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ABSTRACT: Catalytic MoS, thin films have been directly
photoelectrodeposited on GalnP, photocathodes for stable
photoelectrochemical hydrogen generation. Specifically, the
MoS, deposition conditions were controlled to obtain 8—10
nm films directly on p-GalnP, substrates without ancillary
protective layers. The films were nominally composed of
MoS,, with additional MoO,S, and MoOj; species detected
and showed no long-range crystalline order. The as-deposited
material showed excellent catalytic activity toward the
hydrogen evolution reaction relative to bare p-GalnP,.
Notably, no appreciable photocurrent reduction was incurred
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by the addition of the photoelectrodeposited MoS, catalyst to the GalnP, photocathode under light-limited operating
conditions, highlighting the advantageous optical properties of the film. The MoS, catalyst also imparted enhanced durability
toward photoelectrochemical hydrogen evolution in acidic conditions, maintaining nearly 85% of the initial photocurrent after
50 h of electrolysis. In total, this work demonstrates a simple method for producing dual-function catalyst/protective layers
directly on high-performance, planar III-V photoelectrodes for photoelectrochemical energy conversion.
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B INTRODUCTION

Direct conversion of solar energy to hydrogen utilizing
aqueous electrolytes offers a promising means of producing
an energy-dense, storable, and renewable fuel. Despite great
interest in photoelectrochemical energy conversion over the
past several decades, systems demonstrating stable, high
current densities with sufficient photovoltage to split water
have yet to emerge. One attractive photoelectrode material for
hydrogen production is p-type GaInP,.'~* GaInP, has a nearly
optimal bandgap (~1.8 eV)"*® and can be integrated with
lower band gap bottom absorbers (e.g, GaAs or GalnAs) to
produce large photovoltages appropriate for unbiased water
photoelectrolysis.>” ' However, the propensity for p-GalnP,
to corrode in aqueous electrolytes and the relativity poor native
electrocatalytic activity for H* reduction are key barriers for
use in renewable hydrogen generation technologies.'' ™"
Numerous coating strategies have been explored and
developed for improving semiconductor interface durability
including sputtering,'®™"* atomic layer deposition (ALD),""~**
spin-coating,””** and (photo)electrodeposition.”*~*” For
GalnP, photocathodes, the combination of an ALD-TiO,
protective layer and a molecular catalyst improved the short-
term stability and catalytic activity of the photoelectrode."’
However, the durability of this interface under light-limited
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operating conditions past 20 h remains unclear. More recently,
a dual catalyst/protective layer design was employed during
the deposition of MoS, on p-GalnP,.'® A two-step method of
sputtering Mo followed by sulfidization produced an active
layer that improved the stability and was more electrocatalytic
toward hydrogen evolution. Nevertheless, limited control of
the sulfidization process led to unconverted elemental Mo that
significantly decreased the observed photocurrent.

Low-temperature photoelectrodeposition offers several
unique advantages for the preparation of dual purpose
(stabilization and electrocatalyst) protective layers on photo-
electrodes. First, deposition rates can be precisely controlled by
manipulation of the applied current or bias, allowing high
fidelity over the deposit thickness. Second, low temperatures
prevent interdiffusion and surface phase segregation, common
problems for III-V semiconductors subjected to higher
temperatures.”” " Third, electrochemical equipment needed
for photoelectrodeposition are simple and low cost relative to
the infrastructure needed for vacuum-based depositions.
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In this work, the direct photoelectrodeposition of MoS, thin
films on p-GalnP, photocathodes is reported, and the resulting
photoelectrochemical properties are detailed. These earth-
abundant catalysts have shown excellent catalytic activity and
stability for hydrogen evolution,”' ** but direct photo-
electrodeposition on a planar, III-V photoelectrode surface
has not been described. Specifically, the results from MoS,
photoelectrodeposition experiments directly on p-GalnP, are
discussed, including the photoelectrodeposition conditions
necessary to produce uniform, thin MoS, films. Additionally,
the structure and composition of these films are detailed and
presented in context to the catalytic, optical, and photo-
electrochemical properties. Finally, the enhanced stability of
the coated p-GalnP, photoelectrodes relative to the bare
material is shown.

