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Hierarchical carbon–silicon nanowire
heterostructures for the hydrogen evolution
reaction†
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Junghyun An, c Heonjin Ha, c Kyoung Soon Choi, b Cheolho Jeon,
Jouhahn Lee, b Ki Tae Nam *c and Byung Hee Hong *a,e

Silicon nanowires (SiNWs) opened up exciting possibilities in a
variety of research ﬁelds due to their unique anisotropic morphologies, facile tuning capabilities, and accessible fabrication
methods. The SiNW-based photoelectrochemical (PEC) conversion
has recently been known to provide an eﬃciency superior to that
of various photo-responsive semiconductor heterostructures.
However, a challenge still remains in designing optimum structures
to minimize photo-oxidation and photo-corrosion of the Si
surface in a liquid electrolyte. Here, we report a simple method to
synthesize hierarchically branched carbon nanowires (CNWs) on
SiNWs utilizing copper vapor as the catalyst in a chemical vapor
deposition (CVD) process, which exhibits outstanding photocatalytic activities for hydrogen generation along with excellent
chemical stability against oxidation and corrosion. Thus, we
believe that the CNW-SiNW photoelectrodes would provide a new
route to developing high-performing cost-eﬀective catalysts essential for advanced energy conversion and storage technologies.

Introduction
Silicon nanowires (SiNWs) possess a high surface to volume
ratio as well as unique optoelectronics properties, which is
advantageous for various nanoelectronic devices,1,2 opto-electronic devices,3,4 bio-/chemical sensors,5,6 solar cells,7,8 and
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lithium ion batteries.9 SiNWs have also been widely used as
photoelectrodes for electrochemical water-splitting due to
their unique band gap structures absorbing a wide range of
the solar spectrum as well as their high surface area that maximizes light absorption and chemical reactivity.10,11 However,
the SiNW-based photoelectrochemical (PEC) conversion in an
aqueous electrolyte has been limited by surface oxidation,
photo-corrosion, and small band-bending in the hydrogen
evolution reaction (HER) potential. To address these problems,
the use of various noble/non-noble metals as co-catalysts has
been proposed for the HER.12–18 A hierarchical metal–Si structure has also been reported as an alternative approach.19
Recently, Yang’s group20 used the tree-like heterostructures of
SiNWs and TiO2 as co-catalysts with enlarged surface area and
optimized band-bending for the HER.
On the other hand, carbon-based nanomaterials have
received considerable attention because of their environmentally
friendly and cost-eﬀective synthesis process as well as outstanding chemical stability in an acidic/alkaline aqueous electrolyte,
which enabled their applications in the hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), and oxygen evolution reaction (OER).21–23 Previously, we demonstrated that a
graphene/silicon electrode considerably enhances the performance of the HER owing to its high transmittance, abundant
active sites, and anti-oxidation capability.24 In addition, we
found that the SiNWs decorated with nitrogen-doped graphene
quantum sheets show an excellent catalytic activity for solardriven HER.25 Nevertheless, there still has been a problem
associated with the instability of Si photocathodes in various
electrolytes with diﬀerent pH values. Here, we introduce a
simple method to synthesize carbon nanowires (CNWs) directly
on an SiNW electrode employing a chemical vapor deposition
(CVD) method that uses copper (Cu) vapor from a floating Cu
foil as the catalyst. The CNWs can be synthesized on the SiNWs
with a hierarchical branch structure similar to a tree. The small
diameter of SiNWs provides eﬃcient charge separation, and
allows minor carriers to diﬀuse to the surface before recombination. Moreover, the hierarchical heterostructure of the CNWs-
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SiNWs is expected to provide an additional surface area between
the CNWs and the electrolyte, as well as the superior conductivity of the CNWs can enable the photogenerated carriers to
have shorter channel length. Thus, the hierarchical CNWsSiNWs heterostructure result in enhanced photocurrents, lower
overpotential, and superior cyclability for solar-driven HER
activities.

