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Abstract: Silica-conducting polymer (SiO,-CP) has the advantages of high electrical conductivity,
structural stability, and the facile formation of thin-film. This work deals with the preparation and
optimization of polypyrrole (PPy)-encapsulated silica nanoparticles (S5iO, NPs) using an ex situ
method. The SiO,-PPy core-shell NPs prepared by the ex situ method are well dispersed in water and
facilitate the mass production of thin-film electrodes with improved electrical and electrochemical
performances using a simple solution process. As-prepared SiO,-PPy core-shell NPs with different
particle sizes were applied to electrode materials for two-electrode supercapacitors based on coin
cell batteries. It was confirmed that the areal capacitance (73.1 mF/cm?), volumetric capacitance
(243.5 F/cm?), and cycling stability (88.9% after 5000 cycles) of the coin cell employing the ex situ
core-shell was superior to that of the conventional core-shell (4.2 mF/ cm?, 14.2 mF/cm3, and 82.2%).
Considering these facts, the ex situ method provides a facile way to produce highly-conductive
thin-film electrodes with enhanced electrical and electrochemical properties for the coin cell
supercapacitor application.

Keywords: coin cell supercapacitor; two electrode supercapacitor; polypyrrole; core-shell
nanoparticle; solution process

1. Introduction

Conducting polymer (CP) is a class of organic materials that can generate electricity, and has
attracted a great deal of attention due to its various advantages including high electrical conductivity,
low cost, easy synthesis process, tunable doping level, and so forth [1,2]. After suitable doping
processes, the electrons can move freely through the conjugated structure inside the CP chains so that
the CP can conduct electric current. Polypyrrole (PPy) is a p-doped conducting polymer composed of
repetitive bonds of five-membered heterocyclic rings including amine (N-H) groups, thus allowing the
formation of hydrogen bonding forces between PPy chains [1,2]. Due to such structural characteristics,
PPy can achieve thermal stability up to 150 °C. Therefore, various studies on the synthetic methods
of PPy have been made through the chemical oxidation polymerization and the electrochemical
polymerization [1-12].

Proper control of the shape of the PPy is very important for high performance in a variety
of applications, such as supercapacitors, chemical sensors, solar cells (SCs), fuel cells (FCs) and so
forth [3-8]. When PPy is made of nanomaterials, it has following advantages over bulk materials:
(1) higher surface area; (2) better reactivity; (3) enhanced electrical conductivity [1,2,4,6,10-20]. Studies
on the synthesis of nanomaterials with various shapes such as nanorods (NRs), nanoparticles (NPs),
and nanotubes (NTs) have been carried out using template-mediated methodologies [1-20]. However,
polymers including PPy are swollen and collapsed in the process of adsorption and desorption
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of electrolyte ions, resulting in problems of greatly reducing the performance and reliability of
the electrode material [3-5,8]. In addition, CPs including PPy have relatively low surface area
(109-10! m? g_l), lowering the ion exchange between the electrode and electrolyte [1,19].

Among the various nanomaterials, the core-shell is very suitable as a stable electrode material
because the Si core can protect the CP shell from swelling and shrinkage problems [8-19]. In addition,
the high surface area of the Si cores enable rapid adsorption/desorption of electrolyte ions within
the electrodes [19]. On the other hand, the CP shell plays roles in reinforcing the poor electrical
properties of Si cores [13,18,19]. Thus, the synergistic effect from the PPy shell and the Si core would be
advantageous for making a supercapacitor electrode that provides robustness and high electroactivity.
Jang and co-workers have fabricated a variety of SiO,-CP core-cells, including PPy, polyaniline
(PANI), and polythiophene (PT) [18,19]. Furthermore, the electro-rheological properties of the prepared
core-shell materials have also been tested [17,18]. A typical synthesis of these SiO,-CP core-shell
structures was performed according to the in situ method wherein the protonated pyrrole monomer
is polymerized on an anionic SiO, NP surface [9,18]. In conventional synthesis, the SiO, templates
limit the growth of polymer chains, resulting in undesirable o,a'-linkages inside the PPy chains.
In addition, the low electrical properties of SiO,-PPy composites are highly related to the low efficiency
of core-shell formation in the in situ syntheses [10-13,18]. Therefore, there is a need for optimization
and development for producing SiO,-PPy core-shells with high efficiency of core-shell formation,
which may result in the improved electrical and electrochemical performances.

Proper selection of the cell type has become an important issue to ensure the practical application
of nanomaterial-based supercapacitors. Since the capacitance measured from the three electrode
cell is twice as large as that of the two-electrode cell, the three electrode supercapacitor cannot be
practical in real life [20]. Although the SiO,-PPy aerogel was demonstrated as a three-electrode
supercapacitor, the two-electrode supercapacitor using the SiO,-PPy core-shell nanostructure has
seldom been reported [11]. In particular, cell configuration in the form of a coin cell is one of the most
used batteries in real life [21-24]. Therefore, the coin cell supercapacitor is more effective in evaluating
the actual performance of an electrode material as compared with a conventional three-electrode
supercapacitor. Hybrid materials composed of transition metals and carbon materials have been used
as electrode materials for coin cell supercapacitors [21-24]. In order to promote the practical use of
coin cell supercapacitors for modern electronic applications, it is necessary to find electrode materials
with high areal and volumetric capacitances.

