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Three-dimensionally patterned Ag–Pt alloy
catalyst on planar Si photocathodes for
photoelectrochemical H2 evolution†
Sung Yul Lim, ‡a Kyungyeon Ha,‡bc Heonhak Ha, ‡d Soo Youn Lee,
Min Seok Jang, *d Mansoo Choi *bc and Taek Dong Chung *ae

a

Platinum is still the most active element for the hydrogen evolution reaction (HER); however, it suﬀers
from its scarcity and high cost. Thus, significant eﬀorts have been dedicated to maximize the catalytic
activity with less loading. When Pt is utilized at a semiconductor surface, more factors have to be
considered. Placing a catalyst directly in contact with a semiconductor supports the extraction of
photogenerated minority carriers as well as boosts the catalytic reactions. In addition, a catalyst should
be designed with prudence not to interfere in the light path with respect to absorption at the underlying
substrate. Herein, we report the development of planar Si-based photocathodes, covered with a native
oxide, for the HER, which also satisfy the prerequisites for the use of a three-dimensionally patterned,
flower-like Ag–Pt catalyst. The catalyst consisted of nanoparticles of homogeneously alloyed Ag and Pt,
fabricated by a galvanic exchange of Pt with Ag. Importantly, these two elements were proven to have
their own functionalities. Ag not only contributed to transporting e and Had to the Pt for subsequent
processes of the HER but also effectively extracted minority carriers by diluting the high work function
of Pt, leading to a better Schottky barrier at the catalyst–insulator–semiconductor junction. Furthermore,
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computational simulation revealed that the proposed catalyst pattern alleviated optical light loss with the
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achieve 0.36 V (vs. reversible hydrogen electrode) as an open circuit potential and the near maximum

increasing catalyst loading compared to the two-dimensional case. Owing to these effects, we could
current density of planar p-type Si. The findings in this work suggests deeper insights that could support
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the design of catalysts for solar-fuel systems.

Introduction
With an aim to mimic the photosynthesis in nature, numerous
research works have focused on the conversion of intermittent
solar power into a storable form of energy, such as by chemical
bonding, to meet the increasing energy demands of human
society.1,2 Hydrogen (H2), obtained by splitting water molecules
(H2O - H2 + 1/2 O2), is a promising solar fuel, owing to its
a
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zero-emission nature and higher energy density (120 MJ kg 1)
than methane (50 MJ kg 1) and gasoline (43 MJ kg 1).3,4 Several
device designs have been proposed for solar-driven watersplitting, e.g., photocatalyst colloids, photovoltaic modules connected to electrolyzers, and photoelectrochemical cells (PECs).5
Among these, PECs involve an intriguing approach because of
their technological maturity and low manufacturing cost. A
typical PEC consists of at least three components: membranes
or other similar architectures, preventing product cross-over
between the cathode and anode; light absorbers to generate
excitons for generating photovoltage; and catalysts to facilitate
the (photo)electrochemical reactions.6
It is believed that the overall PEC performance of the catalyst
component is significantly dependent on the distribution of the
catalysts,7,8 the interface with the underlying semiconductor
junction,9 and the light absorption eﬃciency,10 even for the
same material. First, meticulous care is imperative to prevent
substantial photon loss by scattering and reflection at the
catalyst layer. The trade-oﬀ between the activity and optical
obscuration of an electrocatalyst can be adjusted by leaving the
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semiconductor surfaces bare for more eﬃcient light transmission. Based on a report by Chen et al.,7 a maximum solar-tohydrogen conversion eﬃciency of 24.9%, which was close to
the ideal value, could be acquired by using patterned Pt
ultramicroelectrode arrays on a semiconductor electrode. A
recent paper published by Oh et al. stated that micrometerscale patterned NiFe with a three-dimensional (3D) inverse opal
structure facilitated water oxidation on an n-type Si photoanode.11 Engineering of the photoelectrode interface is also
important to enhance facile electron transfer from light absorbers to molecules through the catalyst layer. Ji et al.,12 Hu
et al.,13 and Seger et al.14 showed that it is possible to achieve a
near-maximum saturated photocurrent density ( JSC) of crystalline Si by replacing the Si-based tunneling barrier with SrTiO3
or TiO2, which facilitates electron tunneling through the conduction band of the oxide layer. Third, the PEC performance
can be enhanced not only by incorporating a high-quality
protection layer between the catalyst and semiconductor, but
also by using a proper catalyst combination with the specific
semiconductor surface to improve the junction property.15
Esposito et al. reported that the introduction of a 30 nm thick
Ti layer underneath Pt could induce a positive shift of the open
circuit potential (VOC) for HER at p-Si(100) photocathodes.15
The Ti enables a greater extraction of photogenerated carriers
from p-Si(100) and passes the charge carriers to the upper layer
for facile electron transfer to molecules in the electrolyte.15
These previous results unequivocally demonstrate that engineering catalyst/semiconductor junctions can remarkably influence the electron–hole separation efficiency, photovoltage, and
electrocatalytic reactions.
Herein, we demonstrate an enhancement in light absorption
and photovoltage using a three-dimensionally (3D) patterned
Ag–Pt alloy catalyst on planar p-Si(100) photocathodes. The
specially designed planar-type Si photocathode generated a
VOC of 0.36 V (vs. reversible hydrogen electrode (RHE)) and JSC
of 36 mA cm 2. A galvanic exchange of pre-patterned Ag nanostructures with [PtCl4]2 yielded the bimetallic Ag–Pt catalyst,
retaining the original flower-like configuration. The horizontally patterned catalyst and the bare Si, that is covered by native
oxide (SiOx), surface open to the transparent electrolyte solution allowed for the efficient transmission of light to the underlying semiconductor, while the vertically grown Ag structure
provided a substrate for a sufficient amount of Pt to promote
Faradaic reactions. In addition, it was expected that Ag would
effectively supply electrons and protons to Pt, which functioned
as the reaction site for HER owing to its high intrinsic conductivity16 and tendency for hydrogen atom adsorption (Had).17
More importantly, Ag can improve the efficiency of photogenerated electrons extraction from semiconductor substrate
compared to direct contact with pure Pt and p-Si. Ag is widely
used to form a Schottky diode interface when it meets with p-Si
owing to its low work function (4.26 eV, comparable with Ti).18
Owing to this improved junction property, we achieve a VOC of
0.36 V, which is about 100 mV higher than any other reported
cases utilizing low-quality SiOx-covered planar Si-based metal–
insulator–semiconductor (MIS) photocathodes for water splitting.
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Our patterned Ag–Pt alloyed catalyst on planar p-Si gave rise to a
high incident-photon-to-current conversion efficiency (IPCE) at
wavelengths greater than 600 nm. The high IPCE at the red part
of the solar spectrum (l 4 600 nm) is crucial for a real twophoton device.14 A smaller 3D Ag–Pt catalyst would reflect less
light so that more light gets absorbed in the underlying Si. This
leads to a higher IPCE and JSC as predicted from full wave
electromagnetic simulations.

