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KEYWORDS Abstract

Silicon nanowires; Q3 Q2 This work describes the development and performance of a symmetric micro-supercapacitor
Micro- made of nanostructured electrodes based on silicon nanowires (SiNWs) deposited using
Isup.erf:.ape.l;itors; chemical vapor deposition (CVD) on silicon substrates. The performance of the SiNWs micro-
onic liquids;

supercapacitor employing an aprotic ionic liquid (N-methyl-N-propylpyrrolidinium bis(trifluor-
omethylsulfonyl)imide) (PYR43TFSI) as an electrolyte was able to deliver a maximal power
density of 182 mW cm~2 and a specific energy of 190 pJ cm~2 operating at a wide cell voltage
of 4V with a quasi-ideal capacitive behavior. The lifetime of the device exhibited a remarkable
electrochemical stability retaining 75% of the initial capacitance after several million
galvanostatic charge-discharge cycles at a high current density of 1 mA cm~2. Furthermore,

Electrochemical
energy storage;
Chemical vapor
deposition
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a coulombic efficiency of approximately 99% was obtained after galvanostatic cycling test
without structural degradation on the morphology of SiNWs.
© 2014 Published by Elsevier Ltd.

Introduction

Over the past years new nanostructured materials, as for
example nanowires, have emerged as promising materials in
different technological applications such as photovoltaic
cells or energy storage devices [1]. Within this context,
SiNWs have attracted a great attention in the field of
batteries [2] and supercapacitors [3]. Specifically, micro-
supercapacitor electrodes made of SiNWs [3-7] and silicon
carbide nanowires (SiCNWs) [8-10] can be considered as one
of the next generation energy storage devices according to
their interesting properties in terms of stable cycling life,
fast charging-discharging rate and high power density.
Additionally, SiNWs can be integrated in the Si-based
microelectronics industry for the building and miniaturiza-
tion of micro-electronic devices (e.g. diodes or transistors),
[11] which represents an important advantage compared
with micro-supercapacitor electrodes based on nanostruc-
tured carbon. Recently, SiNWs grown by using CVD on silicon
substrates were proved as excellent micro-supercapacitors
in propylene carbonate (PC) based electrolyte [3-5]. In
order to improve the performance of SiNWs as micro-
supercapacitor electrodes, different strategies have already
been reported by using metallic oxides (NiO) [12,13] or
cermets (SiC) [14] in the presence of aqueous electrolytes
(KOH or KCl respectively). However, one of the most
important drawbacks of aqueous electrolytes and organic
solvents (e.g. PC or acetonitrile) concerns their narrow
voltage cell (V) (e.g. ~1.3V for aqueous electrolyte and
~2.7V for organic solvents), which limits the specific
energy (E=1/2CV?) where C is the capacitance and V is
the cell potential and the maximal power density (P=V?/
4ESR) where ESR is the equivalent series resistance. Both
properties power and energy density play an important role
in the success of new electrochemical capacitors. Currently,
ionic liquids (ILs) have provided wide electrochemical
windows (>4 V) and high thermal stability (>300 °C), [15]
as a consequence they have been used as alternative
electrolytes in supercapacitors based on carbon electrodes
[16-20]. Nowadays, the performance of SiNWs as micro-
supercapacitors in a device configuration has been carried
out mainly in a PC solution containing 1 M tetraethylammo-
nium tetrafluoroborate [3-5] (NEt4BF4) as an electrolyte
operating at a working voltage of 1.0 and 1.2V. These
devices exhibit energy [3] and maximal power density [4,5]
values ranging from 0.8 to 10.3 nWh cm 2 and from 1.4 to
1.6 mW cm 2 using SiNWs with different lengths and dia-
meters on silicon substrates. In this way, to the best of our
knowledge scarce works have been reported according to
the performance of SiNWs as micro-supercapacitors (e.g.
2-electrode configuration) in the presence of ILs (1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, EMIM
TFSIl) [7,21]. Thus, both studies were reported using a

narrow cell voltage of ~1.5V. In this study, we present a
complete and detailed characterization of symmetric SiNWs
micro-supercapacitors operating at a wide cell voltage of
4V using N-methyl-N-propylpyrrolidinium  bis(trifluoro-
methylsulfonyl)imide (Scheme 1) as an electrolyte owing
to its moderate viscosity and wide voltage stability window
[22,23]. Besides high values in terms of energy (190 pJ
cm~2) and maximal power density (182 mW cm~2) found in
this IL compared with PC [3-5] and EMIM TFSI [21] the results
prove that supercapacitor electrodes based on SiNWs in a
device configuration present an excellent stability after
millions of galvanostatic charge-discharge cycles. There-
fore, SiINWs can be found as promising and alternative
materials to commercial supercapacitors based on carbon
electrodes.