B EXPERIMENTAL SECTION

Chemicals and Materials. Ammonium tetrathiomolybdate
(Acros, 99.95%), potassium sulfate (Acros, >99%), sulfuric acid
(OmniTrace, EMD Millipore), and Triton X-100 (EMD Millipore)
were used as received. All solutions were made with >18 MQ:-cm
resistivity water (Milli-Q). Zn-doped p-GalnP, epilayers with nominal
thicknesses of 1 yum and 1 X 10'7 cm™ dopant density were grown by
metalorganic vapor phase epitaxy on p*-GaAs(100) substrates, miscut
2° toward (110), as described elsewhere.” Run numbers for each
epilayer are provided in the Supporting Information. Electroplated
gold was used to form an ohmic contact to the GaAs substrate.

MoS, Deposition. GaInP, epilayers were diced and etched in 18
M sulfuric acid for 1 min before placing in an open-air, custom Teflon
cell and sealing with a Viton o-ring. A three-electrode configuration
with a Ag/AgCl (3 M KCIl) reference (0.204 V vs normal hydrogen
electrode (NHE)) and a graphite counter electrode was utilized. The
electrolyte consisted of 0.001 M ammonium tetrathiomolybdate
((NH,),MoS,) and 0.5 M potassium sulfate (K,SO,). Deposition
occurred under 50 mW cm™ fiber optic illumination (ThorLabs), as
measured with a 1.81 eV band gap GalnP, reference cell calibrated to
an AM 1.5G spectrum. The current was applied via a SP-300
potentiostat (BioLogic) in a custom-built, dark Faraday cage. Post-
deposition, electrodes were placed on glass slides, contacted to
conductive copper tape via silver print (GC Electronics), and sealed
with epoxy (Loctite EA E-120HP) for photoelectrochemical
characterization (see inset of Figure S4 for an image of an electrode).

Voltammetry and Durability. Linear sweep voltammetry was
collected with a Solartron 1287 electrochemical interface at a scan rate
of 50 mV s™'. All data are shown in “polarographic” convention, with
positive currents indicating cathodic processes. The samples were
illuminated with a 300 W Xenon arc lamp (Newport) through a AM
1.5G filter (Oriel) outputting an incident photon intensity equivalent
to 100 mW cm™ as calibrated with the GalnP, reference cell. A
single compartment, open-air quartz cell (Starna) containing 0.5 M
H,SO, and 0.001 M Triton X-100 held the MoS,/GalnP, sample in
the center, flanked by a Hg/HgSO, reference electrode (Koslow
Scientific) containing a 0.5 M H,SO, filling solution (0.687 V vs
NHE) and a large-area Pt foil counter electrode on either side.
Similarly, durability measurements were conducted in the same cell
without Triton X-100 using a 250 W tungsten-halogen lamp (Oriel)
with an infrared-blocking water filter (Newport). The H,SO,
electrolyte was refilled as needed over the course of the durability
measurements. All potentials were measured/applied in a three-
electrode configuration and are reported with respect to the reversible
hydrogen electrode (Conversion provided in the Supporting
Information).

External Quantum Yield and Reflectance. Quantum yield
(incident photon-to-current efficiency) measurements were made
between 300 and 700 nm at 10 nm intervals with a Newport 300 W
xenon arc lamp and a SpectraPro 150 monochromator (Acton
Optics). The electrode potential was held at —0.3 V vs E(RHE) with
the photocurrents collected under 2 s light and 2 s dark intervals
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measured by a VersaStat 4 potentiostat (Princeton Applied Research)
and read on a computer, controlled by custom LabVIEW software.
The monochromator output intensity at each wavelength was
separately measured by a calibrated Si photodiode. Reflectance
measurements were acquired in air on a Cary 6000i spectropho-
tometer (Agilent) equipped with an integration sphere using an
incidence angle normal to the electrode surface.