Experimental
Chemical reagents and materials
All chemicals were used as received from MERCK. Deionized (DI)
water (18.2 MO) was used throughout this work. All glassware
was cleaned with piranha (1 : 3 H2O2 : H2SO4) and aqua regia
(1 : 3 HNO3 : HCl). A p-type Si(100) (boron doped, 8–12 O cm,
700–790 mm thick) and highly doped n+-Si(100) (phosphorus
doped, 0.001–0.002 O cm, 700–750 mm) wafers were purchased
from Wafer Biz corporation.
Physical characterization
To observe the surface morphology of the photoelectrode, fieldemission scanning electron microscopy (FESEM) was used with
a SUPRA 55VP (Carl Zeiss) at a 2 kV accelerating voltage at the
National Instrumentation Center for Environmental Management of Seoul National University. A cross-sectional view of the
photoelectrode was prepared by focused ion beam SMI3050SE
(SII Nanotechnology). To observe the metal catalyst layer, depositing spin-on glass (SOG, ED400A S.C3%, APM) was necessary to
minimize any damages and to conserve the porous structure of
the metal catalyst layer from the ion beam accelerated by high
voltage. The SOG was spin-coated on the 3D-patterned Ag–Pt/pSi(100) photocathode at 500 and 1500 rpm for 5 and 20 s, respectively. In other cases, a gold and carbon layer was used as a
protection layer. High-resolution TEM (HRTEM), high-angle
annular dark field-scanning TEM (HAADF-STEM), and energy
dispersive X-ray spectroscopy (EDS) images were acquired by a
JEM-300F (JEOL) at 300 kV at the Research Institute of Advanced
Materials (Seoul National University).
Photoelectrochemical measurements
The light source for simulating solar light was a 150 W xenon
arc lamp equipped with an air mass filter (1.5 Global). The light
intensity was controlled by adjusting the distance from the
light source and was calibrated using a radiometer (Solar light,
PMA-2100) and a pyranometer (Solar light, PMA-2144). IPCE
was measured using a 300 W xenon arc lamp combined with a
monochromator. The home-built light source setup was provided
by Uninanotech. For the photoelectrochemical measurements,
the homemade electrochemical cell with flat, quartz window light
transmission was used. Pt wire (AFCTR5, Pine research) and
Ag/AgCl (3 M NaCl, Bioanalytical System, Inc.) were used as the
counter and reference electrodes, respectively. The Pt wire
exposed to electrolyte solution for the hydrogen evolution
reaction (HER) was separated with an isolation tube and glass
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frits to prevent cross-contamination between H2 and O2 gas. The
0.5 M H2SO4 solution was purged with high purity (99.999%) H2
gas for 30 min before conducting voltammetry experiments. The
electrochemical measurements started only when the fluctuation
of the open circuit potential became within 1 mV range. The
potential was converted to RHE potentials by measuring the open
circuit potential between the Ag/AgCl electrode vs. commercialized RHE (ALS, Japan) in H2-purged 0.5 M H2SO4 solution. The
potential sweep rate was 10 mV s 1. For the durability tests,
0.2 V (vs. RHE) was applied for 24 h under simulated AM 1.5
illumination. The Faradaic eﬃciency was calculated by: 2nH2F/Q,
where nH2 is the total amount of produced hydrogen gas (mol)
measured by gas chromatography (GC) (YL6100GC, Young Lin),
F is the Faraday constant, and Q is the total amount of charge (C)
passed as measured by integrating the current flow for 1 h. The
evolved H2 was collected from headspace of the cell with a known
volume, purged with N2 gas (99.9%). For linear sweep voltammetry under chopped light illumination, an optical chopper
(Stanford Research Systems) was employed at 1.5 Hz.

