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HER. An alternate approach to reducing the cocatalyst cost is
to dramatically reduce the loading of Pt on the electrode
surface while maintaining suﬃcient catalytic activity for the
chemical reaction.
One way to reduce the required catalytic activity for a given
overpotential is the use of high-surface-area photoelectrodes.5a
In particular, one-dimensional semiconductor microwire and
nanowire (NW) arrays are being explored for solar-to-fuel
applications6 because of their large semiconductor/electrolyte
interfacial areas in addition to other beneﬁcial properties,
including enhanced light scattering and trapping7 and eﬃcient
transport of charge carriers to the electrodes.8 However, it
remains challenging to apply a uniform coating of cocatalyst
particles on these high-aspect-ratio structures using traditional
deposition techniques such as electrodeposition or physical
vapor deposition,9 which can lead to poor utilization of the
expensive Pt material. Therefore, a technique is needed to
uniformly coat the surface of high-aspect-ratio structures with
precise control of the catalyst loading and size to minimize the
overall raw material cost.
One technique that meets this requirement is atomic layer
deposition (ALD).10 ALD is a modiﬁed chemical vapor
deposition technique capable of conformal coating of ultrahigh-aspect-ratio structures with subnanometer precision in
material thickness due to self-limiting surface reactions and the
separate introduction of material precursors in a cyclic manner.
While many ALD processes lead to the formation of a dense
thin ﬁlm, certain reaction chemistries result in nucleation of
isolated islands on the growth surface, which grow larger with
increasing ALD cycle number and eventually coalesce into a
ﬁlm. This process has been explored for direct deposition of
catalysts11 and quantum dots12 with diameters below 10 nm on
nanostructured surfaces.
In this work, using a Si NW array photocathode as a model
system with large surface area, we found that Pt nanoparticles
(NPs) deposited by as little as one cycle of ALD can serve an
eﬃcient cocatalyst for photoelectrochemical water reduction. Pt
NPs with diameters ranging from 0.5 to 3 nm were formed
during the initial three ALD cycles, leading to a uniform catalyst
loading along the length of the NW with a submonolayer Pt
surface density. Electrochemical and photoelectrochemical

ABSTRACT: The photocathodic hydrogen evolution
reaction (HER) from p-type Si nanowire (NW) arrays
was evaluated using platinum deposited by atomic layer
deposition (ALD) as a HER cocatalyst. ALD of Pt on the
NW surface led to a highly conformal coating of
nanoparticles with sizes ranging from 0.5 to 3 nm,
allowing for precise control of the Pt loading in deep
submonolayer quantities. The catalytic performance was
measured using as little as 1 cycle of Pt ALD, which
corresponded to a surface mass loading of ∼10 ng/cm2.
The quantitative exploration of the lower limits of Pt
cocatalyst loading reported here, and its application to
high-surface-area NW photoelectrodes, establish a general
approach for minimizing the cost of precious-metal
cocatalysts for eﬃcient and aﬀordable solar-to-fuel
applications.
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ecause of the intermittent nature of the solar resource,
energy storage technologies are a critical component of a
future renewable energy infrastructure. One attractive strategy
is the direct storage of solar energy in the form of chemical
bonds in a process known as artiﬁcial photosynthesis.1 While
the direct splitting of water can be achieved using a single wideband-gap semiconductor, the overall thermodynamic eﬃciency
of these systems is limited by insuﬃcient light absorption.2 To
address this issue, a dual-band-gap system can be utilized,3 in
which the electrochemical half-reactions are separated into a
semiconductor photoanode and photocathode, allowing for the
use of lower-band-gap materials that can absorb a greater
portion of the solar spectrum.
One of the issues during this solar-to-fuel process is the
sluggish kinetics of the hydrogen evolution reaction (HER) at
the semiconductor surface, which requires the incorporation of
a cocatalyst material on the surface to reduce the reaction
overpotential.4 Among the various cocatalyst materials, noble
metals such as Pt have been shown to provide the highest
electrochemical activity toward the HER. However, the high
cost of precious-metal cocatalysts limits the economic viability
of an artiﬁcial photosynthesis scheme. While alternate
cocatalyst materials based on earth-abundant elements are
being explored to reduce the costs associated with the use of
Pt5 for solar-to-fuel applications, these materials still lag behind
Pt in terms of electrochemical catalytic performance for the
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Figure 1. STEM analysis of Pt NPs deposited on Si/TiO2 core−shell NWs by ALD. (a−c) High-angle annular dark-ﬁeld STEM images of a NW
after (a) 10 cycles, (b) 3 cycles, and (c) 1 cycle of Pt ALD. The low-magniﬁcation image in (a) shows a core−shell NW coated with a uniform
coverage of discrete Pt NPs. (d) Histogram of particle size for various numbers of cycles.

