efficiency III−V
photocathodes from InP and GaxIn1−xP materials but also for
more complicated systems like oxide photocatalyst particles
where precise control over doping and materials composition is
not possible.7,22−26

Interface Selectivity. All PEC devices must generate a
gradient in the electrochemical potential of electrons (∇μ̅n)
and holes (∇μ̅p) to separate and collect photogenerated
carriers. This can be realized by different relative electron and
hole conductivities at the two contacts to the semiconductor
absorber. In a typical photoelectrode, the catalyst surface layer
or particles must comprise one selective contact, while the
electrical back contact comprises the other. Alternatively, in a
dispersed photocatalyst particle that drives both cathodic and
anodic reactions on the same absorber, two different, and
spatially separated, catalyst sites must yield independent hole-
and electron-selective contacts. The profiles in μ̅n and μ̅p are
parameters, however, which one cannot readily engineer.
Instead, the relative electron and hole conductivities at each
contact are usually controlled with a heterojunction or via
band bending that depletes the majority carrier.16 The local
electron or hole currents jn or jp at a contact are related to the
local conductivities σn and σp and ∇μ̅n and ∇μ̅p.

σ
μ= ∇ ̅j

qn
n

n
(1)

σ
μ=

−
∇ ̅j

qp
p

p
(2)

These physics similarly control the performance of contacts in
photovoltaic devices. Lonergan and co-workers described
selective contacts under open-circuit conditions and deter-
mined the limits of photovoltage between the two contacts,
Voc. In the context of a photoelectrode, Voc is the steady-state
voltage that develops under illumination between the catalyst
layer (usually collecting minority carriers) and the back contact
to the semiconductor. Lonergan defines the selectivity, S, as
the ratio in partial equilibrium-exchange current densities at
the respective contact, denoted J0 and j0 for the dominate and
secondary carrier at the semiconductor/contact interface.27

= =
J

V
k T

q
S S

j
ln( ), 0

oc
b

0 (3)

A key fundamental challenge in semiconductor photoelec-
trochemistry, therefore, is to achieve control over the catalyst/
semiconductor contact selectivity to allow for the generation of
high photovoltages and photocurrents.
Interface Measurements. Figure 1d shows conventional

(macroscopic) photoelectrochemical analysis of p-InP photo-
cathodes coated with electrodeposited Pt nanoparticles (SEM
micrographs in Figure 1e). The data show that the Pt particles
on p-InP selectively collect photoexcited electrons because the
photovoltage is substantial (∼0.7 V), and significant photo-
currents attributed to HER on the Pt particle surface are
measured (∼10 mA cm−2). To explore the factors affecting this
electron collection, we compare two different Pt loadings
photoelectrodeposited with 100 and 5 mC cm−2 of integrated
cathodic charge passed during Pt deposition from a

chloroplatinic acid solution (after an H2O2/HCl etch to
remove surface oxides). While the Voc and photocurrents for
the two samples are similar (Figure 1d, blue and orange
curves), the slope of the J−E curves near the open-circuit
potential are different. For the sample with 100 mC cm−2 of Pt
deposition charge, the J−E curve approaches the open-circuit
potential near 0.7 V vs the reversible hydrogen electrode
(RHE) with a steep slope. In contrast, the J−E curve for the 5
mC cm−2 has a shallow slope near Voc suggestive of a tunnel
barrier between the Pt and p-InP that is impeding charge
transport.28 The higher density of electrodeposited Pt for the
100 mC cm−2 sample apparently reduces the effect of this
tunnel barrier. To understand this in more detail, it is necessary
to uncover the chemical composition of the interfaces,
particularly after photoelectrochemical cycling.6,24

Ex situ X-ray photoelectron spectroscopy (XPS) of the p-InP
photocathode was used to analyze the surface composition. A
control p-InP sample pretreated with H2O2/HCl yields a clean
InP peak in the In 3d5/2 peak (Figure 1f) and the P 2p (Figure
1g) spectrum with the absence of significant surface oxide that
was present in the as-received sample (Figure S1). After H2O2/
HCl treatment and the electrodeposition of 5 mC cm−2 of Pt,
an increase in binding energy for the InP peak in the In 3d5/2
spectra is observed which agrees with literature values for
In2O3.

