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ABSTRACT: Low-cost catalysts with high activity and durability
are necessary to achieve eﬃcient large-scale energy conversion in
photoelectrochemical cell (PEC) systems. An additional factor that
governs the construction of photoelectrodes for PECs is the spatial
control of the catalysts for eﬃcient utilization of photogenerated
charge carriers. Here, we demonstrate spatial decoupling of the
light-absorbing and catalytic components in hierarchically structured Si-based photocathodes for the hydrogen evolution reaction
(HER). By simply modifying a well-known metal-assisted chemical
etching procedure, we fabricated a Si nanowire (NW) array-based
photocathode with Ag−Pt catalysts at the base and small amounts of the Pt catalyst at the NW tips. This approach simultaneously
mitigates the parasitic light absorption by the catalytic layers and recombination of charge carriers owing to the long transport
distance, resulting in improved photoelectrochemical HER performance under simulated AM 1.5G illumination.

1. INTRODUCTION
The development of electrochemically active, durable, and
cost-eﬀective catalysts for the conversion of water (H2O) into
hydrogen (H2) is beneﬁcial for realizing a carbon-neutral,
sustainable society. To achieve this goal, solar-driven water
splitting devices have been widely used because they alleviate
the electrical energy input required to produce H2.1−10
Although highly active catalysts are indispensable for an
eﬃcient hydrogen evolution reaction (HER) on the semiconductor surface (light absorber), parasitic light absorption
by optically opaque catalysts on the surface of light absorbers
reduces the amount of incident photons that reaches them.11,12
Since light must reach the absorber through the catalytic layers
to generate charge carriers from excitons, it is important to
integrate the catalysts onto the surface of photoelectrodes with
controlled spatial distribution for eﬃcient photon management. Otherwise, there will be an unavoidable negative
correlation between catalyst loading and photoelectrochemical
performance.13
Hierarchically structured Si-based light absorbers are
popular, high-performing photocathodes for the HER owing
to their high photon-absorption capability, abundance of Si,
and well-developed processing technologies.14,15 Silicon nanowires (SiNWs) can be easily and scalably fabricated by simple
wet-chemical procedures, and high-aspect-ratio NW arrays can
be readily fabricated by metal-assisted chemical etching
(MACE).16−18 Although SiNWs themselves exhibit high
photon absorption over a wide wavelength range, SiNWbased photocathodes often suﬀer from deteriorated saturated
photocurrent density (JSC) after the deposition of a catalyst.17
The chemical deposition of metal precursors to form
© 2021 The Authors. Published by
American Chemical Society

conformal catalytic layers on high-aspect-ratio structures is
often limited by diﬀusion in solution, which results in
nonuniform nucleation of catalyst particles on the tips of the
SiNWs.14,17 Therefore, unless the deposition conditions are
carefully controlled, the catalytic particles on top of the SiNWs
would lead to diminished photon absorption by the SiNWs as
the light absorber underneath them. In addition, the thick
catalysts deposited on the tips of NWs with a high-curvature
surface often undergo severe mechanical delamination during
the HER due to vigorous gas bubble formation.17,19
To simultaneously achieve high photon absorption and
catalytic activity of SiNW photoelectrodes, one promising
method involves spatial and functional decoupling of the
regions responsible for optical absorption and catalytic
conversion by selective control of the location of the catalysts
on the vertically aligned NW surface, leaving the bare
semiconductor surface as a window for photon absorption
while maintaining the adequate catalyst amounts.13,14,20 This
can be achieved using templated (electro)chemical techniques,
such as on-wire lithography,21 coaxial lithography,22 and threedimensional electrochemical axial lithography.23 Although
these techniques guarantee the precise control of the spatial
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Figure 1. Schematic illustration of the preparation of (a) PtL/SiNW and (b) SiNW/Ag−Pt photocathodes for the HER.

