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Abstract: Modern energy needs and the pressing issue of environmental sustainability
have driven many research groups to focus on energy-generation devices made from novel
nanomaterials. We have prepared platinum nanoparticle-decorated silicon nanowire/carbon
core–shell nanomaterials (SiNW/C@Pt). The processing steps are relatively simple, including wet
chemical etching to form the silicon nanowires (SiNWs), chemical vapor deposition to form the
carbon shell, and drop-casting and thermal treatment to embed platinum nanoparticles (Pt NPs).
This nanomaterial was then tested as the counter electrode (CE) in dye-sensitized solar cells (DSSCs).
SiNW/C@Pt shows potential as a good electrocatalyst based on material characterization data from
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Raman spectroscopy shows that
the surface reactivity of the SiNW/C is increased by the decoration of Pt NPs. These data also show
that the carbon shell included both graphitic (sp2 hybridization) and defective (sp3 hybridization)
phases of carbon. We achieved the minimum charge-transfer resistance of 0.025 Ω · cm2 and the
maximum efficiency of 9.46% with a symmetric dummy cell and DSSC device fabricated from the
SiNW/C@Pt CEs, respectively.

Keywords: silicon nanowires (SiNWs); defective carbon; core–shell; dye-sensitized solar cells
(DSSCs); counter electrodes (CEs); electrocatalytic activity

1. Introduction

Nanowires have been studied extensively over the past decade due to their versatility
and applications as promising building components in next-generation nanoscale devices
like electrochemical batteries [1–4], biosensors [5–7], light-emitting diodes (LEDs) [8,9],
transparent conducting electrodes [10], solar cells [11,12], and metamaterials [13,14]. Recent
efforts have focused on improving the characteristics of such materials with core–shell nanowires.
For example, Sanming et al. synthesized hierarchical NiCo2O4@NiWO4 core–shell nanowire arrays
and found that these perform excellently as supercapacitors [4]. Yao et al. synthesized N-doped
Li4Ti5O12 (N-LTO) with TiC/C skeletons for ultrafast Li ion storage. This material demonstrated
outstanding rates and cycling stability [15].

Core–shell nanowires can also be used as electrocatalysts. Bai et al. synthesized Ag2S@MoS2

core–shell nanowires with different loadings of MoS2 to be used in producing hydrogen via
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photocatalysis. This material exhibited the highest H2 production rate with a moderate loading
of MoS2 [16]. Likewise, the above-mentioned applications are good examples that nanowires’ key
feature of a large surface area grants them the desired performance characteristics. In the present
study, we fabricated silicon nanowire (SiNW) arrays using metal-assisted chemical etching (MaCE)
for use as counter electrodes (CEs) in dye-sensitized solar cells (DSSCs). The large surface area of
the SiNW makes it an effective electrocatalyst, but silicon on its own lacks electrocatalytic activity.
Therefore, we used thermal chemical vapor deposition (CVD) to deposit a carbon shell on the surface
of the SiNWs to improve electrocatalytic activity. The resultant carbon shell includes many defects,
which encourage electrocatalysis.

In recent years, defective carbon nanomaterials with no heteroatom doping have been studied
as electrocatalysts. The mechanism of this remains unclear, but we at least know that the edge of
graphite is more active than the graphite’s basal plane [17]. Dai et al. prepared undoped and edge-rich
graphene and showed its superior performance as an efficient metal-free electrocatalyst to encourage
the oxygen reduction reaction (ORR) [18]. Hu et al. used undoped pure-carbon nanocages to address
the influence of intrinsic carbon defects on ORR activity and found that their material performed better
than materials prepared with heteroatoms such as B- or N-doped carbon [19].

Meanwhile, many research groups have applied nanocomposites with various metal nanoparticles
(NPs) (Co [20], Pt [21], Rh [22], Au [23], Ni2P [24], and PdAg [25]) doped onto nanocarbon materials
(carbon nanotubes (CNTs) or graphene oxide (GO)) as electrochemical catalysts to maximize the
electrocatalytic activity of the material. Chen et al. synthesized Co@N-CNTs@r-GO to catalyze the
hydrogen evolution reaction (HER). This material exhibited excellent electrocatalytic activity over
a wide pH range, much better than most Co-based electrocatalysts [20]. Pan et al. also prepared
Ni2P NPs on N-doped reduced graphene oxide (Ni2P/NRGO) via in situ thermal decomposition for
catalyzing hydrogen evolution activity [24].