Fig. 1 The preparation scheme of 3D patterned Ag–Pt catalyst on planar
p-Si(100).

Paper

Results and discussion
Fig. 1 schematically illustrates the fabrication procedure of the
3D-patterned Ag–Pt/p-Si(100) photocathodes for HER. The 3D
Ag structures composed of nanoparticles were directly patterned
using a multi-pin spark discharge generator (MSDG) and an
ion-induced electrostatic focusing method under 25 1C and
1 atm, uniquely developed by Choi’s research group.19 Briefly,
we employed a planar p-Si(100) substrate with a cross-patterned
50 nm-thick SiO2 layer. Then, high voltage was applied to the
multi pins and the Si substrate. The generated multi-spark
discharge produced charged Ag nanoparticles and ions. The
nanoparticles are migrated to the oppositely charged Si substrate by the electrostatic force and the flow of N2 carrier gas. By
an electrostatic lens effect, the charged Ag nanoparticles are
assembled at the center of the cross-patterned SiOx-etched area
and grown as 3D flower-shaped structures. The details of the
MSDG design are described in our previous studies and in the
Experimental section in the ESI.† To introduce more efficient
reaction sites for HER, Pt was incorporated by reaction with the
pre-patterned Ag structures and [PtCl4]2 ions at 80 1C through
a galvanic exchange reaction. The overall morphology of the
catalyst structures was retained through this exchange process,
as confirmed by the FESEM images (Fig. S1, ESI†). Finally, the
50 nm-thick SiO2 layer, playing the role of a mask for the 3D
patterning, was etched away by dipping in buffered oxide etch
(BOE) solutions. The optimal reaction time with Pt ions and
BOE was 2 h and 25 min, respectively. The removal of the
50 nm-thick bare SiO2 layer is essential for photocurrent generation and will be discussed in detail afterward.
The FESEM images of the 3D-patterned Ag–Pt/p-Si(100) are
shown in Fig. 2a and b. The nanoparticles were only deposited
at the cross-patterned SiO2-etched area and grew into four-leafclover-shaped structures (Fig. 2a). Fig. 2b shows the magnified
image of a single flower-like structure marked by the white dotted
rectangle in Fig. 2a. Even after the treatment with BOE, the crosspattern of the 50 nm-thick SiO2 layer could still be observed,