Electron Microscopy. Scanning electron micrographs were
obtained on a JEOL-7800FLV microscope equipped with a
Schottky-type field emission source and an Everhart—Thornley
detector at an accelerating voltage of 10 kV. Corresponding elemental
mapping was collected via an Oxford XMaxN energy-dispersive
spectrometer. Scanning transmission electron micrographs were
obtained with a FEI Tecnai F20 TEM equipped with a Gatan
Enfinijum EELS spectrometer and GIF Quantum K2 system at an
accelerating voltage of 200 kV. The semicollection angle was 16 mrad.
An energy shift of 120 eV and a dispersion of 0.25 eV per channel
were employed to obtain a strong signal-to-noise ratio. Electron
energy loss (EEL) spectra in scanning transmission electron
microscopy (STEM) mode were recorded with a CCD camera. The
acquisition time for each pixel was 0.5 s, and the total acquisition time
was 23 min. The pixel size was 1.4 nm” A Pd/Au capping layer was
deposited on the sample via sputtering to prevent surface damage
during TEM sample preparation. The TEM lamella was prepared by
standard focused ion beam lift-out techniques followed by Ga ion
milling to reduce the final thicknesses to less than 100 nm.

X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron
(XP) spectra were collected with a Kratos AXIS Ultra system
operating at base pressures below 107° torr with a monochromatic Al
Ka source (1486.6 V). Pass energies of 160 and 20 eV were used to
obtain survey and high-resolution spectra, respectively. Using
CasaXPS software, a Shirley-type background correction was applied
to the obtained spectra. Binding energies were calibrated to the
binding energy for adventitious carbon (284.6 V), and peak
intensities were normalized to that of the Mo 3d;/, peak at 229.14 V.
Peak shapes were set to GL(30), ie, 30% Gaussian and 70%
Lorentzian. For fitting of Mo 3d spectra, peak separation between Mo
3d;,, and 3d;/, doublets was set to 3.1 V. Peak areas ratios were
defined by spin-orbit coupling. The full width at half maximum for
every peak of the same element was constrained to be the same. For
quantification, relative sensitivity factors from the Kratos library were
imported into CasaXPS.

Raman Spectroscopy. Raman spectra were collected on a
Renishaw inVia microscope using a Nikon 20X objective (NA = 0.35)
without any additional polarizing excitation/collection optical
elements. A 532 nm laser was used as an excitation source with an
incident power of 35 mW over ~3 um® For annealed samples,
annealing was performed in a custom-built tube furnace at 550 °C
under a steady flow (100 sccm) of argon (99.998%, Metro Welding

Supply).

B RESULTS

MoS, Photoelectrodeposition. Figure 1a highlights the
voltammetric responses of bare p-GalnP, in 0.5 M K,SO, with
and without 0.001 M of the MoS, precursor, (NH,),MoS,. In
the absence of illumination, no appreciable current was
observed in the potential range of 0.6 to —0.4 V. Illuminating
the electrode with 50 mW cm™ of white light introduced two
distinct features. First, a small peak at 0.3 V was observed,
consistent with the reduction of surface oxides on p-GalnP,."
Second, a large increase in the cathodic current beginning at
0.1 V was observed for hydrogen evolution. With 0.001 M of
the MoS, precursor added to the solution at the same light
intensity, a large positive shift in the photocurrent onset was
noted, and the light-limited plateau current was attenuated by
the deep red solution color. The first voltammetric wave
corresponded to the reduction of MoS,2~>
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Figure 1. (a) Voltammetric responses of a bare p-GaInP, epilayer in
0.5 M K,SO, under 50 mW cm™? illumination (black), in 0.001 M
(NH,),MoS, + 0.5 M K,SO, in the dark (blue), and in 0.001 M
(NH,),MoS, + 0.5 M K,SO, under 50 mW cm™? illumination (red).
Scan rate: S0 mV s™'. (b) Potential transient for the galvanostatic
deposition of MoS, thin films on p-GalnP, under 50 mW cm™

-2

illumination. Applied current density: 0.3 mA cm™.

