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ABSTRACT: We report the fabrication of silicon/carbon
core/shell nanowire arrays using a two-step process, involving
electroless metal deposition and chemical vapor deposition. In
general, foreign shell materials that sheath core materials
change the inherent characteristics of the core materials. The
carbon coating functionalized the silicon nanowire arrays,
which subsequently showed electrocatalytic activities for the
reduction of iodide/triiodide. This was verified by cyclic
voltammetry and electrochemical impedance spectroscopy. We
employed the carbon-coated silicon nanowire arrays in dye-
sensitized solar cells as counter electrodes. We optimized the
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carbon shells to maximize the photovoltaic performance of the resulting devices, and subsequently, a peak power conversion

efficiency of 9.22% was achieved.
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Bl INTRODUCTION

One-dimensional (1D) nanostructured materials such as
nanotubes and nanowires have emerged as promising building
blocks in next-generation nanoscale devices such as photo-
voltaics,' > photodetectors,*”” field effect transistors
(FETs),* " lithium ion batteries (LIBs),"*~'* and light-
emitting diodes (LEDs)."*™"” In recent years, many researchers
have investigated multifunctional core/shell nanostructured
materials, whose multifunctional properties can be adjusted by
the use of core materials sheathed by foreign shell materials.
The 1D core/shell nanostructured materials have been used in
diverse applications, and consequently, the devices based on
such materials have shown improved performance and stability.
Xia et al. reported the synthesis of unique porous core/shell
nanowire array architectures, wherein the supercapacitor based
on the core/shell nanoarrays showed enhanced performance.'®
Furthermore, Sun et al. reported the enhanced capability and
cycling stability of lithium ion batteries based on ZnCo,0,/
NiO core/shell nanowire arrays."”

The utilization of 1D core/shell nanostructured materials
could also be expanded to electrocatalysts, which can be
realized by sheathing core materials with foreign shell materials
having electrocatalytic activity. Pt is a representative catalyst for
the oxygen reduction reaction (ORR) in fuel cells and
reduction of iodide/triiodide (I7/1;7) in dye-sensitized solar
cells (DSSCs). Although Pt counter electrodes have been
considered to be the most efficient catalysts for the devices
mentioned above, they need to be replaced by more earth
abundant materials because Pt is required in many applications
such as fuel cells and various catalysts. Therefore, much effort
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has been devoted to the investigation of Pt-free, carbon-based
nanomaterials as catalgrsts, such as carbon black,*® carbon
nanotubes (CNTs),”"** and graphene.”>>°

Even though many researchers have investigated 1D
nanowire array-based photoelectrodes for DSSCs,**** in this
work, we synthesized carbon-coated silicon nanowires (SINW/
C) (i, silicon nanowire core/carbon shell) and employed
them as counter electrodes in DSSCs. The defect rich carbon
shells catalyzed the reduction of I"/I;”. We obtained a maximal
power conversion efficiency of 9.22%, which was comparable to
that of the Pt counter electrode-based DSSCs (9.75%). To
study the electrocatalytic performance in the reduction of I"/
I;” at the interface of the counter electrode, we conducted
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) analysis with the symmetric cell under
AM 1.5G illumination. Although SiNW/C have been previously
applied to LIBs as anodes,”° to the best of our knowledge,
this is the first report of their application to DSSCs.

B EXPERIMENTAL SECTION

Synthesis of SINW/C. Commercially available (100) n-Si wafer
(0.001-0.003 Q cm, Global wafer) was cut into pieces with
dimensions of 1.5 cm X 1.5 cm. The Si pieces were ultrasonically
cleaned with ethanol, acetone, and 2-propanol followed by a 30 min
treatment in a UVO cleaner. The cleaned Si pieces were immersed in
the etching solution containing S M HF and 0.02 M AgNO;. After
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Scheme 1. SiNW Fabrication and Carbon Shell Deposition
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being etched for 30 min, the Si pieces were rinsed with deionized
water and then immersed in a dilute HNOj solution for at least 30 min
to remove Ag dendrites. A piece of a silicon nanowire (SINW) array
was located at the center of a tubular furnace. Once the temperature
reached approximately 1075 °C, H, and CH, were simultaneously
introduced into the reactor at flow rates of 100 and 100 sccm. The
reaction time was controlled from 1 to 11 min.