We describe herein the preparation of SiO,-PPy core-shell NPs for use as electrode materials in
the coin cell supercapacitors using an ex situ method. By using the ex situ method, the PPy shell can
be produced without the influence of SiO; NPs, and the resultant PPy will have higher doping level
and better electrical performance than the conventional ones. Successful formation of the core-shell
NPs can also be achieved through electrostatic interaction between the PPy chain and the SiO, core
surface [9,18,19]. The purpose of this study was to identify the optimal synthetic condition of SiO,-PPy
core-shell for the coin cell supercapacitors. The ex situ method using the optimal size of SiO, core
was beneficial for the fabrication of coin cell supercapacitors, which showed superior electrical and
electrochemical performances compared with the in situ method.

2. Materials and Methods

2.1. Materials

Pyrrole (99%), iron (iii) chloride hexahydrate (FeCls-6H,0O, 97%), and SiO; NPs (12 and 22 nm)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Brunauer-Emmett-Teller (BET) surface
areas for 12 and 22 nm SiO, NPs were 220 and 140 m? g~!, respectively. Components for coin
cell assembly including spring, space, negative case, and positive case were obtained from Wellcos
Corporation (Gunpo, Korea). The polypropylene-polyethylene—polypropylene (PP-PE-PP) trilayer
(thickness: 25 pm) was acquired from Celgard (Celgard 2400, Celgard, LLC., Charlotte, NC, USA).
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Coin cell components (CR2032 type), and nickel (Ni) foil (thickness: 0.03 mm) were obtained from MTI
Corporation (MF-NiFoil-25u, MTI Corporation, Richmond, CA, USA).

2.2. Fabrication of SiO,-PPy Core-Shell Nanoparticles (NPs)

0.56 g of FeCl3-6H,0 was dissolved in 80 mL of deionized water (DI, Daejung Chemical & Metal,
Co., Ltd., Siheung, Korea) followed by vigorous stirring at room temperature for an hour. The FeCls
solution was mixed with 0.30 g of pyrrole monomers, and stirred vigorously at 3 °C for an hour
to polymerize PPy. Dark and brownish precipitates of PPy were obtained by centrifugation of the
prepared PPy solution. Dispersion of the SiO; NPs was conducted by an hour of mechanical stirring
at a stirring speed of 400 rpm and sonication treatment for an hour. The PPy precipitates become
highly dispersible with 30 mL of SiO, solution (0.8 wt.% with respect to distilled water) after 3 h
of vigorous mechanical stirring at a stirring speed of 400 rpm and an hour of sonication treatment.
The sonication treatments of the samples were conducted out using an ultrasonic bath (CPX2800H-E,
Branson Ultrasonics Co., Danbury, CT, USA) with 110 W power and 40 kHz frequency. Morphological
images of the S5iO,-PPy core-shell NPs were recorded on a transmission electron microscope (TEM,
LIBRA 120, Carl Zeiss, Oberkochen, Germany) and a field emission scanning electron microscope
(FE-SEM, 5-4800, HITACHI, LTD, Hitachi, Japan). To investigate the chemical compositions and doping
states of the samples, X-ray photoelectron spectroscopy (XPS) spectra were recorded on a K-Alpha XPS
instrument (Thermo K-Alpha XPS, Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffractograms
(XRDs) were measured with a X-ray diffractometer (X'Pert PRO, PANalytical, Westborough, MA, USA).
Electrical conductivity of the core-shell NPs was measured using a 4-point probe conductivity meter
(Mode Systems Co., Hanam, Korea) equipped with a current source meter (Keithley 2400, Keithley Co.,
Cleveland, OH, USA).

2.3. Assembly of Coin Cells Employing SiO,-PPy Core-Shell NPs

0.3 mL of SiO,-PPy core-shell NPs (6 mg mL~! in distilled water) were deposited on current
collectors made of Ni foil, and the samples were dried at 25 °C using a vacuum oven. The thickness of
the SiO,-PPy films was about 3 um, and the films were cut into circular shapes having a diameter of
15 mm. The PP-PE-PP trilayer film was cut into a circular-shaped membrane having a diameter of
17 mm. The resulting films and membrane were immersed in 1 M KOH solution for 3 h. The core-shell
electrodes and the PP-PE-PP membrane were combined for the fabrication of coin cells, which were
sealed using a hydraulic crimping machine (MSK-110, MTI Corporation, Richmond, CA, USA).

2.4. Electrochemical Measurements

Evaluation of the electrochemical characteristics on the coin cells employing the SiO,-PPy
core-shell NPs were carried out using a ZIVE SP2 electrochemical workstation (Wonatech, Seoul,
Korea). Cyclic voltammetry (CV) and galvanostatic charge/discharge measurements were conducted
in 1 M KOH electrolyte solution. CVs of the samples were measured from 0 and 1.0 V at
scan rates 10 from 100 mV s~!. Galvanostatic charge/discharge experiments were performed by
cycling the potential from 0 to 1.0 V at a current of 1 mA/cm?. Areal specific capacitances
(Ca’s) of the coin cells were calculated using the equation Co (mF/cm?) = JIAV/VAAV [21,25-28].
Volumetric specific capacitances (Cy’s) of the coin cells were calculated using the equation
Cy (mF/cm?) = JIAV/VLAV [21,25-28]. Mass specific capacitances (C’s) of the coin cells were
calculated using the equation Cp, (F/g) = f IAv/mAV [21,25-28]. In the equations of Cp, Cy, and Cy,,
the terms f I, v, AV, A, L, and m indicate the integrated area under the CV, scan rate, potential window,
electrode area, electrode volume, and electrode mass, respectively. Energy density of the coin cell was
calculated according to the equation E (Wh/ cm?) = CyAV?/2, where Cy and AV indicate the volumetric
capacitance of each coin cell and voltage drop upon discharge, respectively [21,25-28]. Power density
of the coin cell was calculated using the equation P (W/cm?) = E/t, where E and t indicate the energy
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density and discharging time of each coin cell, respectively [19,24-27]. Electrochemical impedance
spectra (EIS) of the electrochemical cells were observed in the frequency range of 1 MHz to 10 mHz.