Experimental
Preparation of Si nanowires (SiNWs, (100))
1 cm2 pieces of P-type boron-doped single crystal Si (500 μm
thickness and a resistivity of 10–15 Ω cm) were prepared and
cleaned in acetone, 2-propanol, and deionized water for
10 min under sonication. The Si was fabricated using the
metal-assisted chemical etching method in a 20 mL aqueous
solution consisting of 0.015 M silver nitrate (AgNO3) and 5 M
HF with a 20 min etching time. The excess Ag residues were
removed using a 70% nitric acid solution for two hours. This
process was repeated twice to control the density of the SiNWs.
Synthesis of carbon nanowires (CNWs) on SiNWs using the
Cu-vapor-assisted CVD system
1 cm2 pieces of p-type SiNW and 4 cm × 10 cm Cu were placed
in a 2 inch quartz tube in the center of a furnace with flowing
50 sccm H2. After reaching 1000 °C, the sample was annealed
for 20 min under the same conditions. A gas mixture consisting of 50 sccm H2 and 15 sccm CH4 was flowed for 10 min,
20 min, 30 min, and 40 min for each step. The CNWs on
SiNWs were synthesized under ambient pressure. After the CNW
growth, the chamber was rapidly cooled under 50 sccm H2.
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514.5 nm that was emitted from an Ar laser. Images of the
CNWs grown on the SiNWs were obtained using a TEM
(FEI-CM20) operating at 200 keV. The STEM-EDS maps were
obtained using a TEM (JEOL 2100F) system at 200 keV.

Results and discussion
First, SiNWs were prepared by a metal catalyzed electroless
etching method26 and placed at the center of a quartz reactor
in a chemical vapor deposition (CVD) chamber. Next, a Cu foil
was placed above the SiNWs without physical contact, where
Cu vapor from the foil would catalyze the growth of CNWs on
SiNWs in a flow of 50 sccm H2 and 15 sccm CH4 for 10–40 min
at 1000 °C under ambient pressure (Fig. 1a and Fig. S1†).27
The length of the CNWs increases with the growth time as
shown in the scanning electron microscopy (SEM) images
(Fig. 1b–f ). In the early stage, carbon seeds are nucleated on
the surface of SiNWs (Step 1), and the hierarchically branched
CNWs grow from the seeds on each SiNW (Step 2–4). The
elemental analysis by energy-dispersive X-ray spectroscopy
(EDS) clearly shows that CNWs are homogeneously grown on
SiNWs (Fig. S2†).
Transmission electron microscopy (TEM) was employed to
determine the crystallinity, orientation, and morphology of the
CNWs on the SiNWs. The selected area electron diﬀraction

Preparation of the CNW/SiNW photocathode
A CNW/SiNW photocathode was prepared by ohmic contact on
the back side of the electrode. After the native oxide layer was
removed using HF, a gallium–indium eutectic alloy was placed
on the back side of the electrode. Additionally, a silver conductive paste was applied to a copper wire, and then the electrode
was dried at 100 °C. To insulate and protect the back contact
of the photoelectrode, epoxy was applied over the entire
sample except for the front, which would be illuminated.
Electrochemical measurements
Photoelectrochemical measurements were performed in a
three-electrode system (CHI 760E, CH Instruments, Inc.). Pt
foil was used as the counter electrode and a Ag/AgCl/3 M NaCl
electrode was used as the reference electrode, which was calibrated with respect to the RHE at 25 °C in a 1 M perchloric
acid solution saturated by H2. The photoelectrochemical behavior was measured under visible light (300 W Xe lamp with
100 mW cm−2) using a glass Air Mass 1.5 Global filter.
Characterization
The Raman spectra were recorded on a Renishaw microRaman spectrometer with an excitation wavelength of
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Fig. 1 (a) Schematic illustration of the Cu-vapor-assisted CVD system
for the synthesis of carbon nanowires (CNWs) on the silicon nanowire
(SiNW) electrode. (b–e) Scanning electron microscopy images of
CNWs grown on SiNWs with increasing growth time periods (10, 20, 30,
and 40 min for (c), (d), (e) and (f ), respectively). Each inset shows a
schematic illustration of the growth steps of CNWs on SiNWs with
growth time.
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Fig. 2 (a) Transmission electron microscopy (TEM) images of CNWs
grown on an SiNW in Step 3. (b) A SEM image of the CNW-SiNW corresponding to (a). (c) A magniﬁed TEM image of CNWs from the red-dotted
box in (a). (d–f ) STEM-EDS maps of Si and C corresponding to (a). (g–i)
SEM-EDS maps of the CNW edge from the blue-dotted box in (a).