In this study, SiNW arrays were fabricated via MaCE to yield SiNWs with rough surfaces.
Carbon shells were deposited along the surfaces of the SiNWs, consisting of both graphitic
(sp2 hybridization) and defective (sp3 hybridization) carbon. According to Dai’s report, these defects
act as electrocatalytically active sites [17]. Our material exploits the combination of the defective
carbon shell supported by the SiNW array and Pt NPs decorated on the carbon shell (SiNW/C@Pt)
to maximize the electrocatalytic activity that governs I−3 reduction in DSSCs. Our tests show that
SiNW/C@Pt can be used as a CE because it exhibits the extremely low charge-transfer resistance
(Rct) of 0.025 Ω · cm2 in electrochemical impedance spectroscopy (EIS) measurements. We obtained a
maximum efficiency of 9.46% in a DSSC device fabricated from SiNW/C@Pt.

2. Materials and Methods

2.1. Fabrication of SiNWs

SiNW arrays were fabricated using metal-assisted chemical etching (MaCE) [26]. A commercially
available heavily doped n-type Si wafer with a resistivity of 0.001–0.003 Ω · cm (Global Wafer) was cut
into 1.5 × 1.5 cm2 squares. These Si pieces were cleaned in ethanol, 2-propanol, and acetone, and were
then subjected to ultraviolet-ozone (UVO) cleaning for 30 min. The clean Si pieces were then etched
in a solution of 5 M HF and 0.002 M AgNO3. After 15–20 min, chemical etching was arrested by
submerging the Si pieces in a water bath. Silver dendrites present on the surface of the Si pieces were
then removed by placing the pieces in diluted HNO3 for 20 min. Finally, the Si pieces were rinsed with
deionized water and acetone and were subsequently dried by blowing N2 gas over them.

2.2. Fabrication of SiNW/C@Pt

The carbon shell was deposited by thermal CVD on the SiNW surface. After raising the
temperature of the reaction tube to 1050 ◦C, 100 sccm of H2 and 100 sccm of CH4 were introduced
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simultaneously into the reaction tube for 5 min. Finally, the reaction was stopped quickly to prevent
further growth of the carbon shell by air circulation quenching.

Next, Pt NPs were decorated on the SiNW surface using a simple drop-casting method.
First, we prepared a Pt solution of 10 mM H2PtCl6 in ethanol. SiNW/C pieces prepared as described
above were treated with a UVO cleaner for 7 min to make their surfaces hydrophilic. The Pt solution
was dropped onto the SiNW/C piece and allowed to dry naturally, followed by thermal treatment at
450 ◦C for 30 min under an Ar atmosphere.

2.3. Fabrication of DSSCs

To prepare DSSCs, a fluorine-doped tin oxide substrate (FTO, Nippon Sheet Glass, Pilkington TEC)
was cleaned sequentially with a detergent solution, deionized water, an ethanol/acetone mixture
solution [1/1 (v/v)], and 2-propanol in ultrasonic baths for 40 min in total, followed by UVO treatment
for 15 min. Nanocrystalline TiO2 paste (20 nm, ENB-Korea) was coated with a doctor blade onto
the cleaned FTO substrate, which was subsequently annealed at 500 ◦C for 1 h. After annealing,
the TiO2-coated FTO substrate was immersed for 12 h at 25 ◦C in 0.3 mM (Bu4N)2[Ru(dcbpyH)2(NCS)2]
(termed N719) dye in a solution of acetonitrile and tert-butanol [1/1 (v/v)].