MoS;™ + 2¢” + 2H,0 — MoS, + 2SH™ + 20H™ (1)
however, no change in the electrode appearance was observed
by eye. Similarly, cycling the electrode without illumination in
the precursor solution from 0.6 to —0.4 V resulted in no
alteration of the electrode appearance.

A galvanostatic deposition method was utilized to produce
uniform thin films. Notably, potentiostatic depositions
produced films with significant roughness and led to less
reproducible thicknesses. Figure 1b shows a representative
potential transient for a galvanostatic photoelectrodeposition
of MoS,, on bare p-GaInP, at 0.3 mA cm™* under 50 mW cm ™
illumination. After a rapid initial decrease from open-circuit
potential, the electrode potential gradually drifted more
negative until reaching a quasi-steady-state potential near
0.32 V. Although no distinct nucleation feature was observed
in the transient, the voltammetry shown in Figure la suggests
that the reduction of MoS,>” occurred at all potentials < 0.6 V,
i.e, immediately after the charging current decay. A similar
potential transient profile was also observed for longer
depositions (Supporting Information, Figure S1).

Structure and Composition of Deposited MoS, Films.
Electron microscopy coupled with spectroscopic techniques
was used to determine the film thickness, composition, and
structure. A representative cross-section, bright-field scanning
transmission electron microscopy (STEM) image of a film on
p-GalnP, photoelectrodeposited at 0.3 mA cm™ for 30 s under
50 mW cm™? illumination in 0.001 M (NH,),MoS, is shown
in Figure 2a. An ~8 nm-thick MoS, film was observed between
GalnP, and the Pd/Au capping layer deposited during STEM
sample preparation. STEM analysis on multiple MoS, films
grown on separate GalnP, substrates under the same
conditions produced film thicknesses ranging between 8 and
10 nm. An additional ~0.75 nm-thick layer was consistently

observed between the GalnP, substrate and the MoS, film and
attributed to a surface oxide. A longer deposition time of 2 min
produced thicker films on the order of 40 nm (Supporting
Information, Figure SI, inset). Figure 2b shows the
corresponding dark-field image of the MoS,. A sharp interface
is apparent below the capping layer, indicating a nominally
smooth top surface over the imaged area. Additional STEM/
energy-dispersive spectrometry mapping (Supporting Informa-
tion, Figure S2) showed a distinct diminution in the Ga, In,
and P signals in the region of the film. Figure 2c¢ highlights
sulfur content in the films. The S EELS map in Figure 2c
collected from the S L,; edge at 165 eV confirmed that the
films were sulfur-containing throughout. Analogous Mo
mapping (Supporting Information, Figure S3b) was less clear
on the absolute Mo content since the Mo M; and Mo M,
edges strongly overlap with the tail of the C K edge
(Supporting Information, Figure S3c). Nevertheless, the data
were consistent that the as-deposited films were composed of S
uniformly.

Separate assessment of the chemical oxidation states of Mo
and S was performed via high-resolution XPS. High-resolution
XP spectra (raw data, fits, and residuals) for the Mo 3d and S
2p regions are shown in Figure 3a,b (fitting details vide supra).
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Figure 3. High-resolution (a) Mo 3d and (b) S 2p XP spectra of the
as-deposited MoS, thin film. Residuals are shown in red below the
fitted spectra.

In Figure 3a, the Mo 3d region was composed of three Mo
doublets corresponding to three different oxidation states:
Mo(IV), Mo(V), and Mo(VI). In addition, a single peak at
226.9 €V was observed corresponding to an S 2s signal.”>* The
Mo(IV) doublet and the S 2s signals suggest molybdenum
disulfide.”***° The Mo(V) doublet was consistent with a
ternary oxysulfide species (MoOxSy).Z’%’38 The doublet for
Mo(VI) sug%ested that some molybdenum oxides (MoOj) are
also present.”*

The S 2p spectrum in Figure 3b was fit to several different S
oxidation states. The binding energies of these two sets of
doublets were consistent with a mix of S~ and S,>” anions
present in MoS,, widely reported for MoS, materials with no