pattern (SAED) indicates a single crystalline SiNW etched
along the [001] direction and the bright and dark line pattern
fringes show the SiNWs etched as a column with angled edges
(Fig. S3†), as well as the inhomogeneous CNWs were synthesized
on SiNWs without Cu particles (Fig. 2a). The scanning electron
microscopy (SEM) image shown in Fig. 2b was taken at the
same position as the TEM image and indicates that the SiNW
was etched as a column with angled edges and various shapes
and diameters, and CNWs with various shapes and diameters
were grown on the SiNW backbones. The TEM image of the
CNWs shown in Fig. 2c was taken from the red dashed box in
(a), and the SAED patterns in the inset correspond to amorphous CNWs. Surprisingly, the STEM image and the EDS maps
indicate that the CNWs were composed of Si and C, as shown
in Fig. 2d–f, and carbon covered the SiNWs. Additionally, the
SEM-EDS maps of Si and C from the magnified CNW edge
were obtained from the red dashed line and confirmed that
the CNW was composed of a mixture of C and Si, as shown in
Fig. 2g–i. This result indicates that a growth temperature of
1000 °C would convert the surface silicon to a vapor during
CNW growth, which can induce CNWs mixed with Si.28
The CNWs on SiNWs in Step 3 were further characterized
by Raman spectroscopy and X-ray photoelectron spectroscopy.
The Raman G peak at ∼1590 cm−1 indicates the in-plane
vibration of a graphite lattice. The D peak at 1350 cm−1 is
related to structural defects.29 The significant width and
height of the G peak and the D peak indicate that the CNWs
are composed of graphitic carbons with low crystallinity.30 The
XPS spectra of CNWs-SiNWs show that no Cu exists in CNWsSiNWs and the CNWs are mainly composed of sp3 carbons
without much oxidation from the C 1s spectrum (Fig. 3).31
Moreover, the Si–C bonding implies that silicon was partially
evaporated during CNW growth and it was combined to the
carbon source. The Si 2p3/2 spectrum also shows that the Si–C
bonding partially appeared in the CNW-SiNW sample
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Fig. 3 (a) Raman spectra of CNWs-SiNWs in Step 3 and bare SiNWs.
(b–d) X-ray photoelectron spectroscopy (XPS) spectra of CNWs-SiNWs.
(c) Cu 2p spectrum, indicating no trace amount of Cu. (d) C 1s spectrum
deconvoluted into Si–C, C–C, and C–O spectra.

(Fig. S4†), which is consistent with the STEM-EDS and
SEM-EDS images in Fig. 2.
The PEC performance for the hydrogen evolution reaction
shows that the catalytic activity is substantially dependent on
the surface morphology of the CNWs-SiNWs (Fig. 4). The onset
potential, which is defined as the potential at −1 mA cm−2 in
this work, is higher compared to that of the bare SiNW PEC

Fig. 4 (a) Photocurrent density–potential ( J–E) curves of CNWs grown
on lightly boron-doped p-SiNWs, corresponding to the growth steps
1–4 in Fig. 1(b–d). The PEC properties were performed under a 300 W
Xe lamp with a light intensity of 100 mW cm−2 and the potential was
swept from 0.5 V to −1.0 V vs. RHE in a three-electrode cell. (b) Applied
bias photon-to-current eﬃciency (ABPE) of the CNWs-SiNWs PEC cells
for Steps 1–4.
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cell without any co-catalyst. The onset potential increases after
the growth of carbon seeds and CNWs up to Step 3 (Fig. 4 and
Table S1†). In particular, the onset potential of Step 3 (0.37 V
vs. RHE) is 0.20 V higher than that of bare SiNWs, showing
that the growth of CNWs on SiNWs enables superior catalytic
performance (Fig. 4a). The potential at a higher standard
photocurrent density of −5 mA cm−2 is also highly shifted
toward a positive value. The decreased limiting current density
(saturation current density) with increasing CNW length indicates the hindrance of incident light by the opaque CNWs;
thus the optimized length of CNWs on PEC cells is important
for solar-to-hydrogen conversion eﬃciency. Based on the
enhanced onset potential and the current density of the
CNWs-SiNWs photocathode, the applied bias photon-to-current
eﬃciency (ABPE) was obtained at a reversible potential (0 V vs.
RHE) (Fig. 4b):
ABPE ¼ ½jph ðmA cm2 Þ  ðVredox  Vb Þ ðVÞ=Pin ðmW cm2 ÞAM 1:5 G
 100 ð%Þ
ð1Þ
where jph is the measured photocurrent density, Vredox is the
redox potential for hydrogen production (0 V), Vb is the bias
between the working electrode and the counter electrode, and
Pin is the incident light intensity (100 mW cm−2). Compared to
our optimized bare SiNW PEC cell without any co-catalyst
(0.91%, Table S1†), the CNWs-SiNWs PEC cell in Step 3 shows a
higher ABPE, indicating that CNWs act as superior co-catalysts
on the SiNW photocathode. The ABPE in Step 3 (1.86%) exhibits
a higher value than in any of the other steps, which is also comparable to that of other carbon-based catalysts on the Si photocathode reported to date (Table S1†). Impedance and capacitance measurements confirmed that the CNW-SiNW structure
enhances the hydrogen evolution reaction activity by lowering
the kinetic barriers for the HER (Fig. S5†). In the case of the
CNWs-SiNWs electrodes, the smaller semicircles indicating
charge transfer processes in the double layers at the solid/solution interface or in the depletion region of the semiconductor
are smaller than those of the bare SiNWs. Capacitance measurements also showed that higher band bending at the interface
between the electrode and electrolyte promotes faster charge
separation of the generated electrons and holes in the
CNWs-SiNWs. The higher flat band potential of the CNWs-SiNWs
electrode relative to that of the bare SiNWs appears to have
increased the extent of band bending in the depletion region
of the semiconductor near the solid/solution interface.
Moreover, previous carbon-based catalysts such as graphene
derived catalytic layers were reported to have had an intrinsic
limitation in that catalytic layers have to be transferred from
an additional substrate for the growth of the co-catalyst, which
requires additional cost and time. Our one-step preparation
of the co-catalyst/photoelectrode can be directly synthesized without multi-steps including synthesis and transfer
process, as well as the co-catalyst/photoelectrode results in the
increased solar-to-hydrogen conversion eﬃciency. Additionally,
the enhanced photocatalytic performance is also aﬀected by
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Fig. 5 Stability tests of the CNW-SiNW (Step 3) photocathode. (a) CV
for Step 3 of the CNW-SiNW sample during 300 cycles at a scan rate of
0.05 V s−1 and a pH value of 0, showing that the polarization curves
rarely shifted to negative vs. RHE. (b) Time-dependent change in the
current density during 300 cycles corresponding to (a). (c) Current
density change between 1 and 1.5 h corresponding to the red-boxed
area in (b).