9−11 A mixed indium phosphate peak at higher binding
energies is found in the P 2p spectra. Following 1 dark and 5
illuminated CV cycles in 1 M HClO4, the In2O3 peak remains
but the relative intensity of the mixed indium-phosphate peak
decreased (see the discussion of peak position and chemical
analysis in the Supporting Information). The presence of a
mixed In2O3 and Inx(POy)z on InP has been observed
previously.6,10−14 The presence of this mixed oxide observed
by XPS coincides with carrier-selective junction behavior we
find in the macroscopic photoelectrode J−E curves (Figure
1d).
To study the effects of ambient H2 on the electrical

characteristics of the junction, a 40 nm Pt film was deposited
by electron-beam deposition on the p-InP. The creation of a
Pt−H interfacial dipole (Figure 2a) formed by the dissociation
and diffusion of protons to the Pt(film)/p-InP interface, as in
metal/insulator/semiconductor gas-sensor devices, could lower
the apparent work function and develop an energetic barrier
for holes.29−31 The nonlinear J−V curves in Figure 2b show
that the H2 indeed induces a small barrier at the Pt(film)/p-
InP junction, but the overall J−V characteristics remained
nearly symmetric. The developed barrier was reversibly
eliminated after the junction was reintroduced to an O2-
containing atmosphere. The absorption of H2, and the
hypothesized Pt work function lowering implied by Figures
2b and 3c, is consistent with the H2 gas sensor literature.

29−31

However, this mechanism was not observed to transition the
pristine Pt(film)/p-InP ohmic junction to a rectifying,
electron-selective contact observed in the operando data
shown in Figure 1d (Pt particles) and Figure 3c (Pt film).29,30

The dual-working-electrode (DWE) PEC configuration was
then used to study the operando Pt/p-InP junction behavior.
Figure 3a illustrates the hypothesized Schottky-like junction
formed between Pt and p-InP and how the electrode potentials
are sensed and controlled. With DWE PEC the applied
potential between semiconductor back contact and catalyst,
Vapp, can be controlled and measured directly. We measure the
current across the Pt(film)/p-InP junction while simulta-
neously poising Vcat (i.e. Ecat/q) at various potentials versus the
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reference electrode in the electrolyte. The J−Vapp character-
istics of the junction were rectifying under operando conditions,
which is different than the ohmic behavior observed ex situ. As
discussed below, we propose an interfacial oxide layer grows by
diffusing to the interface through the Pt film. This interfacial
oxide likely dictates the junction properties.
The irreversible change observed in the J−V curves after the

DWE experiment in Figure 3c contrasts the reversible Pt work-
function lowering caused by H2 absorption in Figure 2b and
suggests a permanent transition, like that of Pt/p-InP
converting to a Pt/InOx/p-InP heterojunction. Additionally,
the measured current in Figure 3c was nearly 2 orders of
magnitude lower after DWE PEC experiments than before,
indicating a more resistive junction. Vcat was stepped from
0.241 V to −0.059 V then stepped back to 0.341 V vs RHE in
1 V increments. Calculated from the Schottky diode equation,
barrier heights in Figure 3b increased systematically with more-
negative Vcat indicative of a degree of adaptive-junction
behavior, but they level off at Vcat more negative than the
RHE.18,32,33 The largest barrier heights, >1 eV, are similar to
those observed in In2O3/p-InP heterojunctions.17 At Vcat
positive of RHE, the barrier height of the interfacial oxide
linearly tracked with Vcat, probably due to electrochemical

doping of the newly formed interfacial oxide. More negative
Vcat would be expected to increase its Fermi level as the oxide
is reduced and charge-compensating protons intercalated,
leading to the observed adaptive-junction behavior.34−38 We
propose the constant barrier height observed at potentials near,
and more negative than, the RHE is fixed by the redox
potential of H+/H2.