Fig. 2 (a) Tilted FESEM image of the 3D-patterned Ag–Pt/p-Si(100) photocathode. (b) Magnified image of one catalyst structure as shown in the white
dotted box in (a). (c) Cross-sectional HRTEM images of each part of our photocathodes. The selected area is marked by the schematic photoelectrode
structure with the same color and number.
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as shown in the FESEM image (Fig. 2b). For more detailed
structural information, we investigated each part of the photoelectrode using cross-sectional high-resolution transmission
electron microscopy (HRTEM; Fig. 2c). The regions marked by
a number and a colored box in the illustration of the photoelectrode (black dotted box in Fig. 2c) were observed by HRTEM.
It was found that a 20 nm deep groove was formed at the Si
substrate (Fig. S2, ESI†); this is the region not covered by the
artificially deposited SiO2 layer after generating cross-like prepatterns using the reactive ion etch process (RIE). Even after
the RIE procedure, a native oxide layer of SiOx existed, and the
3D-patterned Ag structures were deposited on SiOx/p-Si(100)
(green line in Fig. 2c). A SiOx layer of a similar thickness
(2–3 nm) was also observed in the region between the patterned
metal structure, which was previously protected by the 50 nmthick SiO2 layer (blue box in Fig. 2c). The pre-patterned Ag
structures consisted of agglomerated nanoparticles (Fig. S3, ESI†),
and this morphology was unchanged after the Pt incorporation
step by exchange with 5 mM [PtCl4]2 through a galvanic replacement reaction (HRTEM and HAADF-STEM images in the pink
box). After 2 h of exchange reaction, 70% of Pt was homogeneously incorporated into the 3D-patterned catalyst structure
(Fig. 2c). The Pt and Ag as obtained by inductively coupled
plasma mass spectrometry (ICP-MS) were 25.72 (1.89) and
11.18 (0.0318) mg cm 2.
To examine the eﬀects of the Pt/Ag ratio in the catalyst and
SiOx layer on the photoelectrochemical performance, linear
sweep voltammograms were acquired in H2-saturated 0.5 M
H2SO4 under AM 1.5 illumination while varying the duration of
the Pt exchange reaction and the dipping time in BOE (Fig. 3).
The results of this experiment will endow us with an intuitive
understanding of how the photogenerated electrons are transferred under photoelectrochemical environments. As a wellknown material exhibiting the best electrochemical kinetics for
HER in acid solutions, Pt needs to be incorporated for a higher
photocurrent density.17,20 As shown in Fig. 3a, however, the
optimal photocurrent density was observed at the atomic Pt/Ag
ratio of 2.3 in the 3D-patterned Ag–Pt catalyst. An exchange
reaction for longer than 2 h resulted in the incorporation of
excessive amounts of Pt (Pt/Ag = 4) in the catalyst structure,
thereby deteriorating the performance. This result indirectly
corroborated the importance of Ag for the extraction of electrons from p-Si(100). As shown in previous reports, Pt directly
attached on SiOx-covered Si surface is not superlatively suitable
for the extraction of photogenerated electrons because of its
high work function (fPt: 5.65 eV18), which brings about unfavorable band alignment for minority carrier transfer from Si to Pt
through tunneling.15 The Ti layer beneath the Pt catalyst assists
the extraction of photogenerated electrons from p-Si(100) through
SiO2 by tunneling, owing to its lower work function than Pt
(fTi: 4.33 eV18), resulting in an enhanced performance.15 The
VOC is sensitive to the difference between the work function of
the metal and that of the semiconductor; a larger difference
leads to a higher VOC unless there are significant interfacial
states, causing more probable carrier recombination.15,21 Silver
is the well-known element that has a comparable work function
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Fig. 3 Linear sweep voltammograms for various (a) atomic Pt/Ag ratios of
the patterned catalysts by controlling the duration time for the galvanic
exchange reaction of pre-patterned 3D-Ag catalysts with [PtCl4]2 and
(b) BOE etching time. (a) The BOE was treated for 30 min and (b) the
reaction time for galvanic replacement was 2 h, respectively. (c) Photoelectrochemical linear sweep voltammograms for HER at the optimized
3D-patterned Ag–Pt/p-Si(100). The voltammograms for 3D-Ag (green line),
without the catalyst (blue line), and Pt (gray line) are shown for comparison
(left). The voltammograms at Pt were measured by using a Pt rotating disk
electrode under the electrode rotation of 1200 rpm. Magnified linear sweep
voltammograms from the right panel of Fig. 3c (dotted box) for clear
VOC verification (right). For the photoelectrochemical measurements, the
electrolyte was H2-purged 0.5 M H2SO4 and the electrode was irradiated
by a simulated AM 1.5 illumination (100 mW cm 2). Exposed electrode area
was 0.13 cm2 and the scan rate was 10 mV s 1. (d) Schematic illustration of
how HER occurs on our photocathodes.