GalnP,

(c)

Figure 2. (a) Bright-field and (b) dark-field STEM images of the as-deposited MoS, thin film and GalnP, interface. (c) Corresponding S L, ; edge
EELS map of the MoS, deposit and GaInP, interface. The sulfur signal is shown in white against a black background. Scale bars: 10 nm.
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long-range structural order, i.e., arnorphous.z’sd"%’38 Addition-
ally, no elemental sulfur peaks were required to fit the S 2p
spectrum. Combined, the relative intensities across Figure 3
suggested that a large portion of the film is composed of MoS,.
The quantification of the Mo and S spectra suggested an
approximate Mo/$S ratio of 1:1.6, corresponding to a majority
MoS, makeup with some oxide/oxysulfide species present. As
such, the films are collectively referred to as MoS,.

Separate analyses were performed to ascertain the
crystallinity of the MoS, film. All X-ray diffraction measure-
ments on the as-prepared film yielded no evidence of
crystallinity, but the detection limit for the low total amount
of material was not conclusive in this regard. Separate Raman
analyses were performed to bolster this point. Raman spectra
for bare p-GalnP,, p-GalnP, with an as-deposited film, and p-
GalnP, after film photoelectrodeposition and annealing for 30
min at 550 °C under Ar(g) are shown in Figure 4. For the bare

MDSJ A\.‘
——— Annealed 30s MoS_
—— As-deposited 30s MoS_
AN

Normalized Counts

I

S

200 250 300 350 400 450 3
Raman Shift / cm™!

Figure 4. Raman spectra of a bare GalnP,, as-deposited MoS,/
GalnP,, and annealed MoS,/GalnP, electrodes. The dashed line
indicates the location of the A;; mode of crystalline MoS,.

sample, the three clear Raman peaks at 381, 364, and 330 cm ™
were observed, consistent with the two longitudinal optical
phonon modes and one transverse optical phonon mode,
respectively, for ordered GaInP,.”” The as-deposited sample
shows an essentially identical spectrum, indicating that the as-
deposited films showed no Raman signatures in this
bandwidth. The Raman spectrum after annealing featured an
additional small peak at 405 cm™'. This signal was consistent
with the A;, mode of crystalline MoS,.*
Photoelectrochemical Properties of the MoS,/p-
GalnP, Photocathode. The photoelectrochemical properties
of p-GalnP, before and after film photoelectrodeposition are
shown in Figure 5. Figure Sa shows the steady-state linear
sweep voltammograms of p-GalnP, before and after film
deposition when immersed in 0.5 M H,SO, and 0.001 M

Triton X-100 under AM 1.5G illumination. The reversible
potential for H*/H, is indicated by the vertical, dashed line.
Several key differences in the voltammetry of the two
electrodes are apparent. First, the onset potential for the
hydrogen evolution reaction is shifted significantly. At a
current density of 1 mA cm™2, the potential of the coated
electrode is 460 mV more positive than prior to film
deposition. Next, the light-limited photocurrent density of
the coated p-GalnP, electrode is essentially unchanged relative
to the bare p-GaInP, electrode (11.7 vs 11.0 mA cm™2,
respectively). These features were consistent across two thin-
film electrodes prepared from different p-GalnP, epilayers
(with similar material properties as shown) (e.g., Supporting
Information, Figure S4). Figure Sb shows representative
external quantum yield measurements for p-GalnP, before
and after film photoelectrodeposition. Despite a slight increase
in the quantum yield at shorter wavelengths, there was no
appreciable change in the quantum yield profile across the
range of visible wavelengths. However, the reflectance data,
depicted in Figure Sc, shows a measurable difference between
the two types of electrodes. At all wavelengths shown, a 5—
10% change in the reflectance was noted, with the largest
differences occurring at shorter wavelengths.
Photoelectrochemical measurements recorded over longer
periods of time were performed to assess the relative durability
of the as-deposited coatings (Figure 6). Photocurrent—time
measurements were performed for all electrodes under AM
1.5G illumination in the absence of any surfactant at an applied
potential of 0 V vs E(RHE), i.e., under conditions where the
photocurrent is light-limited for the MoS, sample and near
light-limited for the bare sample. Measurements at this
potential allowed a direct comparison to several other reports
of MoS,/MoS,-protected photocathodes (Supporting Infor-
mation)."¥** An additional durability measurement was
performed at +0.25 V to assess the durability closer to the
maximum power point. The photocurrent of the bare p-GalnP,
electrode decayed quickly, reaching near zero within 3 h. After
the photoelectrodeposition using the same conditions as for
Figure 2, the photocurrent of the p-GalnP, photoelectrode was
markedly more stable. At 0 V vs E(RHE), the electrode
maintained 85% of the initial photocurrent over 50 h. Even
after 100 h under light-limited conditions, 80% of the initial
photocurrent was observed. The durability of a sample
produced by the same 30 s photoelectrodeposition conditions
at 0.25 V resulted in similar levels of stability over 50 h. P-type
GalnP, electrodes coated with a film photoelectrodeposited for
shorter times (10 s) still showed some improved durability