1 At more-negative potentials than the
RHE the Pt catalyst and InOx is fixed at the redox potential of
H+/H2, and the remaining voltage is dropped in the double

Figure 2. Effect of H2 on Pt/p-InP interface. (a) Device geometry
with top contact to the Pt thin film illustrating one possible
mechanism for the formation of electron-selective contacts. H2
reacts with the Pt thin film to form Pt−H which affects the dipole
at the Pt/p-InP interface. (b) Results of dry, macroscopic, two-
electrode J−V curves of contacts made by depositing 40 nm of Pt
by electron-beam deposition on p-InP (pretreated with conc. HCl)
that display ohmic behavior. After treatment with H2 for 10 min
(curve ii), the response deviates from linearity, but no large barrier
is apparent. Exposure to an oxidizing O2/air atmosphere returns
the linear J−V response, consistent with loss of absorbed
hydrogen.

Figure 3. Operando dual-working-electrode experiments. (a) DWE
PEC experiment schematic. (b) J−Vapp response as Vcat (Ecat/q) is
controlled relative to a reference electrode (the values of Vcat for
each curve are labeled next to each versus RHE). The inset plots
the calculated barrier height from the Schottky diode equation
with respect to Vcat. J−V curves shift positive at Vcat values
approaching 0 V vs. RHE, indicative of the barrier height increase
with decreasing Vcat evident in the inset. (c) Dry two-electrode
measurements before and after the DWE experiment illustrate an
irreversible shift from ohmic to rectifying. The apparent Schottky
barrier heights from fitting the J−V curves are printed next to each
curve.
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layer of the electrolyte rather than in the oxide. The calculated
barrier height was observed to reversibly decrease when qVcat
was returned positive to 0.341 V vs RHE. While the small
change in barrier height (Δ = 0.24 eV in Figure 3b inset) was
observed to be reversible from qVcat −0.059 to 0.341 V vs RHE
under electrochemical conditions, the dry J−V characteristics
were not reversible from before to after the DWE experiment
(Figure 3c) (i.e., which changed from ohmic to rectifying).
After the operando DWE measurements, the dry junction was
still sensitive to H2 gas with a calculated barrier height increase
of 0.05 eV under H2. This was, however, a factor of 5 smaller
change than the increase during electrochemical reduction of
protons.
As opposed to the thin-film Pt catalyst layers described

above, most photoelectrodes use nanoparticle catalysts to
decrease parasitic light absorption. Catalyst nanocontacts,
however, often display differing electrical properties than their
thin-film analogues.18 Dry, conducting AFM (C-AFM) was
thus used to measure the electrical-transport properties across
individual Pt nanocontacts. Semiconductor photoelectrodes
are usually decorated with electrocatalyst particles by electro-
deposition.1,22 By controlling the integrated cathodic charge
during photoelectrodeposition, we produced a range of Pt
particle densities (Figure S7). The 5 mC cm−2 samples were
used for their low particle densities with a variety of diameters
which could be independently measured by C-AFM on a single
electrode (Figure S7). J−V curves from electrodeposited Pt
particles displayed a barrier of 0.86 ± 0.16 eV independent of
particle size (Figure S8). The InP surface for these samples
also contained substantial In2O3 and InPOx (based on XPS
analysis) after electrodeposition.
To assess the role of nanocontacts in the absence of