by simply varying the number of cycles. We note that the
STEM images over-represent the absolute value of surface
particle density because of the curved surface of the NW and
the fact that nanoclusters on both sides of the NW appear in
the images.
It is well-known that Pt ALD exhibits a nonlinear nucleation
phase during the initial cycles11c,f,h that is highly dependent on
the ALD conditions and surface chemistry of the substrate.14
The exact nucleation mechanisms are still a matter of intense
research.15 The formation of clusters in this size range suggests
that surface diﬀusion of Pt atoms occurs during the initial
cycles, leading to a sparse distribution of Pt clusters on the
surface rather than a uniform monolayer of atoms. Further
research into these nucleation and surface diﬀusion phenomena
in the future is likely to improve the ability to control the size
and density of the Pt clusters with greater precision.
To provide a more quantitative measure of the surface
coverage, total-reﬂection X-ray ﬂuoresecence (TXRF) was
performed on a planar Si wafer coated under the same ALD
conditions (see the SI). After one cycle of Pt ALD, the surface
coverage was measured to be (4.0 ± 0.5) × 1013 cm−2,
corresponding to a surface density of ∼2.7% relative to the
Pt(111) surface (1.5 × 1015 cm−2) and a platinum mass loading
of ∼10 ng/cm2, which is consistent with the STEM analysis of
the NW surface (see the SI). Therefore, while the atomic-scale
distribution of Pt atoms on the surface was not homogeneous
because of the formation of Pt clusters, the cocatalyst loading
via ALD was in the deep submonolayer level. Furthermore, in
shallow-angle X-ray photoelectron spectroscopy (XPS) measurements, an increase in the peak intensity was observed as the
number of ALD cycles increased, showing a monotonic
increase in the Pt loading with the number of cycles (see the
SI). These low levels of uniform Pt loading over a high-aspectratio surface, which would be extremely diﬃcult to achieve by