Figure 2. SEM images of (a−c) PtL/SiNW and (d−f) SiNW/Ag−Pt. (a and d) Plane view and (b, c, e, and f) cross-sectional view of the SiNWbased photocathodes. The insets in (b) and (e) show that the SiNW/Ag−Pt photocathodes contain catalyst particles at the base of the SiNWs,
while PtL/SiNW possesses catalysts only at the tips of the NWs (c). The durations of the NW etching and galvanic exchange to form Ag−Pt were
30 and 2 min, respectively.

originate from the lower internal strain associated with smaller
catalytic particles, allowing them to endure the evolution of H2
gas bubbles.26 Our work will provide valuable insights for the
design of better photoelectrochemical cell (PEC)-based
chemical fuel production systems.

location of catalysts on the NWs, they require complicated
fabrication procedures using high-vacuum equipment.
Herein, we demonstrate a simple chemical approach for the
spatial control of catalysts on SiNW photocathodes to
decouple the light absorption and catalytic activity. Ag−Pt
catalysts were integrated at the base of a high-aspect-ratio
SiNW array by slightly modifying the conventional MACE
protocol for the fabrication of SiNW photocathodes. Such Ag−
Pt catalysts are beneﬁcial for reducing expensive elements
while maintaining high catalytic activity toward the HER.24
According to our previous studies, Pt is more prone to parasitic
visible light absorption than Ag.25 Although low amounts of Pt
are enough in terms of electrocatalytic activity for the HER,
ﬁne control of the spatial distribution of Pt is critical. After
optimization of the NW length and Ag−Pt composition in the
catalyst at the NW base, a small amount of pure Pt was
additionally deposited on the NW tips to reduce the distance
for transport of the photogenerated electrons to the catalytic
sites. Thus, we achieved a marginally higher JSC under the same
open-circuit potential (VOC) at only one-third of the Pt loading
compared with that of a conventional SiNW photocathode
decorated only with pure Pt particles on the tips of the NWs.17
In addition, smaller amounts of Pt deposited at the tips
improved the long-term stability by enhancing the physical
adhesion between the metallic particles and Si. This may

2. RESULTS AND DISCUSSION
Figure 1 schematically presents the fabrication process of the
SiNW-array photocathodes with spatially controlled catalyst
particles. Figure 1a shows the conventional method for
preparing SiNW photocathodes (PtL/SiNW) based on
MACE. Ag catalyzes the downward Si surface etching
according to the reaction Si + 2H2O2 + 6F− + 4H+ →
SiF62− + 4H2O and is eventually located at the base after the
NW arrays form.27 In most of the previously reported
syntheses of SiNW arrays by MACE as photocathodes for
the HER, the Ag particles at the base were removed before the
deposition of catalysts.17 For a benchmark photocathode, we
deposited Pt catalysts dominantly at the SiNW tips by
immersing the electrodes into aqueous HF solutions
containing Pt2+ ions (see the details in the Supporting
Information) by following the removal of Ag at the base. Pt
deposition was conducted three times, herein denoted PtL/
SiNW. In this method, the dominant Pt deposition at the
SiNW tips is due to the depletion of metal precursor ions near
22312
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Figure 3. (a) CVs and (b) absorption spectra for the SiNW/Ag−Pt photocathodes prepared with diﬀerent galvanic exchange reaction times. The
black line indicates the spectrum of bare SiNW. (c) Correlation between the NW length and the etching time. (d) CVs for the evaluation of the
photoelectrochemical HER performance of the SiNW/Ag−Pt photocathodes with diﬀerent NW lengths by varying the etching time. The
voltammograms were acquired under simulated AM 1.5G illumination (100 mW cm−2) with H2-purged 0.5 M H2SO4 as the electrolyte (scan rate:
50 mV s−1). The geometrically exposed electrode area was 0.196 cm2.

absorption spectra of SiNW/Ag−Pt with 1 and 2 min of Pt
impregnation are almost comparable to those of the bare
SiNW (Figure 3b). In particular, the absorption spectra from
the bare SiNW and SiNW/Ag−Pt with 1 min are hardly
distinguishable. This implies that the lower photoelectrochemical HER performance with 1 min of galvanic exchange
reaction is due to the insuﬃcient Pt amounts for eﬃcient HER.
However, Pt impregnation times longer than 2 min result in a
reduced JSC, while the absorption increased. Based on our
previous study, light is more severely absorbed in Pt than in Ag
throughout the visible spectrum, resulting in energy loss as
heat waste instead of being utilized to generate excitons in Si.25
Consequently, parasitic light absorption loss by Pt is one of the
origins of dwindled JSC at a higher Pt content in Ag−Pt
catalysts. Further analysis for the veriﬁcation of positive and
negative eﬀects of light absorption by the SiNW and catalysts,
respectively, is underway in our laboratory using incidentphoton-to-current eﬃciency measurements in combination
with computer modeling studies.
Following the optimization of the Pt content in the catalytic
Ag−Pt particles, the eﬀect of the exposed bare Si surface area
on the HER performance was investigated by varying the
SiNW length via changing the Si etching time. As shown in
Figures 3c and S2, the NW length increased linearly with
increasing etching time, with a slope of ∼342 nm min−1. The
CVs for the photoelectrochemical HER in H2-purged 0.5 M
H2SO4 with diﬀerent NW lengths are presented in Figure 3d.
As expected, JSC increased with the SiNW length in the
photocathodes, owing to the increased surface area for light
absorption. Although the SiNW/Ag−Pt photocathode etched
for 60 min still shows a slightly higher JSC, its VOC slightly shifts
toward the negative potential compared with that of the
SiNW/Ag−Pt photocathode etched for 30 min (Table S1).
We postulate that this is caused by the higher probability of
charge carrier recombination in longer SiNWs. Since the bare
Si surface shows low intrinsic kinetics for the HER, most of the