substantial interfacial oxide, we then studied Pt nanoparticles
on p-InP defined by electron-beam lithography (EBL). Surface
oxides were removed by H2O2/HCl etching, and nanodisk
arrays were created by EBL. Immediately following prepara-
tion, the nanocontacts were analyzed by C-AFM and
illuminated C-AFM (Figure 4a). The largest disk, approx-
imately 250 nm in radius, displayed nearly ohmic current−
voltage (J−V) response with a small photovoltage (0.05 V).
The smallest disk, approximately 50 nm, displayed a Schottky-
like J−V response with a larger photovoltage (0.48 V). The
inverse trend of photovoltage with disk radii is exemplified
across many contacts and samples in Figure 4b. The same
sample was subject to further oxidation in humid, room-
temperature air and reanalyzed by illuminated C-AFM. A
similar trend in photovoltage was observed with an increase in
photovoltage at all radii. The dependence of Voc on particle
radius was not observed on EBL-defined nanodisks after being
subject to dark and light CV in 1 M HClO4, but rather a
roughly constant Voc at all radii was observed.
The Role of Pinch-off. The increased carrier selectivity for

the EBL contacts with decreasing radius is readily explained
with pinch-off theory.18 Pt nanodisks (particles), when
surrounded by a high-barrier-forming oxide, will begin to
adopt the barrier of the peripheral material when their
dimension is on the order of, or smaller than, the width of
the depletion width in the semiconductor. The pinched-off
particles’ photovoltage is thus also a function of its radius (see
the Supporting Information for further discussion and
derivations). When the diameter of the contact is on the
order of the depletion region, ∼500 nm for the In2O3/p-InP
junction, the pinch-off effect is expected.21 Larger Pt/InP

nanocontacts (which have not been further oxidized) appear
ohmic and are less electron-selective (Figure 4). In fact, even
for particles 150 nm in radius, only a small photovoltage is
observed, consistent with pinch-off theory that predicts
minimal effect as the contact diameter approaches 500 nm in
this case. These data support the presence of a thin layer of
In2O3 natively grown on the peripheral p-InP exposed to air

Figure 4. The pinch-off effect measured by C-AFM. Pt nano-
contacts, 8 nm thick, deposited on H2O2/HCl pretreated p-InP
surface by electron-beam lithography, metal evaporation, and lift-
off. (a) Representative scanning-electron microscope (SEM)
images (top left, top right, bottom right) color-coordinated to
J−V curves of individual nanocontacts of corresponding radius
from illuminated (∼5 suns) conducting AFM (bottom left). (b)
The Voc values for Pt/p-InP individual nanocontacts illuminated
by laser-light spillover around the probe cantilever extracted from
J−V curves. The Voc increases with decreasing nanocontact radius,
in agreement with the pinch-off model. The Voc data were collected
from the same sample subject to 2 weeks of further oxidation in
room-temperature air. Increased Voc was observed for all disk radii.
The yellow squares signify Voc’s recorded from a unique sample
after a single dark CV (−0.3 to 0.5 V vs SCE) in 1 M HClO4 and 5
illuminated CV cycles (−0.3 to 0.6 V vs SCE), with one-sun
equivalent illumination.
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following the metal lift-off procedure. Further oxidation in air
and by cyclic voltammetry eliminates the pinch-off effect
because the particles become undercut by the peripheral oxide
(or an interfacial oxide forms by the diffusion of oxygen to the
interface through the thin Pt disk) as in Figure 3. Therefore,
while the pinch-off effect substantially affects nanoscale
contacts between Pt and bare p-InP, it does not appear to
be of significant importance in the photochemical devices,
unlike Ni/n-Si contacts where it was found to be the dominant
effect controlling the interface charge-carrier selectivity.18