HY/H,

(a) = g 1 p——my : . (b) % 1.0 — ©) 100 E——
< o] s, 2o —— 305 MoS, o —— 30 MoS,in air
E £ =
z g 06 3 60
g S o § MM
A = =
2 g 02 2
: i3
é o =T 0z 05 & Y0 30 a0 20 500 550 50 650 700 850200750 300 350 600 650
Potential / V vs. E(RHE) Wavelength / nm Wavelength / nm

Figure S. (a) Voltammetric responses of MoS,/p-GalnP, and bare p-GalnP, photocathodes in 0.5 M H,SO, + 0.001 M Triton X-100 under AM
1.5G illumination. Scan rate: 50 mV s™'. The dashed line indicates the reversible potential for the hydrogen evolution reaction on this scale. (b)
External quantum yield measurements for the same electrodes in 0.5 M H,SO,. Applied bias: —0.3 V vs E(RHE). (c) Reflectance measurements of
MoS,/p-GalnP, and bare p-GalnP, electrodes acquired without the electrolyte.
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Figure 6. Durability measurements for bare p-GalnP,, 10 s deposited
MoS,/p-GalnP,, and 30 s deposited MoS,/p-GalnP, photocathodes
in 0.5 M H,SO, under AM 1.5G illumination at an applied bias of
either 0.0 or 0.25 V vs E(RHE).

over bare p-GaInP, but less stability than the films photo-
electrodeposited for 30 s, losing 30% of the initial photocurrent
density over 50 h of continuous operation.

B DISCUSSION

The collective data supports three main points. First,
photoelectrochemical reduction of (NH,),MoS, on p-GalnP,
is a straightforward route to obtain uniform coatings. The film
material is disordered and results in negligible optical losses in
the photoelectrochemical responses of p-GalnP,. Second, the
as-prepared films are electrocatalytic toward H* reduction.
Third, such films impart enhanced durability to p-GalnP,,
similar to MoS, films deposited by vapor phase methods.
These points are described below.

Photoelectrodeposited Thin Films of MoS,. Although
the photoelectrochemical reduction of (NH,),MoS, on p-
GalnP, can readily occur under a variety of conditions, this
work highlights parameters necessary for thin, uniform films.
First, a light intensity of 50 mW cm ™ white light was utilized,
as full 1-sun illumination resulted in much thicker films, even
for short deposition times. Second, (NH,),MoS, concen-
trations on the order of 0.001 M were optimal. Higher
concentrations resulted in strongly colored solutions that
severely attenuated illumination. Lower concentrations re-
sulted in sporadic, nonuniform deposits. Third, galvanostatic
rather than voltammetric depositions yielded the most uniform
films. Low current densities (~107* A cm™) also yielded the
most continuous films. Higher current densities produced
thicker (>60 nm) and rougher films, which incurred greater
optical losses and correspondingly lower attainable photo-
currents.