3. Results and Discussion

Overall procedures for fabricating the SiO,-PPy core-shell NPs are demonstrated in Figure 1a.
In the ex situ method, polymerization of PPy and oxidation of SiO, NPs were carried out respectively.
During the dispersion process of SiO, NPs within the distilled water, the surface of SiO, NPs became
negatively charged [1,18,19]. FeCl3-6H,O was acted as both a dopant and an oxidant for chemical
oxidation polymerization of pyrrole monomers [9]. In this ex situ system, the PPy chains can be formed
properly without any interference from the SiO, NPs, which may result in fewer structural defects
of PPy chains. As-prepared PPy precipitates were introduced into the SiO, solution, and then the
SiOp NPs could be encapsulated by PPy shells through the mechanical and sonication treatments.
Molecular interactions between the negatively charged SiO; surfaces and the protonated PPy chains
enable a successful formation of the core-shell structure [1,2,9,18,19]. The SiO; core imparts structural
stability to the core-shell structure to support the PPy shell. A dispersion solution of the core-shell NPs
was fabricated into a thin-film electrode on the current collector to be used as electrodes in a coin cell.
Successful film formation of the core-shell NPs was possible through a simple drop-casting process
without using steric stabilizers. Figure 1b describes a general structure of the coin cell used in this
research. The coin cell was assembled as a symmetrical supercapacitor, and the coin cell is composed
of two core-shell electrodes, a PP-PE-PP electrolyte separator, a top cap, and a button cap. Ni foils
were used as current collectors to ensure good electrical contact between the core-shell electrodes and
the outer electrodes. A PP-PE-PP membrane was placed between the core-shell coated electrodes,
and the membrane provided a porous path for the electrolyte ions. The electrolyte used in this work
was 1 M KOH aqueous solution.
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Figure 1. (a) Overall procedures for fabricating the SiO,-PPy core-shell nanoparticles (NPs) via ex situ
method; (b) a structure of coin cell used in this research.
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Figure 2a,b represent the TEM images of the SiO,-PPy core-shell NPs prepared in different sizes
of cores (12 nm and 22 nm). The results confirm that the size of the core-shell NPs could be controlled
by changing the size of core NPs, and the core-shell NPs were well dispersed. The insets in Figure 2
clearly prove the successful formation of the SiO, NPs by PPy shells. The shell thicknesses of the
samples employing 12 nm SiO; and 22 nm SiO, cores were 2.5 + 0.6 and 4 £ 1 nm, respectively.
The average diameter and diameter distribution of the core-shell NPs were clarified by histograms
of the particle size distributions (Figure 2¢,d). The average sizes of core-shell NPs prepared with
12 nm and 22 nm SiO; cores were ca. 17.24+2.2 and ca. 29.3 £ 2.3 nm, respectively. The sizes of the
NPs shown in the TEM images corresponded to the FE-SEM images (Figure S1, see Supplementary
Materials). The presence of PPy in the SiO,-PPy core-shell was confirmed by comparing the element
compositions of SiO; and SiO,-PPy core-shell using scanning electron microscope-energy-dispersive
X-ray (SEM-EDAX) mode (Table S1, see Supplementary Materials). From these results, it is considered
that the core-shell was successfully synthesized via the ex situ method and that the diameter of the
core-shell NP could be controlled by varying the size of the SiO; core.
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Figure 2. Transmission electron microscope (TEM) images of SiO;,-PPy core-shell NPs with (a) 12 nm
and (b) 22 nm SiO; NPs prepared by the ex situ method. Histograms for particle size distribution for
5i0,-PPy core-shell NPs with (¢) 12 nm and (d) 22 nm SiO, NPs prepared by ex situ method. The scale
bars of inset images correspond to 10 nm. The number of core-shell NPs analyzed were 100 each.

XPS was used to investigate changes in the elemental compositions and doping states of the
SiO,-PPy core-shell NPs (Figures 3 and 4). Figure 3 shows the fully scanned XPS patterns of the
core-shell NPs. Every sample exhibited distinctive peaks at 284, 399, 531, 24, 103, 155, 711, 56,
and 198 eV corresponding to C(1s), N(1s), O(1s), O(2s), Si(2p), Si(2s), Fe(2p), Fe(3p), and Cl(2p),
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respectively [10,29,30]. The samples obtained from the ex situ method (ex situ 12 nm and ex situ 22 nm)
showed higher intensities at the peaks for C(1s), N(1s), Fe(2p), Fe(3p), and Cl(2p), while the samples
obtained from the in situ method (in situ 12 nm and in situ 22 nm) exhibited higher Si content (Table S2,
see Supplementary Materials). The peaks for C(1s), N(1s), Fe(2p), Fe(3p), and Cl(2p) are attributed
to the PPy doped by FeCl3, and the peaks for Si(2p) and Si(2s) are originated from the SiO; core.

Therefore, it is considered that the ex situ method is more effective for forming the PPy shell on the Si
surface than the in situ method.
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Figure 3. Fully scanned X-ray photoelectron spectroscopy (XPS) spectra of ex situ 12 nm (red), ex situ
22 nm (blue), in situ 12 nm (green), and in situ 22 nm (olive green).
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Figure 4. XPS core spectra in the N(1s) region of (a) ex situ 12 nm; (b) ex situ 22 nm; (c) in situ 12 nm,
and (d) in situ 22 nm.