2.4. Characterization and Measurements

Samples of SiNW, SiNW/C, and SiNW/C@Pt were characterized using scanning electron
microscopy (SEM, Hitachi S-4700, acceleration voltage: 5.0 kV), transmission electron microscopy
(TEM, JEOL JEM-2100F), energy-dispersive X-ray fluorescence spectroscopy (EDX, Oxford Instrument),
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI X-TOOL), X-ray diffraction (XRD, Rigaku,
SmartLab), and Raman spectroscopy (LabRam ARAMIS IR2), the last of which used a 532 nm diode
laser. Current density–voltage (J–V) curves were measured using a solar simulator (ABET Technology,
LS 150) under 100 mW/cm2 and AM 1.5 G. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammograms (CVs) of the symmetric and full cells were recorded with a commercial electrochemical
apparatus (Solartron Electrochemical Workstation).

3. Results and Discussion

Figure 1 shows SEM images of the SiNW, SiNW/C, and SiNW/C@Pt samples and the elemental
composition of the final SiNW/C@Pt material. SiNW arrays were formed on Si substrates using MaCE
and had diameters ranging from 60 to 180 nm and lengths up to 5.4 µm. In Figure 1a–c, one can see
that the SiNW arrays are packed densely and bundled together because of mutual attraction [27,28].
The surface of the pristine SiNW with no carbon shell is sharp and coarse but becomes smooth after
the carbon shell is deposited. Figure 1c,d shows the presence of Pt NPs decorated on the carbon shell.
The elemental analysis in Figure 1e was obtained from the SiNW/C@Pt. The Si, C, Pt, and O in this
plot come from the SiNW, carbon shell, Pt NPs, and oxides that form between the SiNW and the
carbon shell.

Figure 2a,b presents a low-resolution TEM image of a single SiNW/C@Pt and a high-resolution
TEM image of the SiNW/C with no Pt NPs, respectively. As shown in Figure 2b, the distance between
Si (200) fringes, measured perpendicular to the wire axis in the [100] direction, is about 0.27 nm,
which is almost identical to the same measurement of face-centered cubic (fcc) Si (JCPDS No. 80-0018).
The fast Fourier-transformed electron diffraction (FFT-ED) pattern recorded from the [011] direction
confirms that the SiNWs were formed from single-crystalline Si in the [100] direction. The carbon
shells grown on the SiNW surface along the wire axis had an inter-distance of about 0.34 nm, and XRD
patterns confirmed that the (002) plane peaked at 25.97◦ (see Figure 2c and the FFT-ED pattern in the
inset of Figure 2b). We confirmed that the Pt NPs decorated on the material’s surface were successfully
immobilized on the carbon shell using the images in Figures 1b and 2a. The inset of Figure 2c shows
an XRD pattern from the Pt NPs decorated on the carbon shell. The Pt NPs show two peaks at about
2θ = 39.7◦ and 46.2◦, which correspond to the (111) plane with the inter-planar spacing of 0.22 nm and
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the (200) plane with the inter-planar spacing of 0.20 nm, respectively. Therefore, the Pt NPs resemble
face centered cubic (fcc) Pt (JCPDS No. 87-0646).

2 µm 2 µm 2 µm 

2 µm 

(a) (b) (c)

(d) (e)

Figure 1. Scanning electron microscope images of (a) tilted silicon nanowire (SiNW); (b) tilted SiNW/C;
(c) tilted and (d) cross-sectional SiNW/C@Pt; and (e) elemental analysis of SiNW/C@Pt.
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Figure 2. (a) Low-resolution transmission electron microscopy image of SiNW/C@Pt (inset: fast
Fourier-transformed electron diffraction (FFT-ED) pattern of platinum nanoparticles, Pt NPs); (b)
high-resolution image of SiNW/C with no Pt NPs (inset: FFT-ED pattern of SiNW/C); and (c) XRD
pattern of SiNW/C (inset: XRD pattern of Pt NPs).