The as-photoelectrodeposited thin films were neither
crystalline nor homogeneous in composition. The cumulative
XP spectra and EELS mapping suggest these films are a
mixture of MoS, and nonstoichiometric molybdenum sulfide,

E

ie, MoS, The data are presently unclear whether any
oxysulfide forms natively during photoelectrodeposition. Addi-
tionally, the distribution of different Mo/S valence states (e.g.,
clustering) within the film is uncertain. However, the reactivity
of the films toward oxygen would be consistent with the
determination that the films are not strongly ordered.
Crystalline features (e.g, Raman modes) only observed after
some annealing imply that the photoelectrodeposition process
yields a metastable form of MoS,.

Still, a noteworthy feature of the photoelectrodeposition
process was the apparent lack of Mo- and S-enrichment. This
feature, in conjunction with the relative simplicity of the
photoelectrodeposition process, stands in strong contrast to
other methodologies for coating p-GalnP, with MoS,-based
coatings. A two-step Mo sputtering and the subsequent
sulfidization process has been reported previously for
modifying p-GalnP, that indicated it is difficult to fully convert
Mo® films, especially at the interface.'® Although the
substoichiometry of the metal sulfide (and presence of Mo°)
apparently had minimal impact on the stability and catalytic
activity of the electrode interface, the light-limited photo-
current was attenuated. This may signify an inherent limitation
to the sulfidization process. That is, strong interactions
between the Mo metal and the substrate, as well as the
presence of coordinated oxygen could inhibit complete
sulfidization within accepted thermal and temporal budg-
ets.*"** Additionally, it is unclear whether sputtering damage
occurs/impacts the performance of photoelectrodes during the
catalyst deposition. Plasma damage to sputtering substrates
and resulting films is well documented, where ion bombard-
ment can create surface defects that impact electrical
properties.””~*> Regardless, those complications did not affect
this work. The lack of Mo° and the ability to deposit optically
thin films stand as major practical advantages of the method
presented here. Although the simplicity of ambient electro-
deposition apparatus relative to high-temperature equipment is
well established at this point,*® it merits further mentioning
that ambient temperature deposition also avoids the
interdiffusion problems associated with exposing the film/
electrode to high temperatures.”®

A further notable aspect observed here is the absence of
substantial optical losses after coating. The near invariance in
light-limited photocurrents in Figure Sa implies these coatings
are essentially transparent to the incident illumination. Any
deposited material with a refractive index between that of
GalnP, and the liquid electrolyte will necessarily decrease the
amount of incident illumination reflected. Although it is
tempting to ascribe some additional light trapping between the
film and p-GalnP, as the source for the slight photocurrent
enhancement, replicate samples showed the same primary
observation (ie., the photocurrent magnitude was the same)
but with no discernable enhancement. This observation could
speak to slight variations in the specific refractive indices or
absorbance between films and was not assessed further.
Nevertheless, the principal fact that films, which were
electrocatalytic, yielded no substantial changes in the
reflectance, wavelength-dependent quantum yields for photo-
current, and the total white-light photocurrent is clear that the
optical properties of the modified p-GalnP, photocathodes are
well suited for water splitting. This point is especially true for
multijunction photoelectrode architectures, where minimizing
optical losses between layers is critical.””"
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Electrocatalytic Properties of MoS,. The marked
difference in the current-potential responses under illumina-
tion before and after the modification of p-GalnP, speaks
strongly to the electrocatalytic nature of the as-prepared MoS,
films. That is, the as-prepared MoS, films act as potent
electrocatalysts for H* reduction. This point can be understood
from the cumulative literature on the electrocatalytic nature of
MoS,. Simply, although crystalline MoS, is a layered material
with extremely stable basal planes,*”** the most potent sites
for H" adsorption and reduction are believed to be the under-
coordinated Mo—S units at edge sites.* ™! In fact, amorphous,
heavily disordered, and defect-rich MoS, has been intentionally
targeted as an ideal morphology of this sulfide for electro-
catalysis.”**°***>3 These disordered MoS,/MoS, materials
can exhibit exchange current densities upward of 107> A cm ™2,
compared to 107 A cm™ for Pt.>>>* The onset potential for
hydrogen evolution of MoS, thin films deposited for 30 s in
this work (0.68 and 0.62 V at 0.1 mA cm™2) surpasses other
MoS, ), films on p-GalnP, photocathodes (0.36"° and ~0.49*
V at 0.1 mA cm™?). Accordingly, these results suggest that the
photoelectrodeposition process employed here also naturally
yields a very active form of MoS,.