the side wall of the NW surface resulting from mass transfer
limitations.17,28 In contrast to the PtL/SiNW, we used Ag
particles as precursors for impregnating Pt using a galvanic
exchange reaction between Ag and Pt2+ for 2 min, following
the method reported previously,29 resulting in the formation of
Ag−Pt catalysts only at the SiNW base, denoted SiNW/Ag−
Pt.
The scanning electron microscopy (SEM) images of PtL/
SiNW and SiNW/Ag−Pt are shown in Figure 2. The plane and
cross-sectional views showed that the Pt particles are deposited
at the tips of the SiNWs in the PtL/SiNW photocathode
(Figure 2a−c), whereas the pristine SiNW surface is exposed at
the NW tips of the SiNW/Ag−Pt photocathode (Figure 2d−
f). The pristine SiNW surface at the tips of the SiNW/Ag−Pt
was simply conﬁrmed by comparing the image with that of
bare SiNWs fabricated by immersing the SiNW/Ag photocathode in concentrated HNO3 to remove any metallic
particles (Figure S1). Conversely, at the base of the SiNWs,
the catalysts appearing as white spherical particles were only
observed in the SiNW/Ag−Pt photocathode (inset in Figure
2e). The prominent metallic features in SiNW/Ag−Pt
electrodes were only observed at the SiNW base, implying
the dominant Pt deposition in the Ag nanoparticle (NP).
The Pt content in the Ag−Pt catalysts at the base was varied
by controlling the duration of the galvanic exchange reaction of
Pt2+ with Ag. The Pt amounts in SiNW/Ag−Pt for reaction
times of 1, 2, 5, and 15 min were 0.0174, 2.04, 29.0, and 46.2
μg cm−2, respectively, calculated using ICP-MS. To optimize
the content of Pt in SiNW/Ag−Pt, cyclic voltammograms
(CVs) were acquired in H2-purged 0.5 M aqueous H2SO4
under simulated AM 1.5G illumination to assess the photoelectrochemical performance (Figure 3a). The SiNW/Ag−Pt
photocathode obtained by 2 min of exchange reaction shows
the best performance in the HER, especially in terms of the JSC.
To elucidate the origin of this trend, the total reﬂection spectra
were acquired to measure the light absorption properties. The
22313
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Figure 4. (a) CVs for the photoelectrochemical HER with the photocathodes, SiNW/Ag (brown line), SiNW/Ag−Pt (green line), PtS/SiNW
(orange line), PtL/SiNW (blue line), and PtS/SiNW/Ag−Pt (red line), under simulated AM 1.5G irradiation (scan rate: 50 mV s−1). CV of 20 wt
% Pt/C (gray line) is also shown for comparison. (b) Schematic illustration of photogenerated electron transport to PtS and Ag−Pt particles
located at top and base of the SiNWs, respectively. (c) Chronoamperometric curves under 0 V (vs RHE) for 12 h. The SiNW was formed by
etching for the 30 min and 2 min galvanic exchange reaction (exposed electrode area: 0.196 cm2).