Nanomaterials 2018, 8, 726 7 of 13

Figure 4 represents the N(1s) core spectra of the core-shell NPs prepared by ex situ and in
situ methods. The core-shell NPs showed three peaks at 399400, 400.1-401.1, and 401.5-402.4 eV,
corresponding to -NH- (neutral amine nitrogen), -NHe* (polaron), and =NH" (bipolaron), respectively.
To evaluate the doping states of samples, the ratio of N* species (sum of -NHe" and =NH™) to N species
(sum of -NH-, -NHe* and =NH*) was calculated [29,30]. This ratio was 0.57, 0.44, 0.23 and 0.14 for the
ex situ 12 nm, ex situ 22 nm, in situ 12 nm, and in situ 22 nm, respectively (Table S3, see Supplementary
Materials). The results prove that the formation of PPy shells in the ex situ method is less affected
by SiO, NP, resulting in less structural defects and more charge carriers than the in situ method.
The enhanced doping level of the ex situ sample enables extended conduction paths for delocalizing
more electrons, resulting in improved conductivity of the core-shell structure. In addition, it was
found that the core-shell NPs with 12 nm SiO, core has higher levels of protonation than the sample
using 22 nm SiO, core. This implies that the core-shell NP with the smaller size is advantageous in
forming more compact and continuous conduction pathways than the larger one. In the XRD patterns
of samples, every sample only exhibited a broad characteristic band of PPy at 26 = 26°, while the
characteristic peak of SiO, could not be distinguished [30]. This suggests that the SiO, NPs were
highly intercalated into the PPy shells (Figure S2, see Supplementary Materials).

After morphological characterizations of the core-shell NPs, electrochemical evaluations of coin
cells as shown in Figure 5 and Figure 7. The CV curves of the core-shell NPs were measured ina 1 M
KOH electrolyte at scan rates from 10 to 100 mV /s (Figure 5a,b). Every CV curve appeared as typical
rectangular responses, and these rectangular-shaped CV curves indicate that the SiO;,-PPy core-shell
are suitable for a coin cell supercapacitor [21,25]. Among the samples prepared by the ex situ method,
the sample employing 12 nm SiO; core has shown a slightly larger CV area than that of the sample with
22 nm SiO; core at every scan rate. As the size of core-shell NP decreases, the surface areas of core-shell
structures for interacting with electrolyte ions increases [19]. Therefore, the coin cell employing the ex
situ 12 nm can store more electric charges compared with the ex situ 22 nm sample. In comparison
with the CV curves of samples prepared by the in situ method (in situ 12 nm and in situ 22 nm),
larger CV areas were observed for samples obtained by the ex situ method (ex situ 12 nm and ex situ
22 nm) (Figure 5c). The results support the hypothesis that PPy polymerized by the ex situ method will
have fewer structural defects and thus will achieve higher electrochemical performance. To achieve
miniaturation of supercapacitors for state-of-art electronic applications, it is crucial to ensure high
areal capacitance (Cp) and volumetric capacitance (Cy). Therefore, the Co and Cy of the samples were
evaluated at different scan rates (Figure 5d). As the scan speed increases, electrolyte ion diffusion
inside the core-shell structure becomes more difficult, thereby reducing both the C and Cy of the
samples [21]. The maximum Cp (mF/ cm?) of ex situ 12 nm cell was about 73.1, which was higher than
that of ex situ 22 nm (67.5), in situ 12 nm (4.2), and in situ 22 nm (1.3). The Cy (mF/cm?) increased in
the following order: in situ 22 nm (4.4) < in situ 12 nm (14.2) < ex situ 22 nm (225.1) < ex situ 12 nm
(243.5). Same tendency was also observed for the mass capacitance (Cr, F/g) values at a scan rate of
10 mV/s in the following order: in situ 22 nm (1.4) < in situ 12 nm (4.2) < ex situ 22 nm (66.8) < ex
situ 12 nm (72.4). From these results, it was evident that the ex situ method is more appropriate for
constructing the high-performance core-shell NPs than that of conventional in situ method. Moreover,
the smaller size of ex situ 12 nm offer larger electrode/electrolyte interface areas, which results in
the enhanced accessibility through the electrolyte at the interface of PPy. Therefore, ex situ 12 nm
with a larger surface area can exhibit the highest capacitive performance among the assembled coin
cells [19].
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Figure 5. Cyclic voltammetry (CV) curves of coin cells containing core-shell NPs with (a) 12 nm and
(b) 22 nm SiO, NPs prepared by ex situ method at different scan rates: 100 mV /s (red), 50 mV /s (blue),
40 mV/s (green), 30 mV /s (olive green), 20 mV /s (purple), and 10 mV /s (pink); (c) CV curves of coin
cells containing core-shell NPs prepared by different synthetic conditions at a scan rate of 50 mV/s;
(d) plots of areal capacitance (mF/ cm?) and volumetric capacitance (mF/ cm?) for coin cells containing
core-shell NPs prepared by different synthetic conditions with increasing scan rates.