measurements demonstrated that the HER catalytic activity of
these Pt clusters on high-surface-area NW photoelectrodes is
stable and suﬃcient for solar-to-fuel applications. The
combination of highly uniform coating and precise control of
the NP size and loading in the ALD process is a powerful tool
that can take advantage of the beneﬁts of the NW geometry
while minimizing the total volume of Pt required.
P-type Si NW arrays were selected as a photocathode
material because they have a suitable conduction band edge
with respect to the HER potential and a suﬃciently low band
gap for absorption of visible light.4a The well-deﬁned NW
arrays [see the Supporting Information (SI)] provide a highsurface-area structure suitable for quantitative analysis. To
achieve a positive photovoltage and stabilize the Si surface, a pSi/TiO2 core−shell structure was formed by ALD of 10−12 nm
TiO2 on the NW surface, which was followed by deposition of
Pt by ALD.13
The morphology of the core−shell p-Si/TiO2 NWs loaded
with Pt NPs was observed using aberration-corrected scanning
transmission electron microscopy (STEM). Nucleation of
subnanometer-scale islands on the NW surface was observed
after only one ALD cycle (Figure 1c). Low-magniﬁcation
STEM analysis demonstrated the excellent uniformity of the
ALD coatings along the length of the NW surface (Figure 1a).
This was further conﬁrmed by high-magniﬁcation STEM
analysis of diﬀerent regions of a NW after one ALD cycle
(see the SI). A high-resolution image of a single 2 nm Pt NP
showed a crystalline phase with a d spacing of 2.3 Å (see the
SI). A histogram of the lateral dimensions of the islands based
on several images is shown in Figure 1d. We measured an
average particle diameter of 0.8 nm after one cycle, with a
standard deviation of 0.25 nm. The size and density of the Pt
NPs on the surface increased with the number of ALD cycles,
showing that the Pt loading and particle size can be controlled
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standard Pt deposition techniques, allowed us to eﬃciently
explore the lower limits of Pt loading for catalytic activity of the
HER reaction.
The electrocatalytic performance of the Pt NPs was tested
using planar ﬂuorine-doped tin oxide (FTO) substrates as
electrodes (see the SI). A 12 nm layer of TiO2 was ﬁrst
deposited on the FTO surface, followed by Pt deposition using
various numbers of ALD cycles to replicate the conditions on
the p-Si NWs. The catalytic performance was measured using
linear sweep voltammetry in 0.5 M H2SO4 electrolyte, with
series resistance subtracted, under a standard three-electrode
conﬁguration. The measured onset of a cathodic current at a
potential negative of 0 V vs reversible hydrogen electrode
(RHE) (Figure 2a) and the observed formation of gas bubbles

Table 1. Summary of Electrochemical and
Photoelectrochemical Performance of Pt Catalysts Formed
by ALD
no. of cycles
1
2
3
10
a

surface Pt loading (ng/cm2)
13
24
34
105

±
±
±
±

3
5
7
21

j0 (μA/cm2)

jsc (mA/cm2)a

±
±
±
±

7.1
8.3
12.5
20.7

27
59
85
130

4
9
10
20

Current density at 0 V vs RHE.

tested under the same conditions as in the electrochemical
measurements described above. It was empirically found that
the thin TiO2 interlayer was required to achieve positive
photovoltages with these ALD Pt catalysts on the Si surface. A
similar phenomenon was observed in electron-beam-evaporated
Pt catalysts on bare Si, which was attributed to the formation of
an Ohmic contact between Si and Pt that determined the
energetics of the Si−Pt-electrolyte interface.5a However, the
presence of an intermediate TiO2 barrier layer allowed for the
observation of a characteristic photocathode j−V curve with as
little as one ALD cycle, despite the ultralow Pt loading under
these conditions. The Si NW photocathode exhibited no
photoactivity in the absence of Pt cocatalyst (Figure 2c). For all
of the samples measured, an onset voltage of 0.15−0.25 V vs
RHE and current densities of ∼30 mA/cm2 were observed
under 100 mW/cm2 simulated AM 1.5 irradiation.
Moreover, the slope of the j−V curve was seen to increase as
the number of ALD cycles was increased from 1 to 10, leading
to an increase in the current density at 0 V vs RHE (jsc) from 7
to 21 mA/cm2, which is comparable to previous results for p-Si
wires using standard Pt processing techniques.5a This indicates
that the HER catalytic activity of the Pt atoms on the NW
surface determines the slope of the j−V curve. Table 1 shows a
comparison of the surface loading of Pt (calculated from the
TXRF and XPS data) with the electrochemical and photoelectrochemical performance of the ALD Pt catalysts (for
further details, see the SI).
These results demonstrate the ability to tune the catalytic
activity of the Pt NPs simply by varying the number of ALD
cycles, while maintaining very low levels of Pt loading. For an
aﬀordable application of overall water splitting by coupling of
two light-absorbing semiconductors, a current density on the
order of 10 mA/cm2 is expected.4a The photocathode obtained
using one Pt ALD cycle provided a current density of ∼7 mA/
cm2 at 0 V vs RHE, indicating that the use of ALD for Pt
cocatalyst loading is applicable to an aﬀordable integrated
water-splitting system.
To study the impact of the NW surface area on the required
catalytic activity, the ALD TiO2/Pt coatings were deposited on
electroless-etched NW arrays with a higher surface roughness
factor than the gas-phase-etched NWs (for synthesis details, see
the SI). Increasing the surface area should decrease the surface
ﬂux of electrons, leading to a lower requirement of catalytic
activity on the surface. Because of the high surface area of these
structures, the j−V behavior of the arrays did not vary
signiﬁcantly even when only one ALD cycle was used (Figure
2d). On the other hand, use of the electroless-etched NW
arrays led to a decrease in photocurrent, which could be due to
increased surface recombination for these larger surface areas.
Therefore, while further decreasing the NW diameter may
decrease the catalyst activity and material purity requirements
because of the increased surface area and decreased minority