necessity of the Ag−Pt catalyst at the base of SiNWs is also
conﬁrmed by the comparison of the voltammogram of PtS/
SiNW (orange line) and PtS/SiNW/Ag−Pt (red line). These
facts indicate that Ag−Pt at the base of SiNW eﬀectively
overcomes the disadvantage of the Pt at NW tips for HER
(Figure 4b), resulting in a comparable photocurrent density at
0 V (vs RHE) in PtS/SiNW/Ag−Pt with only ∼1/3 of Pt
loading in PtL/SiNW.
Chronoamperometry at 0 V (vs RHE) was performed to
evaluate the durability of SiNW-based photocathodes under
simulated AM 1.5G illumination (Figure 4c). The geometric
photocurrent density at 0 V (vs RHE) decreased continuously
in the PtL/SiNW photocathode, as reported previously, while
that in SiNW/Ag−Pt shows much better stability.17 The
catalysts on the nanostructured semiconductors easily
delaminate during vigorous photocurrent density generation
because nanostructuring facilitates the physical damage
induced by strain in catalytic layers that occur during bubble
detachment.30 The photocurrent density at 0 V (vs RHE) in
PtS/SiNW/Ag−Pt continuously decreased but at a lower rate
than that in PtL/SiNW, probably owing to the geometry of
catalytic sites, which were surrounded by SiNWs at the base
and slightly reduced the internal strain by the smaller size of
pure Pt particles at the tips.26 In this regard, the photocurrent
density at 0 V (vs RHE) in the PtS/SiNW/Ag−Pt photocathode increases above that of PtL/SiNW after 6 h of
operation.

photoinduced electrons can only be transferred to protons
through the catalysts (see the illustration in Figure 3d).17 Since
light absorption will be more dominant at the upper part of the
SiNWs and the Ag−Pt catalyst is located at the base of the
SiNWs, the distance that the photogenerated electrons near
the NW tip must travel to be utilized for photocurrent
generation increases in longer SiNWs. In addition, the decrease
in the rate of increase in JSC may indirectly corroborate the
ineﬃcient charge transport by longer NWs owing to the loss of
photogenerated minority carriers to charge recombination
(Figure S3). Therefore, a SiNW length of ∼10 μm produced
by etching for 30 min was found to be optimal for HER
performance in SiNW/Ag−Pt photocathodes.
As shown in Figure 4a, the optimized SiNW/Ag−Pt
electrode obtained by the 2 and 30 min galvanic exchange
reaction and NW etching, respectively, exhibits a negative VOC
in the photoelectrochemical HER compared with the PtL/
SiNW photocathode fabricated by the conventional method
for Pt-based SiNW photocathodes.16,17 As discussed earlier,
the Pt deposition method using conventional methods results
in the dominant deposition of Pt at the NW tips, which leads
to a smaller JSC than that of the SiNW/Ag−Pt photocathode,
owing to the parasitic light absorption or scattering by the
catalysts. The lower VOC of the SiNW/Ag−Pt photocathode is
possibly due to the ineﬃcient transport pathway of the
photogenerated electrons for the HER, as well as the diﬀusion
limitation through the nanochannels formed between SiNWs.
To compensate for the long transport pathway, we deposited
additional Pt at the tips of the SiNWs employing the same
electroless deposition method used to fabricate PtL/SiNW.
However, we lowered the amount of Pt deposited on the
SiNW tips by decreasing the Pt deposition time to reduce light
absorption by the catalyst particles (PtS/SiNW/Ag−Pt).
Although JSC of PtS/SiNW/Ag−Pt decreased slightly compared
with that of SiNW/Ag−Pt, VOC was indeed similar to that of
PtL/SiNW (Figure 4a). The Pt content in PtS/SiNW/Ag−Pt
calculated by ICP-MS analysis was 3.37 μg cm−2, which is only
∼1/3 of that of PtL/SiNW (10.6 μg cm−2). Therefore, a nearly
identical photocurrent density at 0 V (vs RHE) is achieved
with the PtS/SiNW/Ag−Pt photocathode at a lower Pt content
than that in PtL/SiNW by optimizing the charge transport
pathway along the SiNWs. In spite of the small Pt content in
Ag−Pt particles, Pt is essential for consuming the photogenerated electrons by transferring them to the protons for the
HER; thus, the performance of SiNW/Ag was much lower
than that of SiNW/Ag−Pt (Figure 4a). In addition, the