The Role of Oxide Heterojunctions. A sufficiently thick
n-type oxide interlayer, such as In2O3, would be expected to
form a heterojunction with p-InP.17 The complex mixed oxide
on the surface of p-InP contains In2O3 based on XPS (Figures
1 and 5), which has been observed by others under various
preparation methods.6,10,11,13,14 On Pt junctions prepared by
electrodeposition, the presence of the mixed oxide was
observed directly after deposition and electrochemistry (Figure
1). Because the electrodeposited particles in Figure 1 are all
smaller than 80 nm, the particles would be subject to the
pinch-off effect as seen in Figure 4b, although no dependence
of the particles’ radius on its barrier height was observed in
Figure S8. The EBL samples, with the surface oxide removed
before Pt deposition, also display an interfacial oxide after CV
by TEM analysis (Figure 5). Therefore, whether Pt is
electrodeposited or deposited by physical vapor deposition
(both thin-film and EBL nanocontacts), an interfacial oxide is
generated after illuminated electrochemical cycling in 1 M
HClO4. The initially pinched-off smallest EBL Pt nano-
contacts, while electron-selective, can achieve greater photo-
voltages by reducing the recombining hole current (j0) via the

formation of the surface oxide that is highly electron-
conducting (thus increasing selectivity).16,27

A TEM cross section of the photoelectrochemically cycled
EBL-defined Pt nanodisks further demonstrates the formation
of the heterojunction. Cross sections of electrochemically
cycled EBL Pt nanodisks reveal an interlayer between the Pt
disk and the p-InP substrate (Figure 5a). This interlayer is
observed to be amorphous by TEM analysis (Figure 5a.3) and
thinner under the Pt disk. Energy-dispersive X-ray spectrosco-
py (EDS) mapping (Figure 5c,d) displays In in lower
concentrations in the interlayer than in the substrate and in
higher concentrations in the nodes atop the interlayer next to
the Pt disks. In3+ may have dissolved in acidic electrolyte
creating the In-deficient layer and then been electrochemically
reduced back onto the electrode’s surface. These nodes are not
Pt, which was found only at the Pt disk. P appears nearly
homogeneous with decreased detection in the interlayer. High
concentrations of P observed in the Pt disk region may be a
result of higher-order scattering events emitting X-rays from
the neighboring region, the interlayer, as well as possible
interface “smearing” during FIB cross-sectioning. The Pt Lα
peak and P Kα peak were used to identify Pt and P,
respectively, to avoid misidentification of Pt by peak overlap
with P Kα. However, the Pt M and P Kα peak overlap and the
uncertainty in deconvolving the peaks (i.e., Pt M identified as P
Kα) may contribute to the higher-than-expected apparent
concentration of P in the Pt region.
The low oxygen detection was attributed to its small atomic

number yielding low detection sensitivity. The higher
concentration of oxygen observed in the Pt disk region was
thus attributed to electron scattering into the interlayer and
not Pt oxide. For more-accurate surface-chemical analysis

Figure 5. Structural and chemical analysis of nanocontacts following photoelectrochemistry. (a) TEM micrograph of an EBL-defined
nanocontact post electrochemistry (a.1) with reduced fast Fourier transforms of region V (a.2) and region IV (a.3). (b) Of the same sample,
XPS spectra of In 3d5/2 (top) and P 2p (bottom) indicate the composition of the sample’s surface. (c) High-angle annular dark-field
(HAADF) image with correlated EDS maps (d) of In (top left), Pt (top right), O (bottom left), and P (bottom right).
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unaffected by these possible artifacts, XPS was used to identity
the composition of the amorphous surface oxides and other
surface species (Figure 5b).
Outlook. Pt prepared on pretreated p-InP surfaces should

yield an ohmic/nonselective junction based on simple
Schottky-contact models, and this is observed experimentally
(Figures 2b and 3c). The H2O2/HCl pretreatment removes
surface oxides (Figures 1f,g and S1a,b), resulting in a more-
pristine Pt/p-InP interface which was nonselective and ohmic
in dry J−V curves. The substantial presence of In2O3 and
Inx(POy)z by XPS, however, corresponded to rectifying J−V
curves. In2O3 may exist in the periphery, giving rise to the
pinch-off effect, which is evident from the size-dependent
photovoltages found for EBL Pt/p-InP. However, no size
dependence is observed in Voc after dark and light CV analysis
(Figure 4b). Further oxidation underneath the Pt by either
undercutting or oxygen diffusion through the Pt film would
increase the barrier (Voc) and eventually diminish the pinch-off
effect due to heterojunction formation.
After driving the HER, the photocurrent and Voc were