Fabrication of DSSCs with Various Counter Electrodes. To
clean the fluorine-doped tin oxide substrate (Nippon Sheet Glass Co.,
Ltd,, Pilkington TEC Glass-TEC), it was sequentially washed with a
detergent solution, deionized (DI) water, an ethanol/acetone mixture
[1/1 (v/v)], and 2-propanol in an ultrasonic bath for 10 min. The
substrate was subjected to UV—O; treatment for the duration of 15
min. Nanocrystalline TiO, paste (20 nm, ENB-Korea) was coated
onto the cleaned FTO glasses using the doctor blading method. The
TiO,-coated FTO glasses were annealed at 500 °C for 1 h to create a
TiO, film. After the heat treatment, the TiO,-coated substrate was
immersed in 0.3 mM (Bu,N),[Ru(dcbpyH),(NCS),] (termed N719)
dye in a mixture of acetonitrile and tert-butanol [1/1 (v/v)] overnight
at room temperature.

To prepare a Pt counter electrode in the DSSC, a 10 M H,PtCly
solution in 2-propanol was coated onto a clean FTO glass, and the
glass was annealed at 450 °C for 30 min. To prepare SINW/C as the
counter electrode in the DSSC, the as-prepared samples were used as
is. A 50 ym thick Surlyn film (DuPont) was placed over the prepared
electrode, and the counter electrode was subsequently placed. After
the electrodes had been pressed at 100 °C for 3 s, the cell was sealed.
The electrolyte solution containing a mixture of 0.5 M 4-tert-
butylpyridine, 0.5 M 1-hexyl-2,3-dimethylimidazolium iodide, 0.05 M
lithium iodide, and 0.02 M iodine in acetonitrile was introduced into
the system, and a final sealing completed the fabrication of the cell (see
Figure S1 of the Supporting Information).

Characterization and Measurements. The SINW and SiNW/C
were characterized using scanning electron microscopy (SEM)
(Hitachi S-4300) and transmission electron microscopy (TEM)
(JEOL, JEM-2100F) with instruments equipped with an X-ray energy
dispersive spectrometer (EDS) to obtain information about micro- and
nanostructures and compositions. The nanowires were mechanically
detached by blading off the substrate and dispersed into ethanol, which
was then dropped onto a lacey carbon TEM grid. A Raman
spectrometer (LabRam ARAMIS IR2) equipped with a 532 nm
diode laser was used to characterize the quality of the carbon shell on
the SINW. The photocurrent—voltage (J—V) curves of DSSCs were
obtained using the current—voltage characteristic measurements under
100 mW/cm* AM 1.5G light (ABET Technology, LS 150 simulator).
The photovoltaic performance was characterized using the V,, J,, fill
factor (FF), and overall efficiency (7) values obtained from the J—V
curve. Electrochemical impedance spectra (EIS) and cyclic voltammo-
grams (CV) were measured using a symmetrically structured cell from
the electrochemical station (Bio-Logic science instruments, VSP, CLB-
2000).

Bl RESULTS AND DISCUSSION

Scheme 1 illustrates the entire procedure from the SINW
fabrication to coating the SINW surface with carbon. The

SINW were fabricated using an electroless metal deposition
(EMD) method.>" In brief, a piece of silicon wafer was etched
in the etching solution of diluted HF and AgNO; at room
temperature, followed by immersion in diluted HNO; to
remove the excess Ag dendrites. Subsequently, carbon coating
was performed using the chemical vapor deposition (CVD)
process at 1075 °C for the desired reaction time with a mixture
of CH, and H,.

Figure la shows the cross-sectional morphology of the
SINW. The lengths and diameters of the SINW are ~17 um
and in the range of 220—500 nm, respectively. Panels b and ¢
show the tilted top images of the SINW and SiNW/C,
respectively. Compared to the bare SINW (not coated with
carbon) with sharp tips, the SINW/C have smooth tips. Bare
SiNW tips were highly congregated, and this might be caused
by the mutual attraction between dangling bonds and
electrostatic charges present on the surfaces of the SiNW.*>
The mutual attraction was released a bit once the surface was
covered with carbon as shown in Figure 1b.

Figure 2 shows the TEM images of samples obtained at
different reaction times. Figure 2a shows the low-magnification
image of a single nanowire after carbon coating (3 min), while
panels b—f show the high-resolution images of the
representative samples corresponding to 1, 3, S, 7, and 11
min, respectively. The X-ray energy dispersive analysis (EDS)
reveals the presence of the carbon shell on the surface of silicon
after reaction for 5 min, as shown in Figure S2 of the
Supporting Information. According to the data, we can observe
C and Si as main peaks, while the intensity for O is quite small
(only 2.51 atomic weight percent). The carbon thickness
around the SiNW tended to gradually increase with an
increasing reaction time from 1 to 11 min as follows: 0.7, 9,
17, 19, and 26 nm. The increase in the surface area was
observed for the first S min, and then the surface area
decreased.”