To further identify the factors affecting the electrochemical performances of the core-shell
NPs, Nyquist plots were measured using electrochemical impedance spectroscopy (EIS) analyses
(Figure 6a,b). In the EIS plots for every sample, vertical straight lines were observed in the low
frequency region. The results indicate the effective ion diffusions and appropriate capacitive behaviors
for the core-shell NPs [23,25]. The equivalent series resistance (ESR) within the coin cells increased
as following orders: ex situ 12 nm (2.26 x 10! 0/cm?) < ex situ 22 nm (6.43 x 10! O/ cm?) < in situ
12 nm (1.24 x 10*> Q/cm?) < in situ 22 nm (1.64 x 10® Q/cm?). This suggests that the ex situ 12 nm
sample has higher conductivity for the electrolyte and lower internal resistance compared to the other
samples [23,25]. From the Nyquist plots, we could find out the effect of ex situ method and proper NP
size on the electrochemical performance of coin cell. To evaluate the capacitive performances of coin
cell supercapacitors employing the core-shell NPs with different synthetic conditions, galvanostatic
charge-discharge (GCD) curves were acquired at a current of 1 mA/cm? with a voltage from 0 to
1.0 V (Figure 6¢). To achieve equilibration of charging and discharging currents, the GCD curves
were measured after performing 20 CV cycles (Figure S3, see Supplementary Materials) [31]. Before
20 cycles of CV, imbalances between charging and discharging currents were observed in the GCD
curve of each sample. This imbalance lowers the Coulombic efficiency of the sample. After 20 cycles of
CV, it was found that the imbalances were resolved. The symmetrical shape of the charge-discharge
curve is indicative of the reversible redox reactions of SiO,-PPy core-shell structures [23]. The internal
resistance (IR) of the core-shell structures was estimated from the voltage drop at the onset of the
discharge curves. The IRs within the coin cells increased by the following orders: ex situ 12 nm
(3.07 x 10! Q0 /cm?) < ex situ 22 nm (5.67 x 10! QO/cm?) < in situ 12 nm (1.91 x 10?> Q/cm?) < in situ
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22 nm (2.89 x 10? QO/cm?). The IRs observed in the discharge curves were consistent with the EIS
results. The results prove that the PPy shells of the ex situ samples could be polymerized without
influences of the SiO; cores, which result in smaller voltage drops in comparison to the conventional
core-shell NPs prepared by the in situ method. The reduced voltage drops and IRs are highly related
to enhanced conductivity of the ex situ samples. Electrical conductivity of the ex situ 12 nm, ex situ
22 nm, in situ 12 nm, and in situ 22 nm are shown in Figure 6d. Conductivity was calculated using
the 4-point probe method, as described in the equation o (Scm™!) = 1/p = (In2)/(nt)1/R, where p, R,
and t refer to the static resistivity, sheet resistivity, and thickness of the sample, respectively [12,13,19].
The conductivity of core-shell nanostructures increased as follows: in situ 22 nm (0.012 4 0.005S cm ')
<in situ 12 nm (0.02 + 0.006 S cm ™ 1) < ex situ 22 nm (1.94 4+ 0.5S cm™1) < in situ 12 nm (3.68 + 0.6 S
cm 1), which is consistent with the XPS, Cy, Ca, Cy, EIS, and GCD results. The results indicate that the
samples prepared by the ex situ method have higher levels of protonation due to the better production
of the charge carriers within the PPy structure, as evidenced in Figures 3 and 4. The core-shell NPs
containing 12 nm SiO, core have shown higher conductivity than that of the core-shell NPs with 22 nm
SiO; core. This proves that the conduction losses of the PPy shell can be lowered by reducing the
size of the SiO, core. The values obtained by our work have shown more than 10°~10” times higher
conductivity compared to the previous work on SiO,-CP composites, resulting in the improved ability
to collect electric charges within the electrode [12,13]. Judging from these results, it was evident that
the ex-method was effective to enhance the electrical and electrochemical properties of the SiO,-PPy
core-shell NPs.
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Figure 6. Nyquist impedance plots of coin cells containing core-shell NPs prepared by (a) ex situ and (b)
in situ methods in the frequency range from 1 MHz to 10 mHz; (c) galvanostatic charge-discharge (GCD)
curves of coin cells containing core-shell NPs prepared by different synthetic conditions at a current of
1 mA/cm?; (d) electrical conductivity of core-shell NPs prepared by ex situ and in situ methods.
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To examine the practical applicability of the ex situ 12 nm and 22 nm samples, Ragone plots and
cycling stabilities of the coin cells employing ex situ 12 nm, ex situ 22 nm, in situ 12 nm, and in situ
22 nm are shown in Figure 7. The maximum energy density of ex situ 12 nm was 0.0338 Wh/cm?
with a power density of 0.0756 W/cm3, and decreased to 0.0140 Wh/cm3 with a power density of
0.151 W/cm?®. It was found that the ex situ 12 nm sample showed higher energy density than the
ex situ 22 nm. By comparison, the ex situ 12 nm store more energy compared to the ex situ 22 nm
sample, indicating that the smaller particle size of ex situ 12 nm provides larger electrode surfaces for
interacting with the electrolyte ions. The cycling stabilities of the coin cells based on the ex situ 12 nm,
ex situ 22 nm, in situ 12 nm, and in situ 22 nm samples were measured with GCD cycles at a current
density of 1 mA /cm? (Figure 7b). After 5000 cycles, the retention rate of the core-shell NPs (given in
%) increased in the following order: in situ 22 nm (80.2) < in situ 12 nm (82.2) < ex situ 22 nm (87.5)
<in situ 12 nm (88.9). The samples obtained from the in situ method showed lower retention rates,
suggesting that the in situ 12 nm and 22 nm samples suffer from low electrical conductivity due to
the low efficiency of core-shell formation. The higher retention rates of ex situ samples imply that
the PPy shell protects the SiO; core from the KOH, which is a strong base that slowly dissolves the
SiOy NP [32]. On the other hand, these results proved that the core-shell NP with high surface area
and good mechanical stability prevented the conductive PPy shell from swelling and collapsing upon
repeated cycling [13,18,19]. Although the capacitance losses with increasing cycles were inevitable,
the ex situ method based on the coin cell configuration was effective to magnify the synergistic effects
from the PPy shell and SiO, core, lowering the capacitance losses [21-24].
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Figure 7. (a) Ragone plots and (b) cycling stability of coin cells containing core-shell NPs prepared by
different synthetic conditions.