observed to decrease (Figure S10c,e). Other groups have
shown similar behavior and attributed it to the removal of a
surface oxide.1,6 Allowing the surface to rest at Voc restores the
photovoltage (Figure S10b,d), presumably due to the regrowth
of the oxide under the more-positive rest potential of the
system. Changes in the photovoltage might also be affected by
hydrogen spill over at Pt nanoparticles.39 Another important
feature is likely the protection of n-type In2O3 (that forms the
electrical heterojunction with p-InP) from etching by indium
phosphates and polyphosphates that are more chemically
stable at pH 0 leading to a layered surface-oxide
structure.6,10,24 After photoelectrochemical analysis, nanoscale
electrical contacts on p-InP share similar electrical properties
as the macroscopic thin-film sample. These experiments thus
support the idea that the formation of a dynamic surface oxide,
that is slowly dissolving and reforming, is responsible for
generating the electron-selective catalyst contacts for precious
metals on p-InP and likely also p-GaxIn1−xP.
InP is one example of a highly efficient absorber used in

photoelectrodes which readily form n-type surface ox-
ides.13,23,40,41 We demonstrated a mechanism by which
efficient absorbers may be decorated with the desired catalysts
while the absorber’s surface becomes carrier-selective by
natural oxidation (i.e., without additional thin-film deposition
steps). We showed various mechanisms control electron
selectivity in different ways and situations. H2 alloying, the
previously proposed mechanism, is not primarily responsible
for governing the selectivity in this system. Instead, the surface
indium oxide forms an adaptive junction that becomes more
electron-selective as the catalyst layer accumulates negative
charge, likely due to the reduction (increased electron doping)
of the hydrated and porous In oxide.34 Such adaptive-junction
effects have not previously been considered in the context of
conducting metal-oxide heterojunctions on III−V semi-
conductors.
These results are further broadly important for other PEC

systems, like BiVO4 and metal sulfides, where vacancy/defect
modulation at the semiconductor surface could affect carrier
selectivity by modulating the carrier concentration in that
region (and hence band bending and conductivity surrounding
or under a catalyst contact).42,43 In this work, we observed the
formation of an n-type oxide (likely doped with oxygen
vacancies and protonic defects) increasing electron selectivity.

Similarly for oxide photoelectrodes, the surface near the
electrocatalyst contact could become reduced (e.g., by e−/H+

injection) or further oxidized (relative to the bulk, either at
surface cations or at bridging or terminal oxo groups), which in
turn would increase the electron and hole selectivity,
respectively.
Single-particle overall-water-splitting systems, where both

hydrogen- and oxygen-evolution reactions occur at spatially
separated contacts on the same particle, are likely also
influenced by related phenomena. These contacts, for example,
might become more selective for their appropriate reaction
when the surface is reduced or further oxidized either under or
around the catalyst/semiconductor interface.25,26 The presence
of H2 alloying also might similarly increase the electron
selectivity for the metal HER catalyst in single-particle
photocatalysts. Single-particle systems which are decorated
with nanoparticle electrocatalysts would also be subject to the
pinch-off effect if a peripheral material forms a larger barrier
than at the catalyst/semiconductor junction alone. Trans-
formations in the surrounding surface (shown in this work by
the growth of indium oxide) or intentional catalyst coatings
employed in core−shell architectures might provide the
peripheral material required for pinch-off-enhanced selectivity.
As a specific example, an increase in electron selectivity of
HER catalysis during operation on single-particle systems may
in fact be important to enhance carrier separation and
contribute to the high external quantum efficiency observed
on optimized catalyst-decorated SrTiO3.

25 In sum, the
mechanisms detailed in this work may provide further routes
to enhance performanceor in fact already play a significant
role in efficient carrier separationon a variety of overall water
splitting particles, photoanodes, and photocathodes.
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