The quality of the carbon shell and the degree of defects
were investigated using Raman spectroscopy by examining
intensity ratios (Ip/Ig) of D and G peaks (Figure 3). A 521
cm™ peak originated from the Si—Si vibrational mode,>* and
peaks at around 1350 and 1600 cm™ corresponded to the
disordered (D band) and graphitic (G band) bands from the
carbon shell, respectively. As the reaction time increased, the
relative intensity of the D and G peaks increased with respect to
that of the silicon peak. The Ij/I; ratio obtained from the
sample after a reaction time of 1 min was the lowest (1.2),
beyond which it remained almost constant (1.4—1.5). The
relatively low Ip/Ig ratio of the sample reacted for 1 min
probably originated from the thin carbon shell>® The peak
positions of D and G bands and the I,/I; ratios are
summarized in Table 1. These I,/I; ratios are quite
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Figure 1. SEM images of vertically aligned as-prepared SiNW array
(a), tilted SINW (b), and SINW/C (c).

comparable to those published elsewhere.3*™3® For instances,
Cruz et al. prepared a transparent graphene-based counter
electrode and obtained up to 7.5% with a value of 1.15,%” and
Akbar et al. introduced FTO-free counter electrodes for DSSCs
using carbon nanosheets with values of 1.04—1.41 and a
maximal performance of ~5%.**

To examine the interfacial electrochemical properties with
the amount of deposited carbon, EIS was employed. Figure 4
shows the Nyquist plot of the symmetrical cells (often called
dummy cells) with coating times of 1, 3, S, 7, and 11 min, and a
conventional Pt-coated electrode. The first semicircle at the
high frequency was ascribed to the charge transfer at the
interface between the electrode of interest and electrolyte, while
the second semicircle at the low frequency was associated
mainly with the Nernst diffusion of I;~ within the electrolyte. At
the SINW/C counter electrode, the charge transfer resistance
(Ry) value was directly related to the number of catalytic
sites.””~** For this reason, a sample with a 1 min carbon
coating showed the largest internal resistance because of the
small amount of catalytic carbon coating, as seen in the inset of
Figure 4. Because the higher carbon contents could provide
more catalytic sites for the reduction of I;~, we observed that

_-(b)1 min

(d) 5 min

(e) 7 min

Figure 2. (a) Low-magnification TEM image of a single SINW/C and
(b—f), HRTEM images of carbon shells deposited on the SiNW
surface at different reaction times: 1, 3, 5, 7, and 11 min, respectively.
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Figure 3. Raman spectra of SINW/C obtained under different reaction
times. D and G peaks of carbon shells were plotted with respect to the
silicon peak (inset).
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the R, value of a sample with a 5 min carbon coating was the
lowest among the samples. The samples with 9 and 11 min
carbon coatings showed even longer times for carbon
deposition. However, the surface area decreased with over-
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Table 1. Peak Positions of G and D Bands and Ip,/I; Ratios

D band (cm™) G band (ecm™) Ip/1g
1 min 1344 1600 12
3 min 1344 1600 1S
S min 1343 1600 1.5
7 min 1346 1600 1.5
11 min 1345 1600 1.4
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Figure 4. Nyquist plots from electrochemical impedance spectroscopy
with symmetrical counter electrodes.

reaction and could not yield smaller R values compared to the
sample with a 5 min carbon coating. The low-frequency
semicircle, which was related to electrolyte diffusion, had
similar shapes for all the samples because the diffusion in the
electrolyte was indifferent to the catalytic activity of the counter
electrodes.

The equivalent circuit of this type of cell (symmetrical cell) is
described in the inset of Figure S. Ry Ry and Ry represent
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Figure S. Calculated series resistances, charge transfer resistances, and
diffusion resistances of different counter electrodes.

series resistance in the high-frequency region, charge transfer
resistance, and Warburg diffusion, respectively. Using the
simulating system (Solartron), the Ry, and R, values were
analyzed and are shown in Figure S and Table 2.

Because the conductance of the silicon substrate is higher
than that of FTO, Ry, values for Si-based samples were lower
than those of FTO-based samples. However, R, values show
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Table 2. Calculated Values of Series Resistances, Charge
Transfer Resistances, and Diffusion Resistances with
Different Counter Electrodes

counter electrode Rypeer (Q cm?) R, (Q cm?) Ry (Q cm?)
Pt 7.62 243 1.51
1 min N/A N/A N/A
3 min 1.78 3.14 2.6
S min 0.89 2.33 2.56
7 min 1.13 29 2.77
11 min 0.75 3.89 3.6

the other trend because Pt exhibits the best performance as
summarized in Table 2, and these values are well matched to
previously reported values.**

As shown in Figure S, R values of samples treated for 3 and
S min is gradually decreased, whereas R values for samples
treated for 7 and 11 min are increasing. This trend has been
discussed with previous photocurrent explanation. Because R
is directly related to the number of active catalytic sites, the
reaction time of 5 min may give the highest number of active
sites exposed to an electrolyte. After the time, extra carbons
may close the porosity of the surface; therefore, they do not
play important roles in increasing active catalytic sites. EIS data
for full cell are shown in Figure S3 of the Supporting
Information with a brief description.