The overall performances of state-of-art two-electrode supercapacitors and our work are
summarized in Table 1 [8,21,23,26-28]. Our work has shown higher or comparable capacitive
characteristics in comparison to the previous work on two-electrode supercapacitors, indicating
that the core-shell NPs prepared by the ex situ method is effective for realizing a high-performance
coin cell supercapacitor.

Table 1. Electrochemical performance of supercapacitors based on the two electrode cell.

Specific Capacitance

Electrode Material ~ Voltage Window Electrolyte Reference
Cs (mF/cm?)  Cy (mF/cm?)

CNT/PPy/MnO, 09V KCl1 - 16.1 [8]
MoS,—graphene 1.0V 1.0 M NaySOy4 11 - [21]
MnO, /CNT-VN 1.8V 0.5 M NapSOy4 - 43 [23]
MoS, nanosheet 05V - 8 178 [26]

3D graphene-CNT 1.0V 1.0 M NaSOy4 2.16 1.08 [27]
Graphene-CNT 1.0V 1.0 M NaySOy4 130 [28]

SiO,-PPy core-shell 1.0V 1 M KOH 71.3 237.6 This work
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4. Conclusions

SiO,-PPy core-shell NPs with an improved electrochemical performance were prepared by the
simple ex situ method. The ex situ method ensured enhanced capacitive performances of the core-shell
NPs and successful formation of the SiO, NP by the PPy shell. The core-shell NPs prepared by the
ex situ method exhibited lower internal resistance and improved capacitive behaviors compared
with the in situ method. Furthermore, the optimal size of the S5iO; core was identified as 12 nm from
the electrochemical characterizations, and the maximum areal capacitance, volumetric capacitance,
and cycling stability reached up to 71.3 mF/cm?, 237.6 F/cm?, and 88.9% (after 5000 cycles), respectively.
Significant improvements in the performance of the SiO,-PPy core-shell NP prepared by the ex situ
method were highly related to the improved electrical conductivity over the samples obtained by the
in situ method. Given that the miniaturation of supercapacitors with high capacitance per area and
per volume is highly desired in real-world applications, the SiO,-PPy core-shell can be a promising
candidate for high-performance coin cell supercapacitors.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/9/726/s1,
Figure S1: FE-SEM images of SiO,-PPy core-shell NPs with (a) 12 nm and (b) 22 nm SiO, NPs prepared by ex situ
method, Figure 52: XRD patterns of ex situ 12 nm (red), ex situ 22 nm (blue), in situ 12 nm (green), and in situ
22 nm (olive green), Figure S3: GCD curves of coin cells containing core-shell NPs before and after performing
20 CV cycles at a current of 1 mA/cm?: (a) ex situ 12 nm, (b) ex situ 22 nm, (c) in situ 12 nm, and (d) in situ 22 nm,
Table S1: Elemental composition of pristine SiO, and SiO,-PPy core-shell NP with 12 nm SiO, core prepared by ex
situ method, Table S2: Elemental composition of SiO,-PPy core-shell NPs obtained using XPS analyses, Table S3:
Peak analyses of XPS core spectra in the N(1s) region of SiO,-PPy core-shell NPs.

Author Contributions: This work was finished with the contributions of both authors. H.H. designed and
conducted experiments. S.C. analyzed the data and wrote the paper.

Acknowledgments: This work has supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2016R1C1B2014961). This work was supported by the “Human
Resources Program in Energy Technology” of the Korea Institute of Energy Technology Evaluation and Planning
(KETEP), granted financial resource from the Ministry of Trade, Industry and Energy, Republic of Korea.
(No. 20174030201760).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jang,]J. Conducting polymer nanomaterials and their applications. Adv. Polym. Sci. 2006, 199, 189-259.

2. Hong, ].-Y.; Yoon, H.; Jang, J. Kinetic Study of the Formation of Polypyrrole Nanoparticles in Water-Soluble
Polymer/Metal Cation Systems: A Light-Scattering Analysis. Small 2010, 6, 679-686. [CrossRef] [PubMed]

3.  Huang, L.; Rao, W,; Fan, L.; Xu, ].; Bai, Z.; Xu, W.; Bao, H. Paper Electrodes Coated with Partially-Exfoliated
Graphite and Polypyrrole for High-Performance Flexible Supercapacitors. Polymers 2018, 10, 135. [CrossRef]

4. Lee,].S,; Shin, D.H; Jun, J.; Jang, J. Multidimensional Polypyrrole/Iron Oxyhydroxide Hybrid Nanoparticles
for Chemical Nerve Gas Agent Sensing Application. ACS Nano 2013, 7, 10139-10147. [CrossRef] [PubMed]

5. Wu, B.; Zhao, N.; Hou, S.; Zhang, C. Electrochemical Synthesis of Polypyrrole, Reduced Graphene Oxide,
and Gold Nanoparticles Composite and Its Application to Hydrogen Peroxide Biosensor. Nanomaterials 2016,
6, 220. [CrossRef] [PubMed]