with Ti and thus forms a Schottky contact with moderately
doped Si.22 To support the effectiveness of Ag as a good interfacial layer for Si-based photocathodes, we patterned a simple
dot-shaped Pt/Ag catalyst (diameter/spacing: 50/50 mm) on
planar p-Si(100) by varying the Ag thickness (5 vs. 30 nm). For
a constant Pt thickness (20 nm), the Pt (20 nm)/Ag (30 nm)
catalyst pattern gave better voltammograms than 5 nm Ag in
the photoelectrochemical measurements in H2-purged 0.5 M
H2SO4 (Fig. S4b, ESI†). This better current–voltage curve at
thicker Ag (30 nm) was also observed at the solid-state measurements of one dot pattern of Pt/Ag deposited on p-Si(100) under
dark conditions. Additionally, the current response at Pt
(20 nm)/Ag (30 nm) showed better diode behavior than with
the 5 nm layer of Ag (Fig. S4c, ESI†). Thus, it was important to
optimize the ratio of Pt/Ag by balancing the reaction kinetics
and thermodynamic properties for electron transfer by tunneling.
Indeed, a certain amount of Ag underneath the Pt is advantageous for extracting a minority carrier.
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As shown in Fig. 3b, the removal of the 50 nm-thick SiO2
layer, employed as a mask for Ag patterning, is critical to the
photoelectrochemical performance of 3D-patterned Ag–Pt/pSi(100) cathodes. The photocurrent density ( 0.12 mA cm 2
at 0 V vs. RHE) was negligible in the presence of the 50 nm-thick
SiO2 layer, whereas the photocurrent increased significantly
( 28 mA cm 2 at 0 V vs. RHE) after dipping in BOE solutions
for 25 min. The photoelectrode performance decreased again,
however, under a longer SiOx etching duration (40 min). The
undercut of the SiOx layer supporting the patterned structure
weakened the catalyst adhesion, which may have caused delamination from the substrate, as confirmed by the FESEM
analysis (Fig. S5, ESI†). This result indicated that, in addition
to the production of H2 at the patterned Ag–Pt catalysts, the
thin insulating layer beneath the patterned catalysts critically
affects the generation of the photocurrent density. The current
density ratio before and after the removal of 50 nm-thick SiO2
was surprisingly high (230 calculated as 28/0.12 mA cm 2 at
0 V vs. RHE), where the coverage factor of the catalyst pattern
standing on the 2–3 nm SiOx layer was around 11%. According to
the previous report by Esposito et al.,23 a bare silicon oxide layer
not only acts as a protection layer and window for sufficient light
absorption, but also participates in the (photo)electrochemical
reactions. The SiOx layer could become conductive and provide
additional charge-carrier transport pathways.23 In addition,
it possibly becomes the reaction site for further electron
transfer to reduce Had that spills over from the Pt catalyst for
the evolution of H2 gas15,23 and/or first electron transfer to
generate adsorbed Had atoms (H+ + e - Had).24 By etching
away the thick SiO2 layer, the thin oxide layer contributes to
these processes even more actively.
In general, the HER is a two-electron transfer reaction
involving one intermediate, Had, and may take place through
either the Volmer–Heyrovsky or the Volmer–Tafel reaction
mechanism:17
Volmer step: H+ + e - Had

(1)

Heyrovsky step: Had + H + e - H2

(2)

Tafel step: 2Had - H2

(3)

+

For deeper insights into the mechanism of HER at the
3D-patterned Ag–Pt catalyst/p-Si(100), we obtained linear sweep
voltammograms at various conditions after 2 h and 25 min
treatments with [PtCl4]2 and BOE, respectively, as shown in
Fig. 3c. The catalyst pattern composed of only Ag (green line)
generated a photocurrent density to a certain extent, while
a much lower photocurrent density was observed when the
metallic catalyst layer did not exist (blue line). Although the
onset potential (Vonset, V (vs. RHE) for J = 1.0 mA cm 2) for 3D
Ag/p-Si(100) was 400 mV more negative than for the Ag–Pt
catalyst layer (red line), both of their VOC values were nearly
identical at 0.36 V (right panel of Fig. 3c in the dotted box and
Fig. S6, ESI†). The comparable VOC for Ag and Ag–Pt is in line
with the conclusion that Ag is helpful for the extraction of
electrons. After the Pt was introduced into the 3D-patterned Ag
catalyst structures, the voltammetric behavior was largely improved,