Figure 2. (a, b) Electrochemical and (c, d) photoelectrochemical
performance of Pt cocatalysts loaded via ALD in 0.5 M H2SO4
electrolyte. (a) Linear sweep voltammograms and (b) Tafel plots for
TiO2-coated FTO substrates with Pt deposited using various numbers
of ALD cycles. (c) HER performance (under 1 sun illumination) of Si
NW array photocathodes synthesized via gas-phase etching and loaded
with ALD Pt cocatalyst. (d) HER performance of a Si NW
photocathode synthesized via electroless etching under the same
condition as in (c).

at high current density implied catalytic activity for the HER.
The cathodic currents increased with increasing number of Pt
ALD cycles, consistent with the conﬁrmed increase of the Pt
loading. All of the samples exhibited a current slope of ∼60 mV
per decade in the Tafel plots (Figure 2b), from which the
apparent exchange current densities (j0) were obtained for
substrates formed using diﬀerent numbers of ALD cycles
(Table 1).
In the case of high-surface-area structures, the required
catalytic activity is reduced because of the lower actual current
density on the surface. Therefore, the ability to precisely
control the Pt loading in this submonolayer regime allows for
an exploration of the lower limits of platinum usage required in
high-aspect-ratio structures. To explore this hypothesis, the
photoelectrochemical (PEC) performance of these Pt catalysts
on Si NW array photocathodes was tested.
A well-deﬁned high-surface-area Si NW array electrode was
synthesized via gas-phase deep reactive ion etching (DRIE)
(see the SI). The PEC performance of these photocathodes was
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carrier diﬀusion length requirement, there is an optimal
diameter below which the additional surface area will begin
to have a detrimental eﬀect on the performance of NW array
photoelectrodes.
Another important consideration for PEC energy conversion
is the stability of the photoelectrode under illumination in the
electrolyte solution. Si photocathodes are known to suﬀer from
degradation under operating conditions, which is attributed to
oxidation of the Si surface. Recently, thin TiO2 layers have been
shown to stabilize the Si surface against oxidation, which is due
to eﬃcient electronic transport through the TiO2 layer.16 The
photocurrent in our core−shell NW was measured to be stable
with no measurable degradation after 1 h of illumination in
solution (see the SI), suggesting that the thin TiO2 interfacial
layer provided the additional beneﬁt of stabilizing the
semiconductor surface. Further optimization of this interfacial
layer to maximize the onset voltage and stability of this system
is currently being investigated.
In this study, we have quantitatively analyzed the catalytic
activity of submonolayer Pt NPs deposited by ALD. Catalytic
activity was observed for as little as one ALD cycle,
corresponding to a surface coverage of ∼4 × 1013 atoms/cm2.
The photoelectrochemical catalytic performance of these NPs
was evaluated on NW surfaces, providing a quantitative
exploration of the lower limits of Pt loading on high-surfacearea electrodes. The ALD technique facilitates uniform
coverage of high-aspect-ratio surfaces with these ultralow Pt
loadings, which could potentially reduce the costs associated
with use of noble-metal catalysts. Additionally, the presence of
an interfacial TiO2 layer was found to be important to improve
the photovoltage and stability of these Pt-coated NW arrays.
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