6.  Zhang, X.; Zhang, B.; Ouyang, X.; Chen, L.; Wu, H. Polymer Solar Cells Employing Water-Soluble Polypyrrole
Nanoparticles as Dopants of PEDOT:PSS with Enhanced Efficiency and Stability. J. Phys. Chem. C 2017, 121,
18378-18384. [CrossRef]

7. Yuan, X; Ding, X.-L.; Wang, C.-Y.; Ma, Z.-F. Use of polypyrrole in catalysts for low temperature fuel cells.
Energy Environ. Sci. 2013, 6, 1105-1124. [CrossRef]

8.  Li, P;Yang, Y, Shi, E.; Shen, Q.; Shang, Y.; Wu, S.; Wei, ].; Wang, K.; Zhu, H.; Yuan, Q.; et al. Core-Double-Shell,
Carbon Nanotube@Polypyrrole@MnO, Sponge as Freestanding, Compressible Supercapacitor Electrode.
ACS Appl. Mater. Interfaces 2014, 6, 5228-5234. [CrossRef] [PubMed]

9.  Jafarzadeh, M.; Rahman, I.A ; Sipaut, C.S. Synthesis of silica—polypyrrole core—shell nanocomposite using in
situ y-aminopropyltriethoxysilane (APTES)-modified nanosilica. Synth. Met. 2012, 162, 466—-476. [CrossRef]


http://www.mdpi.com/2079-4991/8/9/726/s1
http://dx.doi.org/10.1002/smll.200902231
http://www.ncbi.nlm.nih.gov/pubmed/20127667
http://dx.doi.org/10.3390/polym10020135
http://dx.doi.org/10.1021/nn404353w
http://www.ncbi.nlm.nih.gov/pubmed/24152036
http://dx.doi.org/10.3390/nano6110220
http://www.ncbi.nlm.nih.gov/pubmed/28335348
http://dx.doi.org/10.1021/acs.jpcc.7b05767
http://dx.doi.org/10.1039/c3ee23520c
http://dx.doi.org/10.1021/am500579c
http://www.ncbi.nlm.nih.gov/pubmed/24621200
http://dx.doi.org/10.1016/j.synthmet.2012.01.001

Nanomaterials 2018, 8, 726 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Xie, A.; Wu, E; Xu, Z.; Wang, W. In situ preparation of ultralight three-dimensional polypyrrole/nano
SiO, composite aerogels with enhanced electromagnetic absorption. Compos. Sci. Technol. 2015, 117, 32-38.
[CrossRef]

Sharma, R K.; Rastogi, A.C.; Desu, S.B. Pulse polymerized polypyrrole electrodes for high energy density
electrochemical supercapacitor. Electrochem. Commun. 2008, 10, 268-272. [CrossRef]

Muller, D.; Pinheiro, G.K.; Bendo, T.; Aguayo, A.J.G.; Barra, G.M.O.; Rambo, C.R. Synthesis of Conductive
PPy /SiO, Aerogels Nanocomposites by In Situ Polymerization of Pyrrole. |. Nanomat. 2015, 2015, 658476.
[CrossRef]

Su, N. Stability, and Solubility of Polyaniline-Polypyrrole Nanocomposite by Doping with Anionic Spherical
Polyelectrolyte Brushes. Nanoscale Res. Lett. 2015, 10, 301. [CrossRef] [PubMed]

Yang, Y.; Chen, Y.; Leng, F; Huang, L.; Wang, Z.; Tian, W. Recent Advances on Surface Modification of
Halloysite Nanotubes for Multifunctional Applications. Appl. Sci. 2017, 7, 1215. [CrossRef]

Cavallaro, G.; Danilushkina, A.A.; Evtugyn, V.G.; Lazzara, G.; Milioto, S.; Parisi, F; Rozhina, E.V,;
Fakhrullin, R.F. Halloysite Nanotubes: Controlled Access and Release by Smart Gates. Nanomaterials 2017, 7,
199. [CrossRef] [PubMed]

Sade, H.; Lellouche, ]J.-P. 3D Preparation and Characterization of WS,@SiO, and WS,@PANI Core-Shell
Nanocomposites. Nanomaterials 2018, 8, 156. [CrossRef] [PubMed]

Dong, Y.Z.; Han, W.J.; Choi, H.]J. 3D Polyaniline Coated Core-Shell Typed Stimuli-Responsive Microspheres
and Their Electrorheology. Polymers 2018, 10, 299. [CrossRef]

Hong, J.-Y.; Jang, ]J. A comparative study on electrorheological properties of various silica—conducting
polymer core-shell nanospheres. Soft Matter 2010, 6, 4669-4671. [CrossRef]

Kim, M.; Cho, S.; Song, J.; Son, S.; Jang, J. Controllable Synthesis of Highly Conductive Polyaniline Coated
Silica Nanoparticles Using Self-Stabilized Dispersion Polymerization. ACS Appl. Mater. Interfaces 2012, 4,
4603-4609. [CrossRef] [PubMed]

Khomenko, V.; Frackowiak, E.; Béguin, F. Determination of the specific capacitance of conducting
polymer/nanotubes composite electrodes using different cell configurations. Electrochim. Acta 2005, 50,
2499-2506. [CrossRef]

Bissett, M.A.; Kinloch, I.A.; Dryfe, R.A.W. Characterization of MoS;-Graphene Composites for
High-Performance Coin Cell Supercapacitors. ACS Appl. Mater. Interfaces 2015, 7, 17388-17398. [CrossRef]
[PubMed]