4188 | Phys. Chem. Chem. Phys., 2019, 21, 4184--4192

especially at the positive potential region. Based on these results,
the HER active catalyst should be effective for the spillover of
Had to the SiOx layer (reaction scheme (2) in Fig. 3d), as well as
the direct two-electron transfer for H2 gas evolution (reaction
scheme (1) in Fig. 3d). Conversely, the one-electron electron
transfer for proton discharge (H+ + e - Had) and H2 generation
(reaction scheme (3) in Fig. 3d) was sluggish at both the bare
SiOx/p-Si(100) and the photocathode substrate with only Ag. The
low electrocatalytic activity for HER at the 3D Ag/p-Si(100) was
confirmed by the voltammograms of the Ag and Ag–Pt pattern on
n+-Si(100) in Fig. S7 (ESI†). The contribution of bare SiOx to the
photoelectrochemical current, alongside the patterned Pt-based
catalysts, is also consistent with previous reports.15,23,24 The
voltammogram obtained under chopped illumination was wellmatched with the voltammogram under constant illumination,
without any current spikes, indicating facile electron transfer
without recombination (Fig. S8, ESI†).25 A durability test was
conducted at 0.2 V (vs. RHE) for 24 h under simulated AM 1.5
illumination. The photocurrent density was gradually degraded
for the first 2 h, but the stability was maintained afterwards
(Fig. S9a, ESI†). It was thought that the initial reduction of the
photocurrent was due to the further oxidation of the native SiOx
layer, which is vulnerable when exposed to aqueous electrolyte
environments.26 When comparing the linear sweep voltammograms acquired before and after the durability test, we could
observe a slightly lowered photocurrent density after the amperometric experiment while maintaining the initial VOC and Vonset.
This confirmed that the slight performance reduction comes
from the degradation of the insulating layer, not from the Pt
losses (Fig. S9b, ESI†).27 The Faradaic efficiency was 98.6%
(0.83%) as measured by a gas chromatography instrument
under 0.2 V (vs. RHE) and AM 1.5 illumination.
We could achieve the near maximum JSC for p-Si as
36 mA cm 2 owing to the fact that 89% of the bare SiOx/Si
surface was exposed to the transparent electrolyte solutions for
eﬃcient light penetration. However, the VOC of 0.36 V (vs. RHE)
was ca. 100 mV higher than our expectation when considering
that our p-Si(100) was covered with the native oxide, which was
a low quality tunneling oxide with a large number of defect
sites. We next calculated the diode quality factor to evaluate
the junction property of the 3D Ag–Pt/p-Si(100). The diode
quality factor (n) was determined based on the light-intensitydependent photovoltage (VPh) (Fig. 4a) and JSC values using
eqn (4),28
ln JSC = (q/nkT)VPh + ln JS

(4)

which was derived using the diode equation, J = JS(exp[q(V
JRSA)]/nkT
1)
JSC, where, q is the charge of an electron
(1.60  10 19 C), k is Boltzmann’s constant (1.38  10 23 J K 1),
T is the temperature (298 K), JS is the dark saturation current
density (A cm 2), RS is the series resistance, and A is the
electrode area (cm2). VPh was determined by the diﬀerence
in VOC between 3D Ag–Pt/p-Si(100) and 3D Ag–Pt/n+-Si(100),
measured under light and dark conditions, respectively, and
the current density in eqn (4) is expressed in units of A cm 2.
The n and JS values, extracted from the slope and y-intercept of
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Fig. 4 (a) Linear sweep voltammograms in H2-purged 0.5 M H2SO4 for 3D
Ag–Pt/p-Si(100) under various light intensities (red, orange, yellow, green,
blue, pink, and black line: 100, 59, 43, 18, 15, 8, 0 mW cm 2). The gray line
is for 3D Ag–Pt/n+-Si(100) measured under dark conditions (scan rate:
10 mV s 1). (b) ln(current density)–photovoltage plots calculated from the
voltammetry measurements (a) at different light intensities. (c) Schematic
band diagram of 3D Ag–Pt/p-Si(100).

the relation between ln JSC and VPh (eqn (4)), were 1.2 and 3.7 
10 7 A cm 2, respectively (Fig. 4b). Since n was close to 1, the
junction was thought to act as a Schottky diode that enables
facile extraction of the photogenerated minority carriers, resulting
in a high VOC and steep increase in the initial current density.29
The reported n value for planar p-Si covered with electrolessdeposited Pt nanoparticles was 1.3.29
Considering the SiOx, which is not a high-quality oxide layer,
as a tunneling barrier on planar Si, these quantitative values
reflected in the VOC, JSC, and n values were a fair bit higher than
our expectation. As suggested earlier, the synergistic eﬀect of Ag
and Pt is a probable reason. Because the Ag and Pt elements are
homogeneously distributed in the nanoparticles, we roughly
estimated the work function of our Ag–Pt catalyst as 5.2 eV by
using the relation of the work function with the atomic proportion, fAg30Pt70 = 0.3  fAg(4.26 eV) + 0.7  fPt(5.65 eV).30 The
formation of an alloy of Pt with Ag deflates the high work
function of the Pt. This approach enables the improved MIS
junction by reducing the voltage drops across the insulating SiOx
layer.28,31 From the JS value calculated herein (3.7  10 7 A cm 2),
it is possible to infer the barrier height (jBH) by using eqn (5)
related with the solid-state Schottky diode,28
jBH = (kT/q)ln[(A  T2)/JS]