3. CONCLUSIONS
We demonstrated the spatial control of catalysts on
hierarchical SiNW-array photocathodes for the HER by
employing only a simple chemical approach involving the
MACE protocol with slight modiﬁcations. Pt impregnated by
galvanic replacement constituted only ∼2 μg cm−2 of the Ag−
Pt catalyst at the base. The photoelectrochemical performance
of the SiNW-based photocathodes was improved even at a
lower Pt loading than that of the benchmark PtL/SiNW
photoelectrodes by optimizing the Pt amount in the Ag−Pt
catalyst particles and the SiNW length (∼10 μm), as well as by
the additional small pure Pt catalysts positioned at the tips.
Although the Ag−Pt catalysts at the base of the NWs are
eﬀective for preventing the absorption losses of visible light,
higher Pt amounts than the optimized one in Ag−Pt catalysts
result in parasitic light absorption, potentially because of the
stronger optical absorptive loss at Pt than that at Ag.
Optimization of the SiNW length and the additional
22314

https://doi.org/10.1021/acsomega.1c03014
ACS Omega 2021, 6, 22311−22316

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

tips, this deposition procedure was consecutively performed
three times, while it was conducted only once for acquiring PtS
to prepare PtS/SiNW/Ag−Pt.

introduction of small amounts of pure Pt at the NW tips (PtS/
SiNW/Ag−Pt) were also conducted to reach a balance
between the Si surface area and the traveling distance for
charge carrier transport. By this further optimization of PtS/
SiNW/Ag−Pt, a nearly identical VOC and slightly higher JSC
than those of the previously reported PtL/SiNW were achieved
at only one-third of the Pt loading. In addition, the durability
of PtS/SiNW/Ag−Pt under an applied potential of 0 V (vs
RHE) was also improved when compared to that of PtL/SiNW
owing to the smaller amounts of the catalyst deposited on
high-curvature surfaces at the SiNW tips by relieving
deleterious physical delamination during the vigorous H2
formation. Although further improvement of the HER
performance is desirable, especially in terms of the stability
and ﬁll factor, the results of this study can inspire the design of
better catalyst/semiconductor interfaces in hierarchical 3Dstructured photoelectrodes using simple chemical methods.
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4. EXPERIMENTAL SECTION
4.1. SiNW Preparation. SiNWs were fabricated according
to a previously reported method. Wafers of p-Si (100) (4 in.,
boron-doped; resistivity, 1−10 Ω cm, prime grade, single-side
polished, 525 μm thickness) were purchased from Silicon
Technology Corporation and ﬁrst cleaned by immersion in a
piranha solution (1:3 H2O2/H2SO4) for 10 min followed by
washing thoroughly with deionized (DI) water (18.2 MΩ cm
at 25 °C). After that, the wafers were immersed in 1% HF for 1
min to remove the surface SiOx layer, dried with N2, and then
transferred to a metal sputter chamber to deposit a 300 nm
thick Al layer on the backside. Subsequently, the Al-deposited
wafers were annealed for 30 s at 400 °C under a N2
atmosphere. Before the sequential processes for SiNW
fabrication, the backside of the wafers was protected by
assembly in a Teﬂon cell. The front side of the wafer was
cleaned again with the piranha solution for 1 min and washed
with DI water for 3 min. Furthermore, the SiOx layer on the Si
surface was removed by immersion in 5% HF for 10 s, and the
front side of the wafer was directly exposed to an Ag deposition
solution consisting of 10 mM AgNO3 and 4.5 M HF for 1 min
and ﬁnally rinsed with DI water. To form the SiNWs by the
chemical etching of Si, which is facilitated by the deposited Ag
seeds, the substrate was immersed in an etching solution
containing 0.3 M H2O2 and 4.5 M HF. To optimize the NW
length, the immersion time in the etching solution was
controlled with designated times of 10, 20, 30, and 60 min.
After etching, the substrate was rinsed thoroughly with DI
water and dried under a N2 stream.
4.2. Impregnation of Pt into Ag for Preparation of
SiNW/Ag−Pt. The SiNW substrate with Ag particles at the
base was immersed in 30 mL of an aqueous polyvinylpyrrolidone (PVP, 0.27 g mL−1, average Mw ∼ 40 000) solution for
30 min at 80 °C. Then, 30 mL of a Pt deposition solution
containing 10 mM K2PtCl4 and 100 mM HCl was added to the
PVP solution for the galvanic exchange of Ag with Pt2+. After
the designated reaction time, the SiNW/Ag−Pt electrode was
rinsed thoroughly with ethanol and DI water.
4.3. Electroless Pt Deposition at the NW Tips to Form
PtL/SiNW and PtS/SiNW/Ag−Pt. The SiOx on the SiNWbased photocathodes was removed by immersion in a 5% HF
solution for 20 s, followed by immersion in an aqueous
solution consisting of 1 mM H2PtCl6 and 0.4 M HF for 20 s to
deposit Pt at the SiNW tips. Afterward, the photoelectrodes
were washed with DI water. For the formation of PtL at the
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