Perera, S.D.; Patel, B.; Nijem, N.; Roodenko, K.; Seitz, O.; Chabal, ] PEY]J.; Balkus, K.J., Jr. Vanadium Oxide
Nanowire-Carbon Nanotube Binder-Free Flexible Electrodes for Supercapacitors. Adv. Energy Mater. 2011, 1,
936-945. [CrossRef]

Su, Y,; Zhitomirsky, I. Hybrid MnO, /carbon nanotube-VN/carbon nanotube supercapacitors. |. Power
Sources 2014, 267, 235-242. [CrossRef]

Mensing, J.P.; Lomas, T.; Tuantranont, A. Ammonia strengthened graphene/CNT-wrapped polyaniline-
nanofiber composites loaded with palladium nanoparticles for coin cell supercapacitors. Electrochim. Acta
2018, 263, 17-25. [CrossRef]

El-Kady, M.F; Ihns, M; Li, M.; Hwang, ].Y.; Mousavi, M.E,; Chaney, L.; Lech, A.T.; Kaner, R.B. Engineering
three-dimensional hybrid supercapacitors and microsupercapacitors for high-performance integrated energy
storage. Proc. Natl. Acad. Sci. USA 2015, 112, 4233-4238. [CrossRef] [PubMed]

Cao, L.; Yang, S.; Gao, W,; Liu, Z.; Gong, Y.; Ma, L.; Shi, G.; Lei, S.; Zhang, Y.; Zhang, S.; et al. Direct
Laser-Patterned Micro-Supercapacitors from Paintable MoS; Films. Small 2013, 9, 2905-2910. [CrossRef]
[PubMed]

Lin, J.; Zhang, C.; Yan, Z.; Zhu, Y.; Peng, Z.; Hauge, R.H.; Natelson, D.; Tour, ]. M. 3-Dimensional Graphene
Carbon Nanotube Carpet-Based Microsupercapacitors with High Electrochemical Performance. Nano Lett.
2013, 13, 72-78. [CrossRef] [PubMed]

Cheng, Y.; Lu, S.; Zhang, H.; Varanasi, C.V,; Liu, . Synergistic Effects from Graphene and Carbon Nanotubes
Enable Flexible and Robust Electrodes for High-Performance Supercapacitors. Nano Lett. 2012, 12, 4206—4211.
[CrossRef] [PubMed]

Moulder, ].E; Chastain, J.; King, R.C. Handbook of X-Ray Photoelectron Spectroscopy: A Reference Book of Standard
Spectra for Identification and Interpretation of XPS Data, 2nd ed.; Physical Electronics: New York, NY, USA,
1995; ISBN 9780964812413.


http://dx.doi.org/10.1016/j.compscitech.2015.05.010
http://dx.doi.org/10.1016/j.elecom.2007.12.004
http://dx.doi.org/10.1155/2015/658476
http://dx.doi.org/10.1186/s11671-015-0997-x
http://www.ncbi.nlm.nih.gov/pubmed/26209298
http://dx.doi.org/10.3390/app7121215
http://dx.doi.org/10.3390/nano7080199
http://www.ncbi.nlm.nih.gov/pubmed/28788058
http://dx.doi.org/10.3390/nano8030156
http://www.ncbi.nlm.nih.gov/pubmed/29534426
http://dx.doi.org/10.3390/polym10030299
http://dx.doi.org/10.1039/c0sm00286k
http://dx.doi.org/10.1021/am300979s
http://www.ncbi.nlm.nih.gov/pubmed/22924686
http://dx.doi.org/10.1016/j.electacta.2004.10.078
http://dx.doi.org/10.1021/acsami.5b04672
http://www.ncbi.nlm.nih.gov/pubmed/26196223
http://dx.doi.org/10.1002/aenm.201100221
http://dx.doi.org/10.1016/j.jpowsour.2014.05.091
http://dx.doi.org/10.1016/j.electacta.2017.12.193
http://dx.doi.org/10.1073/pnas.1420398112
http://www.ncbi.nlm.nih.gov/pubmed/25831542
http://dx.doi.org/10.1002/smll.201203164
http://www.ncbi.nlm.nih.gov/pubmed/23589515
http://dx.doi.org/10.1021/nl3034976
http://www.ncbi.nlm.nih.gov/pubmed/23237453
http://dx.doi.org/10.1021/nl301804c
http://www.ncbi.nlm.nih.gov/pubmed/22823066

Nanomaterials 2018, 8, 726 13 of 13

30. Su,N.; Li, H.B.; Yuan, SJ.; Yi, S.P; Yin, E.Q. Synthesis and characterization of polypyrrole doped with anionic
spherical polyelectrolyte brushes. Express Polym. Lett. 2012, 6, 697-705. [CrossRef]

31. Lin, F; Nordlund, D.; Pan, T.; Markus, I.M.; Weng, T.-C.; Xin, H.L.; Doeff, M.M. Influence of synthesis
conditions on the surface passivation and electrochemical behavior of layered cathode materials. ]. Mater.
Chem. A 2014, 2, 19833-19840. [CrossRef]

32. Chen, C; Jiang, L.; Zhang, P; Wang, H.; Qian, L. Simple method to measure the etching rate of
monocrystalline silicon in KOH solution. Micro Nano Lett. 2018, 13, 481-485. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3144/expresspolymlett.2012.75
http://dx.doi.org/10.1039/C4TA04497E
http://dx.doi.org/10.1049/mnl.2017.0628
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of SiO2-PPy Core-Shell Nanoparticles (NPs) 
	Assembly of Coin Cells Employing SiO2-PPy Core-Shell NPs 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