(5)
2

where A* is the eﬀective Richardson’s constant (32 A cm K 2
for p-Si).32 The barrier height for 3D Ag–Pt/p-Si(100) has been
measured to be 0.76 eV. The estimated work function of our
Ag–Pt catalyst layer was about 1.0 eV higher than the pure Ag,
which was previously measured at a Ag/p-Si(100) Schottky
junction in vacuum.22 It is reasonable that the lowering work
function of the catalyst at photocathodes is somewhat effective
for the improvement of the barrier height. With the calculated
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barrier height herein, we could estimate the location of the
conduction band edge potential, as shown in Fig. 4c. It could be
expected that we would acquire a good performance in spite of
the low-quality oxide owing to the large jBH and well-aligned
band edge potentials with protons. In addition, our observation
implies that additional factors exist for further enhancement.
While the reason is unclear yet, the ‘pinch-off’ effect might be
responsible for this observation. Our patterned catalyst consisted of the homogeneously dispersed alloyed nanoparticles,
which provide for the non-uniform barrier height contacts to be
smaller than the depletion width of p-Si (2 mm). This inhomogeneous contact can incur anomalous barrier heights that lead
to an increased barrier height for both the solid-state and PEC
device.28 Furthermore, we cannot rule out the 3D catalyst structure, which enables a sufficient loading of Pt while minimizing
the parasitic interruption of light absorption to Si for the better
performance of our photocathodes. Based on the previous report,
20 mg cm 2 of Pt loading, deposited by a simple (electro)chemical
method, reduced the JSC by 30 mA cm 2 because of the
inefficient utilization of incoming light by scattering at the Pt
catalyst.23 In our case, the current density was quite high as
the photocurrent density at 0 V (vs. RHE) and the JSC were
ca. 28 and 36 mA cm 2, respectively, while maintaining the
high VOC for planar p-Si(100). We believe that the high photocurrent density under the high catalyst loading comes from the
3D structures, which enable a low coverage factor for light
absorption while ensuring the sufficient amount of catalysts.
We investigated the J–V curves for photoelectrochemical HER
(Fig. 5a) and obtained the incident photon-to-current conversion
efficiency (IPCE) (Fig. 5b) by varying the size of the catalyst. A
bigger catalyst could be achieved by simply increasing the nanoparticle deposition time, while keeping the other experimental

Fig. 5 (a) Linear sweep voltammograms (10 mV s 1) under AM 1.5 illumination at diﬀerent sizes of the 3D Ag–Pt catalysts patterned on the planar
p-Si substrate. The SEM images in the inset show the top-view of the
catalyst structure (red line: #1, green line: #2, and blue line: #3). (b) IPCE
measured using monochromatic light illumination from a Xe arc lamp
under applied bias at 0.4 V (vs. RHE). For the photoelectrochemical
measurements, all the electrolyte was H2-purged 0.5 M H2SO4. (c) Calculated
total absorption and absorption in the metal structure and (d) absorption in
the silicon substrate.
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conditions constant (see ESI†). As the catalysts grew to become
#3, the saturated photocurrent density was reduced by 30%
( JSC = 36 mA cm 2 at #1 - 25 mA cm 2 at #3). This
tendency is well reflected in the IPCE results (Fig. 5b), as the
opaque catalysts located in the middle of the light path to the
semiconductor largely influence the photocurrent generation.
To further verify the interaction between the light and 3D
Ag–Pt catalysts, we analyzed the optical properties of the catalysts
of different sizes by performing full-wave electromagnetic simulations using the finite difference time domain method. The
geometry of the 3D nanostructures was modelled by using the
SEM images of the actual structures as illustrated in Fig. S1 and
S10 (ESI†), while the dielectric function of Ag–Pt alloy was
estimated by using the weighted average method33,34 and the
results were plotted in Fig. S11 (ESI†). Since the structures had a
four-fold rotational symmetry, they were insensitive to the polarization of light for normal incidence. Consequently, here we
calculated the overall light absorption in the entire device, the
absorption in the Ag–Pt catalyst structures, and the absorption in
the Si substrate. Fig. 5c shows that the overall absorption in the
devices had an opposite tendency to the IPCE measurements;
whereby the devices with larger Ag–Pt structures showed a higher
total absorption. The benefit from the overall absorption was
outweighed by the loss due to absorption in the metal catalyst,
which was eventually wasted as heat. Consequently, the smallest
structure showed the highest absorption in the Si substrate,
which could actually participate in the hydrogen production
processes by generating the photogenerated minority carriers.
Assuming the internal quantum efficiency of the device was near
unity, the absorption in the Si substrate could be directly
translated into IPCE, and indeed the theoretically obtained Si
absorption (Fig. 5d) and the measured IPCE (Fig. 5b) agree well.
The electromagnetic field profiles further revealed the origin
of the diﬀerent absorption behaviors of the three Ag–Pt catalyst
structures (Fig. 6). At a short wavelength regime (o350 nm), the
absorption in metallic structures is roughly proportional to
their area coverage. For example, at 300 nm wavelength, the
metal absorption in structures #1, #2, and #3 were 21%, 33%,
and 38%, respectively, which are similar to the ratio of their
cross-sectional areas 11 : 17 : 21. As shown in Fig. 6a, d, and g,
the electric field intensity profiles do not exhibit any sign of
surface mode formation at the wavelength of 300 nm. On the
other hand, the absorption in the Ag–Pt catalyst at longer wavelengths was no longer simply proportional to the surface area,
but significantly affected by surface plasmon resonances. At the
wavelength of 595 nm, the electric fields formed multiple hotspots with similar intensities at the surface of structures #2
(Fig. 6e) and #3 (Fig. 6h), whereas structure #1 did not support a
strong surface mode (Fig. 6b). As a result, the absorptions in
metal for structures #2 and #3 were 25%, which was more than
3 times higher than that of structure #1. The number and the
intensity of plasmonic hotspots depend on the wavelength. At
720 nm, structure #2 had a fewer number of plasmonic hotspots
compared to structure #3, as shown in Fig. 6f and i, leading to a
26% lower absorption in metal. Note that, in our device, most of
the plasmonic hotspots were formed outside the active layer and
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Fig. 6 Electric field intensity profile of structures #1, #2, and #3 for
various wavelengths. (a–c) E-field intensity for structure #1 at various
wavelengths (lambda, l) of 300 nm, 595 nm, 720 nm. (d–f) The same for
structure #2 and (g–i) the same for structure #3.