Figure 3 presents Raman spectra of the SiNW/C and SiNW/C@Pt samples. Three peaks are
apparent. The peak at 521 cm−1 is caused by the scattering of the first-order transverse optical (TO)
phonon in the Si substrate. The most distinct peaks in the Raman spectra are the G band appearing
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at 1599 cm−1 and the D band at 1345 cm−1. The G band originates from the in-plane vibration of
sp2-hybridized carbon atoms and has a doubly degenerate phonon mode with E2g symmetry at the
center of the Brillouin zone [29], thus indicating the presence of graphitic carbon in the carbon shell.
The D band is induced by the presence of defects and has the breathing mode of A1g symmetry [30].
Though the ID : IG ratios of both SiNW/C and SiNW/C@Pt were nearly 1.40, the Raman intensity
increased after the Pt NPs were decorated on the SiNW/C, indicating that the Pt NPs encourage
surface reactions. Therefore, we expect that SiNW/C@Pt will serve as a very efficient electrocatalyst.
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Figure 3. Raman spectra of SiNW/C and SiNW/C@Pt.

We investigated the functional groups and chemical states present in the SiNW/C@Pt using XPS
analysis, and the results are shown in Figure 4. The survey scan in Figure 4a shows peaks from Si
2p, Si 2s, C 1s, and Pt 4f; these indicate the presence of the carbon shell on the SiNW surface and
the Pt NPs on the carbon shell. High-resolution XPS spectra corresponding to C 1s and Pt 4f from
SiNW/C@Pt are shown in Figure 4b,c, respectively. In Figure 4b, the peak at 284.6 eV is usually
attributed to the C–C bond (basal-plane sp2 hybridization), and the peaks at 285.5 eV and 288.0 eV are
typically assigned to the C–O and COOH functional groups (defect sp3 hybridization), respectively.
Finally, Figure 4c shows the XPS spectra of Pt 4f doublets (4f7/2 and 4f5/2) for the Pt NPs on top of the
SiNW/C matrix. The principal doublets at 71.0 eV (Pt 4f7/2) and 74.4 eV (Pt 4f5/2) are characteristic
of metallic Pt (Pt0). The peaks at 72.0 eV (Pt 4f7/2) and 75.3 eV (Pt 4f5/2) correspond to Pt2+, and the
peaks located at 76.3 eV and 77.9 eV correspond to Pt4+. The principal Pt 4f7/2 and 4f5/2 peaks were
slightly shifted to binding energies lower than the commonly accepted binding energies of Pt 4f7/2
and 4f5/2, perhaps due to electron transfer from the SiNW/C to the Pt NPs [31].

To test its catalytic performance, the SiNW/C@Pt material was used to fabricate several
DSSCs. Since the base structure of the SiNW has high conductivity with its large surface area,
SiNW/C@Pt should serve well as a counter electrode (CE) in DSSCs. Figure 5a shows the current
density–voltage (J–V) characteristics of the DSSCs fabricated from a reference material (FTO/Pt),
SiNW/C, and SiNW/C@Pt. The photovoltaic performance of these DSSCs is summarized in Table 1.
The reference device exhibited an efficiency of 8.08% with 14.41 mA/cm2, 0.789 V, and 71.06% as Jsc,
Voc, and FF, respectively. When this reference CE was replaced with a SiNW/C CE, the efficiency
(7.92%) was quite comparable and the photovoltaic parameters were Jsc of 14.30 mA/cm2, Voc of 0.789
V, and FF of 70.19%. The greatest efficiency was obtained when Pt NPs were decorated on the surface
of the SiNW/C. The DSSC made from SiNW/C@Pt showed η of 9.46% with Jsc of 15.95 mA/cm2,
Voc of 0.797 V, and FF of 74.41%. The main factor that increases the efficiency is the current density in
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the DSSC. Electrocatalytic activity and cyclic voltammograms were used to measure this feature of
the DSSC.
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Figure 4. X-ray photoelectron spectroscopy analysis of SiNW/C@Pt: (a) survey scan; (b) high-resolution
spectrum of C 1s; and (c) high-resolution spectrum of Pt 4f.
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Figure 5. (a) Current–voltage (J–V) characteristics of the dye-sensitized solar cells (DSSCs) fabricated
with reference (fluorine-doped tin oxide (FTO)/Pt), SiNW/C, and SiNW/C@Pt counter electrodes
measured under 1 sun illumination (AM 1.5 G, 100 mW/cm2); (b) equivalent circuit model of the
symmetrical dummy cells consisting of the identical counter electrodes (CEs); (c) cyclic voltammograms;
and (d) Nyquist plots of the symmetrical dummy cells.