Materials and methods
Materials and reagents

Highly n-doped Si (111) substrates (doping level: 5 x 10'®
doping atoms cm~3) and resistivity less than 0.005 Q cm
were used as the substrate for SiNW growth. Gold
colloid solution (50 nm) was purchased from British BioCell.
N-methyl-N-propylpyrrolidinium bis(trifluoromethylsulfonyl)
imide was purchased from IOLITEC (lonic Liquids Technolo-
gies GmbH, Germany) and used without further purification.

Growth of SiNWs

SiNWs electrodes with a length of approximately 50 pm and
a diameter of 50 nm were grown in a CVD reactor (Easy-
Tube3000 First Nano, a Division of CVD Equipment Corpora-
tion) by using the vapor-liquid-solid (VLS) method via gold
catalysis on highly doped n-Si (111) substrate. Gold colloids
with size of 50 nm were used as catalysts, H, as carrier gas,
silane (SiH4) as silicon precursor, phosphine (PH3) as n-
doping gas and HCl as additive gas. The use of HCl has been
proved to reduce the gold surface migration and improve
the morphology of SiNWs [24,25]. Prior to the growth, wafer
surface was cleaned by successive dipping in acetone,
isopropanol and Caro (H;SO4:H,0,, 3:1 v/v) solutions in
order to remove organic impurities, after that, the sub-
strates were dipped in HF 10% and NH4F solution to remove
the native oxide layer. Finally, the gold catalyst was
deposited on the surface. The deposition was carried out
using HF 10% from an aqueous gold colloid solution.

[ > (CF350,),N°
/\/%\

Scheme 1 Chemical structure of N-methyl-N-propylpyrrolidi-
nium bis(trifluoromethylsulfonyl)imide (PYR;3TFSI).
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High performance of symmetric micro-supercapacitors

The growth was performed at 600 °C, under 6 Torr total
pressure, with 40 sccm (standard cubic centimeters) of SiH,,
100 sccm of PH3 gas (0.2% PH; in H,), 100 sccm of HCl gas
and 700 sccm of H, as supporting gas for 32 min. The doping
level (dl) of the SiNWs was managed by the pressure ratio:
dopant gas/SiH4, which was evaluated in previous works
(dl: 4x 10" cm~3) [24].

Design of the micro-supercapacitor

Symmetric micro-supercapacitors were designed from
nanostructured electrodes made of SiNWs (L=50pm,
@=50nm) with a surface of 1cm? A homemade two-
electrode supercapacitor cell was built by assembling
two nanostructured electrodes separated by a Whatman
glass fiber paper separator soaked with the electrolyte
(PYR43 TFSI).

Electrochemical characterization of
micro-supercapacitors

Cyclic voltammetry (CV) curves and galvanostatic charge-
discharge cycles were performed between 0 and 4V using
different scan rates (0.2-5Vs~') and current densities
(0.1-1 mA cm~2) respectively. Electrochemical impedance
spectroscopy (EIS) measurements were performed using a
sinusoidal signal of +10mV amplitude and a frequency
range from 100 kHz to 100 mHz. The electrochemical stabi-
lity of the device was obtained by performing galvanostatic
charge-discharge cycles over 8 x 10° cycles at a current
density of 1 mAcm 2 in the potential range from 0 to 4 V.
The voltage hold test was carried out using a similar
procedure previously reported [26,27]. The full cell was
charged up to a voltage of 4 V and kept there for 5 h before
five galvanostatic charge-discharge cycles at a current
density of 1 mA cm~2 between 0 and 4V, which allowed to
determine the capacitance during the test. This procedure
was repeated 60 times, resulting in a holding time of 300 h.
All measurements were carried out using PYR;3 TFSI as an
electrolyte in an argon-filled glove box with oxygen and
water levels less than 1 ppm at room temperature.