Stability. The long operational life of the modified p-
GalnP, electrodes is encouraging and noteworthy. The
durability results shown here compare favorably to other
MoS,-modified photocathodes without additional protective
oxide layers (Supporting Information, Table S1). Fundamen-
tally, the stability of a photocathode immersed in water can be
understood as a function of two (or more) current processes
operating in parallel at the semiconductor/solution interface.”
Concurrent to chemically induced corrosion processes, photo-
generated electrons can either participate in the electro-
chemical reduction of species in the solution or in the
electrochemical reduction of the semiconductor itself at the
interface, with the relative fractions dictated by the “resistance”
(i.e., kinetics) of the two current branches. In the absence of
any electrocatalyst, the current flowing across a p-GalnP,
electrode in water under hydrogen-evolving conditions quickly
decreases, because the concurrent reduction of the group III
elements to zero-valent metals is kinetically competitive with
H* to H,."»>™” This aspect is clearly reflected in the rapid
current loss in Figure 6 for the bare p-GalnP, photocathode.
The substantially slower current decays of the p-GalnP,
photocathodes modified by MoS, reflect the fact that H*
reduction became much more kinetically facile.

To be clear, the stability of these modified p-GalnP,
electrodes is improved but by no means indefinite. Any loss
in photocurrent indicates some finite, parallel degradation
processes. Any residual Faradaic current not directed toward
H, evolution will eventually lead to catastrophic failure if it is
coupled to some corrosions of the photoelectrode.’™” A
detailed analysis was not performed on the failure mechanisms
of these films. Failure could involve the catalyst dissolution
and/or poor catalyst adhesion. Although the stability of MoS,
in water-splitting reactions is known,'® molybdenum oxides are
susceptible toward dissolution under hydrogen-evolving
conditions,”>*? exposing the underlying substrate. Accordingly,
the elimination of any oxides in the film should be pursued to
enhance the stability for much longer operating times.
Additionally, the native surface oxide on GalnP, likely
influences the adhesion of MoS,. There is no reason a priori
to believe that adhesion should be strong at this interface, but
the evidence is clear that films adhere on the time scale of days.

F

Specifically modifying GalnP, surfaces prior to photo-
electrodeposition to enhance binding interactions with MoS,
may be required for much longer photoelectrolysis times. On
this front, several routes for covalent modification of III-V
semiconductor surfaces are known.®”"!

B CONCLUSIONS

The cumulative data show that the direct photoelectrodepo-
sition of MoS, thin films on p-GalnP, epilayers provides
excellent catalytic activity and enhanced durability for
photoelectrochemical hydrogen evolution. The key advance-
ment demonstrated by this work is the ability to fabricate thin
films on high efficiency III-V substrates with high catalytic
performance and negligible photocurrent loss via an ambient
benchtop electrodeposition requiring only aqueous solutions
and simple electronics. A notable conclusion is that these films
can stabilize otherwise corrosion-prone materials, setting the
basis for future studies aimed at depositing other catalytically
active, yet stable materials on photoelectrodes. From a
practical standpoint, the fact that this stability enhancement
was achieved without any other additional protection layer
greatly simplifies the interface design. Nevertheless, controlling
the interfacial chemistry of the GalnP, electrode before
photoelectrodeposition may also prove useful in manipulating
the film morphology for adjusting the deposit’s optical
properties or altering the system energetics for enhanced
overall performance. The fact that the photoelectrodeposited
films shown here already demonstrate 50 h of operation is
encouraging, particularly given the ease and rapidity of their
preparation.
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