therefore could not directly contribute to generating electron–
hole pairs for HER processes. By comparing the polarization curve
at 3D Ag–Pt/n+-Si(100) measured under the chopped illumination
and dark condition, the well-overlapped voltammograms confirmed that the Ag–Pt catalyst pattern itself could not produce
charge carriers, leading to additional photocurrent density by hotelectron transfer (Fig. S12, ESI†).35
The results from the optical simulations herein are contradictory to our initial expectations that the 3D flower-like catalyst
layer consists of nanoparticles that play the roles of not only
formulating an advantageous band profile for electron extraction,
but also for enhancing the light absorption. Still, it cannot be
ruled out that the nanoflower structure helps with the generation
of more excitons above 400 nm wavelength, possibly due to a
forward scattering enhancement, which could transfer the scattered light to Si.36,37 However, this does not seem a considerable
factor. The high JSC might be largely dependent on the electronic
properties at the MIS interface, not from the structure for
plasmonic eﬀects. What we have learned from this work is that
Pt is much more absorptive than Ag throughout the visible
spectrum, and thus the Pt-based catalyst structures are more
prone to parasitic absorption loss;38 therefore, the entire catalyst
structure of the PEC system should be carefully designed to
minimize the loss of light absorption in the underlying Si layer
while sophisticatedly tuning the energetics at the MIS interface.39
From a structural perspective, our alloyed 3D catalyst pattern
could contain a large number of active sites for carrier extraction
and transfer while suppressing the light loss by scattering and/or
reflection. Further research regarding the structural eﬀects on
photoelectrochemical performance are underway in our lab to
understand the meaning of this absorption discrepancy acquired
through simulation with regard to the photoelectrochemical
performance.

Conclusions
In summary, this study described an enhanced photoelectrochemical HER performance at a 3D Ag–Pt catalyst patterned on
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planar p-Si(100) and investigated the origins of the improvement
in the electronic properties of the MIS junction interface and the
optical properties of the flower-like catalyst. By alloying Pt, the
most active element for HER, with Ag in the form of agglomerated
nanoparticles, the improved activity originated largely from the
increased photogenerated minority carrier extraction from Si to
the catalyst layer, which arises from the advantageous downward
band profile. In part, our patterned catalyst could alleviate the
parasitic light loss at the catalyst layer owing to the patterned
structure that had a bare Si surface for light penetration together
with a sufficient loading of Pt for HER. Not only the formation of
anomalous Schottky contacts for the increased barrier height, but
also the Ag–Pt alloyed nanoparticles could contribute to a synergistic effect that possibly supplied more Had from Ag for further
reaction at Pt and some spillover to the bare SiOx layer. In this way,
we could simultaneously acquire a VOC of 0.36 V, while retaining a
JSC of 36 mA cm 2, which are near the maximum photocurrent
density for planar p-Si(100). In addition, the results in this study
imply that slightly more dopants with a higher work function of
p-Si could possibly improve the semiconductor/electrolyte interface for the photocathode. To date, photoelectrochemical research
on 3D catalysts has been relatively less common than on semiconductor structuring to increase the light absorption,39,40 and
there are a number of questions yet to be answered, and thus
subsequent studies are needed, e.g., further investigations on the
effects of the various coverage factors and overall morphology for
further optimization of our photoelectrode. Nevertheless, it is true
that the apartment-like catalyst pattern composed of alloyed nanoparticles, which could efficiently manage the charge carrier, light,
and the population of the catalyst elements, enables an enhanced
photoelectrochemical performance. We expect that this strategy
will be applied to non-precious metal catalyst-based solar-fuels
generation, which suffers from more severe light loss at the catalysts layer, stemming from the large loading utilization to compensate the insufficient catalytic activity.
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