Morphological characterization

The morphology of the resulting SiNWs before and after
electrochemical testing was examined by using a ZEISS Ultra
55 scanning electron microscope operating at an accelerat-
ing voltage of 10 kV. SiNWs were rinsed with acetone and
isopropanol to ensure removal of excess electrolyte after
electrochemical testing.

Results and discussion

Figure 1a and b displays general and magnified SEM images
about the growth of SiNWs onto silicon substrates by using
the VLS method. It can be noted that a high density of SINWs
appears by using this method reflecting an average nano-
wire density of 2.51 x 108+ 9.25 x 107 nanowires cm 2. The
SiNWs density was estimated by counting the number of
gold colloids per cm? on several SEM images. Gold colloids

50 nm

Figure 1 (a) and (b) Low and high magnification SEM images of
the morphology of SiNWs with gold colloids recorded at 45°
tilted angle. Inset shows the gold tip at the top of SiNWs. (c)
Cross sectional view of SiNWs. Scale bar: 10 pm.

were kept on the top of SiNWs as depicted in Figure 1b
(inset) because no influence on the electrochemical beha-
vior was reported in previous studies [5]. The overall length
of the SiNWs was found to be 50 pm+83 nm according to
the cross-section view depicted in Figure 1c. The diameter
of SiNWs was estimated to be 50 nm as illustrated in
Figure 1b (inset).
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The electrochemical properties of the micro-super-
capacitor device were evaluated by CV, galvanostatic
charge-discharge curves and EIS techniques. Figure 2a shows
the CV curves at different scan rates from 0.2Vs~' to
5V s~ within a large electrochemical window of 4V. The
shape of the voltammetric curves is rectangular presenting
a quasi-ideal capacitive behavior even at very high scan
rates. According to this feature, voltammetric capacitive

Q
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currents are directly proportional to the scan rate of CV
(Figure 2b) which demonstrates a negligible ohmic drop in
the electrolyte bulk and no redox peaks between the
electrodes and the electrolyte were detected. Thus, these
results indicate excellent capacitive behavior of the SiNWs
in a 2-electrode device configuration. Galvanostatic
charge-discharge curves at different current densities were
recorded in Figure 2c, the curves show a nearly symmetrical
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Figure 2 Characterization of SiNWs micro-supercapacitors. (a) Cyclic voltammograms at different scan rates (0.2, 0.6, 1.0, 2.0,
4.0 and 5.0 V s~ respectively). Arrow indicates the increase of scan rate. (b) Evolution of the capacitive current versus scan rate.
(c) Charge-discharge cycles using different current densities (0.05-1 mA cm~2). (d) Capacitance as a function of current densities.
(e) The first five galvanostatic charge-discharge cycles at a current density of 1 mAcm~2 between 0 and 4V. (f) Nyquist plot
measured at 0V after the conditions described in (e). The impedances were measured using a frequency range from 100 kHz to

100 mHz. Inset shows magnified high frequency region.
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High performance of symmetric micro-supercapacitors

shape with linear slopes reflecting a pure capacitive beha-
vior originating from the effective ion adsorption at the
electrolyte-electrode interface. Galvanostatic charge-dis-
charge measurements were used to calculate the specific
capacitance of the device according to this equation:

1At

SC=3va

)