the intrinsic surface wettability due to the polarization of the
electrochemical reaction. Fig. S6† shows the contact angle of
de-ionized water droplets on the CNWs-SiNWs substrates for
Steps 1–4, demonstrating that the angle increases as more and
longer CNWs grow on SiNWs. The excessive hydrophobicity in
Step 4 seems to disturb the polarization of the electrochemical
reaction by the hydrogen bubble generated on the surface,
resulting in an adverse eﬀect on the HER performance
(Fig. 4b).
The long-term stability of the CNWs-SiNWs photocathode
was examined for 300 cycles at a pH value of 0, showing a stable
current density as shown in Fig. 5a. The time-dependent
current density change for 11 h in Fig. 5b and c shows the outstanding stability of both limiting current density and current
density at the onset potential. Chronoamperometry measurements were performed at 0 V vs. RHE, and the obtained
current densities normalized by their initial values are displayed as a function of time in Fig. 6. The CNWs-SiNWs photocathode maintains a current density of approximately 24.0 mA
cm−2 and more than 89% of the normalized current, even after
30 h, while the normalized current density of the bare SiNWs
dramatically decreased up to 45%. The surface state of Si was
also investigated before and after the chronoamperometry test
at 0 V vs. RHE for 30 h, as shown in Fig. S7† using XPS spectra
measurements. The XPS spectra of bare SiNWs and CNWsSiNWs were recorded in the Si 2p3/2 region. The Si peak can be
assigned to 99.3 eV, and the SiO2 peak can be assigned to
103.3 eV. The peak of Si–O increases after the long-term operation for the bare SiNW sample, while there is only a slight
increase in the Si–O peak in the case of CNWs-SiNWs. Our
stability testing result implies that the CNWs eﬃciently suppress the degradation of photoelectrochemical performance by
protecting the Si surface from oxidation.
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Fig. 6 (a) Chronoamperometric operation of bare SiNW and
CNW-SiNW (Step 3) photocathodes at the potential of 0 V vs. RHE. (b)
Normalized photocurrent density with respect to operation time.

Conclusion
In summary, we report a simple method to synthesize hierarchically branched carbon nanowires (CNWs) on SiNWs utilizing copper vapor as the catalyst in a chemical vapor deposition
(CVD) process, which exhibit outstanding photocatalytic activities for hydrogen generation along with excellent chemical
stability against oxidation and corrosion. Various spectroscopic analyses revealed that the CNWs-SiNWs simultaneously
played a key role as both catalysts and electrodes, providing a
new strategy to develop a new type of metal-free carbon-based
structure with enhanced stability and catalytic reactivity essential for the higher performance of the hydrogen evolution reaction. Thus, we believe that the CNWs-SiNWs photoelectrodes
would provide a new route to develop high-performing costeﬀective catalysts essential for advanced energy conversion
and storage technologies.
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