To elucidate the electrochemical properties, CV analyses
(additional information in Figure S4 of the Supporting
Information) were employed. Figure 6 represents the electro-
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Figure 6. Cyclic voltammogram of a symmetrical cell with Pt-coated
and SiNW/C counter electrodes, at a scan rate of 100 mV/s.

chemical behavior of the symmetric cells at a scan rate of 100
mV/s. All the counter electrodes except those with a 1 min
carbon deposition sample showed the proper catalytic effect for
I;” reduction. Even though the Pt-coated symmetrical cell
showed the highest current density, 3—11 min carbon-
deposited SiNW samples showed comparable catalytic abilities.
Among the SINW/C samples, the sample with a S min carbon
coating showed the best current density, and this result was in
agreement with that of the EIS analysis.

The J—V curves of each counter electrode are shown in
Figure 7, and the photovoltaic performances of these cells are
listed in Table 3. The Pt-coated counter electrode cell showed a
Jic of 17.96 mA/cm?, a V,_ of 0.81 V, and an FF of 67.03 with
an efficiency of 9.75%. As shown by the CV analysis, because of
the low current density, the ] value of the S min carbon-
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different counter electrodes under AM 1.5G illumination.

Table 3. Photovoltaic Performances of Pt and SiNW/C
Counter Electrodes

counter electrode

Pt (reference)
1 min
3 min
S min
7 min

11 min

17.96
14.60
16.02
16.91
15.54
15.60

Voe (V) EF (%)
0.810 67.03
0.778 50.27
0.777 66.12
0.802 67.98
0.818 68.66
0.804 68.01

1 (%)

9.75
5.71
8.23
9.22
8.73
8.53

the best performing sample was 9.22%. In detail, FF values are
almost the same for samples by Pt and carbon-coated SINW
except for the 1 min reacted sample. As the reaction time
changes, V. values were increased as internal conductances of
the counter electrodes are increased. A 3 min treated sample
showed almost the same conductance (see Figure SS of the
Supporting Information) as the sample with a longer reaction
time; its V. is only 0.777 V, which is close to the performance
of the 1 min coated sample. This could be from possible
uneven coating by a short time coating. ] shows different
behaviors as we mentioned above. The photocurrent densities
increase as the numbers of active catalytic sites increase because
of the presence of more carbons. After using the optimal
condition for 5 min, the extra carbons are not used for an
increasing number of catalytic sites because it may cause surface
area and porosity to decrease.

The stability test of DSSCs based on SiNW/C counter
electrodes was implemented for 10 days as shown in Figure 8.
The devices were stored in ambient air. While the efficiency, J,
and FF for the first 2 days decreased and then were kept almost
constant, the V. continuously increased for the test period.
After 10 days, the parameters of the efficiency, J,., V., and FF
retained 94, 94, 107, and 94% of their initial values, respectively.
Prolonged stability under continuous illumination is shown in
Figure S6 of the Supporting Information.

Bl CONCLUSIONS

deposited SINW sample was lower (16.91 mA/cm?) than that
of the Pt-coated cell. However, other parameters showed a V_
0f 0.802 V and an FF of 67.89%. These values were comparable
with that of the Pt-coated sample. The conversion efficiency of

In summary, vertically aligned SINW/C were fabricated using
the electroless metal-assisted method. Subsequently, carbon
coating with chemical vapor deposition was performed in the
presence of a mixture of H, and CH,. The amount of carbon
deposited onto the SINW surface was controlled by adjusting
the reaction time from 1 to 11 min. We confirmed that the
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Figure 8. Long-term stability test for DSSCs based on carbon-coated SINW counter electrodes.
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SiNW/C helped to catalyze the reduction of I7/I;~ by using
cyclic voltammetry and electrochemical impedance spectrosco-
py and subsequently employed them as counter electrodes in
DSSCs. We obtained the highest power conversion efficiency of
9.22% with those 5 min SINW/C, which had reacted for S min.
This outcome was comparable to those of the Pt-based DSSCs
(9.75%).
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Photograph of the DSSC based on the SiNW/C counter
electrode, EDS spectrum of SiNW/C, EIS spectra of DSSCs
based on Pt and each SINW/C counter electrode, cyclic
voltammograms of Pt and each SINW/C sample recorded with
the three-electrode setup, through-plane conductance data of
each SiNW/C sample over the potential range from —0.1 to 0.1
V, and stability test of DSSCs fabricated with Pt and SINW/C
counter electrodes over 2 h. This material is available free of
charge via the Internet at http://pubs.acs.org.
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