where SC (uF cm~2) is the specific capacitance of the micro-
supercapacitor, | (1A) corresponds to the discharge current,
AV (V) is the potential change within the discharge time At
(s), and A (cm?) refers to the area of the electrodes (1 cm?).
As it can be seen in Figure 2d capacitance values decrease
when the current density increases reaching a plateau at
current densities higher than 0.4 mA cm 2. According to Eq.
(1) a value of ~23 pFcm~2 was achieved in the plateau
region which leads to a density energy value of ~190 pJ
cm~% (0.053 pWh cm~2). Thus, capacitance and energy
values of 23.42 pF cm~2 and 187.36 pJ cm 2 were obtained
from the curves recorded in Figure 2e at a current density of
1 mAcm™2. Energy densities calculated in this work were
found higher than previous results based on similar condi-
tions of the SiNWs growth (e.g. L=50 nm; @=20-200 nm) [3]
performed in a PC solution containing 1M NEt,BF, as
electrolyte (E=37 pJ cm~2/0.010 pWh cm~?2) operating at
a cell voltage of 1.2 V. Therefore, an enhancement of 80% in
terms of energy density was found using PYR{sTFSI as an
electrolyte, which allowed an enlargement of the electro-
chemical window up to 4 V. Figure 2f presents the Nyquist
plot of SiNWs supercapacitors where a straight line in the
low frequency is shown. The vertical profile at low frequen-
cies indicates pure capacitive behavior, which is associated
with the diffusion of ions into the structure. In addition,
symmetrical charge-discharge curves represented in Figure
2e reflect negligible IR drop suggesting a very low ESR, thus,
EIS analysis obtained from Figure 2f (inset) allowed an
estimation of 22 Q cm? for ESR leading to a maximal power
density (P™®) of 182 mW cm ™2 at a cell voltage of 4 V for the
device. This result represents an outstanding improvement in
the maximal power density as compared with previous
studies of SiNWs of 10 pm and 20 um in length (e.g. P™®:
1.6 and 1.4 mW cm~2 respectively) [4,5]. In this context,
according to the literature other micro-supercapacitors
based on carbon were performed on silicon substrates [28]
showing a P™ value of 34.4 mW cm~2 with an ESR value of
45.4 Q cm? or more recently, onion-like carbon (OLC) based
micro-supercapacitors exhibited a P™ value of 240 mW
cm ™2 using an eutectic mixture of ionic liquids [18]. These
values are similar or smaller than the experimental data
obtained in this work. Our results demonstrate that SiNWs in
the presence of ILs can be considered as an alternative
material to carbon electrodes for portable electronic devices
due to the improvement of the maximal power density.

The EIS technique is also a powerful tool in order to
evaluate the capacitive behavior of micro-supercapacitor.
Thus, the imaginary part of the complex capacitance versus
frequency can be obtained according to the following
equation [29]:

Z'(w)

C// —
@ w|Z(w))?

@)

where C"(w) is the imaginary part of the capacitance, Z(w)
is the impedance, Z'(w) is the real part of the impedance
and w=2xf where f corresponds to the frequency. The C”"(w)
corresponds to an energy dissipation by an irreversible
process that can lead to a hysteresis [29].

Figure 3 shows the evolution of C” versus frequency for
the SiNWs micro-supercapacitor. Another important prop-
erty on the performance of micro-supercapacitors is related
with the relaxation time constant of the device (zp). This
parameter is defined as the minimum time needed to
discharge all the energy from the device with an efficiency
of more than 50% [30]. From the plot displayed in Figure 3,
the time constant was evaluated using the following rela-
tion (zo=1/fy), which was calculated to be 3.51 ms. This
value was found lower than other micro-supercapacitors
reported in the literature based on carbon electrodes (e.g.
values ranging from 26 to 700 ms) [31]. Therefore, SiNWs
electrodes in PYR;3TFSI as electrolyte possess a great
potential for the instantaneous delivery of high power.

The Ragone plot in Figure 4 was used in order to
determine the energy density (E, mJcm~2%) and power
density (P, mWcm~?) of SiNWs micro-supercapacitors
according to the following equations:

&
&
RS
© o
2000 4000 6000 8000
Frequency / Hz

Figure 3 Evolution of the imaginary capacitance versus
frequency for SiNWs micro-supercapacitor. The relaxation
time constant (zg) of the device is indicated in the plot using
an arrow.
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Figure 4 The Ragone plot per area for SiNWs micro-super-
capacitors calculated by varying the discharging current density
of 0.1-1mAcm™2.
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Figure 5 (a) Lifetime testing of the SiNWs micro-supercapacitors performed using 8 x 10° complete charge discharge cycles at a
current density of 1 mA cm~2 between 0 and 4 V. (b) Constant voltage hold test for a SiNWs micro-supercapacitor device using a cell
voltage of 4 V. (c) Cyclic voltammogram after 8 x 10° charge-discharge curves at a scan rate of 5V s~ . (d) Nyquist plots measured at
0V after 8 x 10° charge-discharge curves using a frequency range from 100 kHz to 100 mHz. (e) SEM micrographs of SiNWs after

cycling under the conditions described in (a) at 45° tilted angle.