Table 1. Photovoltaic performance of the DSSCs fabricated with FTO/Pt, SiNW/C, and SiNW/C@Pt
counter electrodes.

Counter Jsc Voc FF η Rs Rct
Electrode (mA/cm2) (V) (%) (%) (Ω · cm2) (Ω · cm2)

Reference 14.41 ± 0.2 0.789 ± 0.002 71.06 ± 0.3 8.08 ± 0.17 5.75 2.725
SiNW/C 14.30 ± 0.2 0.789 ± 0.004 70.19 ± 0.5 7.92 ± 0.21 5.10 2.448

SiNW/C@Pt 15.95 ± 0.1 0.797 ± 0.002 74.41 ± 0.4 9.46 ± 0.13 5.01 0.025

CV measurements were taken from symmetrical dummy cells at a scan rate of 100 mV·s−1 to
eliminate the influence of photoanodes. The electrolyte was sandwiched between identical CEs.
The equivalent circuit for the analysis and the CV curves measured in the potential range of −1.0 to
1.0 V are shown in Figure 5b,c, respectively. The electrocatalytic activity of the CEs can be deduced
from the slopes and current density of these CV curves. As observed in Figure 5c, the slope of the
SiNW/C@Pt in the low-potential range is steeper than the others and the current density in the
high-potential range is greater, which indicates that the SiNW/C@Pt offers superior electrocatalytic
activity that encourages the I−/I−3 redox reaction.

The internal resistances and electrocatalytic activity of CEs significantly influence photovoltaic
efficiency, so electrochemical impedance spectroscopy (EIS) measurements were carried out with
symmetrical dummy cells to evaluate the electrocatalytic activity of SiNW/C@Pt. Figure 5d illustrates
Nyquist plots of the reference cell, SiNW/C, and SiNW/C@Pt, in which the high-frequency intercept
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yields the series resistance (Rs) and the diameter of the first semicircle at high frequencies represents
the charge-transfer resistance (Rct) at the interface between the electrolyte and the electrode surface.
According to these calculated resistances, we learned that the Rs value of SiNW/C@Pt is 5.01 Ω · cm2,
which is similar to the Rs value of the reference cell (5.75 Ω · cm2) and that of SiNW/C (5.10 Ω · cm2),
whereas the Rct has the significantly lower value of 0.025 Ω · cm2. Obviously, the scattered Pt NPs
decorated on the carbon shell are responsible for the relatively low value of Rct.

4. Conclusions

This study demonstrated methods for the preparation and photovoltaic application of a novel
nanomaterial, a silicon nanowire/carbon core–shell nanomaterial with platinum nanoparticles
(SiNW/C@Pt). First, SiNW arrays were prepared by metal-assisted chemical etching (MaCE), and then
a carbon shell was deposited on these; finally drop-casting and thermal treatment were used to decorate
Pt NPs. The tests reported above show that SiNW/C@Pt performs well as the counter electrode (CE)
in DSSC devices. The SiNW/C@Pt CE exhibited extremely low charge-transfer resistance (0.025 Ω
· cm2) and a high efficiency of 9.46%. This material serves as an efficient electrocatalyst because it
combines three mechanisms that encourage electrocatalysis: the electronic defects in the carbon shell,
the high surface area of the SiNW arrays, and the efficient electrocatalytic activity of Pt nanoparticles.
Our results suggest that nanomaterials that combine defective carbon and nanoparticles can serve as
highly efficient electrocatalysts in photovoltaic devices.
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The following abbreviations are used in this manuscript:

DSSCs Dye-sensitized solar cells
CEs Counter electrodes
ORR Oxygen reduction reaction
SiNWs Silicon nanowire arrays
MaCE Metal-assisted chemical etching
NPs Nanoparticles
SEM Scanning electron microscopy
TEM Transmission electron microscopy
EDX Energy-dispersive X-ray fluorescence spectroscopy
XPS X-ray Photoelectron spectroscopy
XRD X-ray diffraction
EIS Electrochemical impedance spectroscopy
CV Cyclic voltammogram
FTO Fluorine-doped tin oxide
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