E= %SCAVZ 3)
E
P= 4)

The Ragone plot increases rapidly with power density due
to the fast voltage decay during discharge as shown in
Figure 3. Power density values range from 1 to 2 mW cm 2

at current densities higher than 0.5 mA cm~2 and fast time
constants of the device. These values obtained in the
Ragone plot were compared with other supercapacitor
systems. Within this context, supercapacitors based on fiber
carbon [32,33] electrodes exhibited a power density value
of 0.56mWcm~2 and 1mWcm~2. Again, the results
showed excellent performance of SiNWs compared with
carbon electrodes as supercapacitors. In terms of energy
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density, values of approximately 0.19 mJ cm~2 were calcu-
lated for the same range of current densities (0.5-
1 mAcm™2).

Electrochemical stability is an important key factor on
the performance of supercapacitor devices. In this work,
stability of the device was evaluated by repeating galvano-
static charge-discharge cycling between 0 and 4V at a
current density of 1 mAcm~2 for several million cycles.
The percent of retained capacitance as a function of the
cycle number is shown in Figure 5a. After 8 x 10® charge-
discharge cycles only ~25% of the initial capacitance was
found to be lost. More importantly, most of the degradation
of the initial performance of the device occurs during the
first 100,000 cycles according to the silicon oxidation, after
which the system showed stabilization, reaching a plateau-
like profile. This characteristic indicates that the micro-
supercapacitor based on SiNWs demonstrates a remarkable
stability and lifetime after millions of charge-discharge
cycles in the presence of PYR3TFSI. According to this data,
the electrochemical stability of the device shows an excel-
lent interaction between the electrodes (SiNWs) and the
electrolyte (PYR43TFSI). Figure 5b shows the results of the
voltage hold test at 4 V for the micro-supercapacitor device.
As can be seen, a capacitance loss of approximately 25%
occurs after 300 h. This tendency confirms that a high cell
voltage of 4V can be applied for SiNWs micro-super-
capacitors due to its remarkable stability after hundreds
of hours. Accordingly, EIS analysis and voltammetry char-
acteristics after galvanostatic cycling have shown a vertical
line and rectangular shape, respectively, displaying once
more a pure capacitive behavior as seen in Figure 5c and d.
Additionally, an excellent coulombic efficiency () defined
as the ratio between the discharge and charge time was
observed during the cycling with a value of ~99% showing
the complete reversibility of charge storage based on
electrical double layer capacitance. The morphology of
the SiNWs after cycling was examined by using SEM images
according to Figure 5e. As can be seen, the structure of
SiNWs was remained unchanged even after millions of
successive charge-discharge cycles presenting no degrada-
tion of the morphology of SiNWs, thus, the morphology was
comparable to those observed in Figure 1a and b corre-
sponding to SiNWs as grown (e.g. not cycled in an electro-
chemical device).

The results provided in this work demonstrate that
PYR4sTFSI is an efficient electrolyte to be employed as
supercapacitor. The performance of SiNWs in PYR{3TFSI can
be found as a promising approach in the Si-based micro-
electronics industry for the fabrication of nanoelectronic
devices where a high power density and long life cycle are
required.

Conclusion

Symmetric supercapacitors based on nanostructured SiNWs
electrodes (L=50pm and @=50nm) were characterized
using an ionic liquid (PYR43TFSI) as electrolyte at room
temperature. The device exhibited an excellent capacitive
behavior with a maximal power density of 182 mW cm 2
and a specific energy of 0.19 mJcm~2 using an electro-
chemical window of 4 V. These high values were attributed

to the smart combination of several key qualities such as
the high working voltage reached in this study due to the
use of PYR{3TFSI as electrolyte (4 V), high active surface of
the nanostructured silicon (SiNWs) and finally, the great
compatibility between the electrode and the electrolyte.
Moreover, the device provides an excellent stability after
8 x 10® galvanostatic charge-discharge cycles with a loss of
capacitance of only 25%. The results of this study were
compared with those from micro-supercapacitors based on
carbon demonstrating that SiNWs micro-supercapacitors can
be applicable to different electronic technological applica-
tions according to the improvements reported in this work
in terms of cycling stability and power density.
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