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Abstract

This work reports the synthesis and electrochemical properties of activated carbon nanofibers
composited with lithium manganese silicate (ACNF/LioMnSiO4) for using as an electrode material for
energy storage devices. The obtained samples were characterized by means of X-ray diffraction (XRD),
scanning electron microscopy (SEM) and Brunauer-Emmett-Teller analyzer (BET). The electrochemical
properties were investigated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS). The benefits of ACNF/Li;MnSiO. electrode with
maximum surface area and high electrical conductivity leading to an enhance electrochemical
performance. The specific capacity of 217.8 F g™ at 0.25 A gt and 176.4 F g at 2 mV st is higher than
those values of their pure state (ACNF and Li-MnSiQO.). Moreover, good cycling stability over 90% after
1500 cycles was observed. The interesting electrochemical properties of this composite nanostructure

makes it a potential candidate for high performance energy storage devices.
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Introduction

With the fast-growing demand for portable
electronics market over the past few years, the
energy storage devices are required and regarded
as the prime power supply. Supercapacitor (SC)
is one of the most promising devices for storage
energy due to their high power density, and long
cycling life [1, 2]. The energy density of this
device bridges the gap between conventional
capacitors and batteries. According to charge
storage mechanism, supercapacitor is classified
into two categories of electrical double layer
capacitor (EDLC) and pseudo-capacitors. Typically,
a pseudo-capacitor (based on metal oxide) exhibits
a greater capacitance value than EDLC (based on
carbonaceous materials) because their charge
storage relies on a pseudo-redox reaction. This is
different from EDLCs which store energy by
accumulating  electrostatic  charge at  the
electrode/electrolyte interface.

Recently, lithium transition metal silicates
(LizMSiOa, where M is a transition metal) have

been used as electrode materials for energy
storage devices due to their high energy density
and proper voltage value [3 — 6]. In the crystal
structure, the lithium and transition metal cations
are situated in tetrahedral sites in a distorted
hexagonal close packed oxygen array [7]. Among
the LioMSiO, family, lithium manganese silicate
(LizMnSiO4) has been reported as an electrode
material both in lithium-ion batteries and
supercapacitors [3, 6, 8, 9]. The possible
exploration of Mn?/Mn® and Mn*/Mn* redox
chemistry makes LioMnSiOs achieve high
theoretical storage capacitance (~333 mAh g7)
[10]. However, pristine Li;MnSiO4 has a low
electrical conductivity (around 10* S cm?),
leading to poor electrochemical performance
[11, 12]. To date, numerous approaches have been
studied to improve the electrical conductivity of
this material [13 — 15]. One of the promising ways
is making a composite of LinMnSiOs with
conductive carbon substrates such as activated

365



S. Nilmoung / Journal of Materials Science and Applied Energy 8(1) (2019) 365 — 372

carbon, CNTSs, Graphene [8, 16, 17], in order to
decrease the electrolyte ion diffusion distance
during charge storage process thus increasing the
conductivity. Moreover, several synthetic methods
have been used to prepare LinMnSiOs such as
hydrothermal, sol-gel, in situ template method, ball
milling [9, 16 — 20].

This work reports the electrochemical
performance of ACNF/Li2MnSiO; composite
nanostructures synthesized by electrospinning
technique followed by heat treatment process.
Conceptually, ~ ACNF/LioMnSiO,  composite
nanostructures are expected to be advanced
electrode materials compared to pure ACNF and
LipMnSiO4 due to their combination of high
surface area and electrical conductivity of ACNF
and electrochemical functionality of Li>MnSiO..
In addition, the electrospinning technique was
used due to its easy operation and high ability to
control the fiber diameter in nanoscale [21].

Materials and Methods

In this work, Polyacrylonitrile (PAN, MW
150,000, Sigma-Aldrich), Dimethylformamide
anhydrous (DMF, 99.8%, SIAL), Manganese (I1)
nitrate hydrate (99.99%, Sigma-Aldrich), lithium
acetate dihydrate (99.999%, Sigma-Aldrich), and
silicon dioxide nanopowder (Aldrich) were used
as the precursor materials. The 1.8 g of PAN
powder in 25 ml of DMF solvent was used as the
polymer source, whereas lithium acetate,
manganese nitrate, and silicon dioxide with the
molar ratio of 2: 1: 1 in 5 mL of DMF was used
as the metal source. Both precursor sources were
mixed and converted into an electrospun by using
electrospinning system under an applied voltage
of 12 kV, a feeding rate of 0.35 mlh-1, a distance
from syringe nozzle to the collector of 12 cm and
drum rotating at 800 rpm. The electrospun was
stabilized at 250 °C for 4 h in air atmosphere,
carbonized at 750 °C for 2 h in argon atmosphere
to obtain CNF/Li;MnSiOs, and activated at
800 °C for 0.5 h in CO, atmosphere to obtain
ACNF/Li;MnSiO, composite nanostructure. In this
work, two pure states of porous CNF (or ACNF)
and Li;MnSiO4 are prepared for comparison.

The crystal structure was carried out using
X-ray diffraction (XRD, Bruker D2 advance).
The morphological was examined by scanning
electron microscopy (SEM, Carl Zeiss, Auriga).
The surface area was obtained by the Brunauer-
Emmett-Teller method (BEL SORP MINI 11,
JAPAN). The electrochemical properties were
tested via cyclic voltammetry (CV), galvanic static
charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) techniques. Three

electrodes system of platinum wire, Ag/AgClI and
our homemade working electrode was used in 6
M KOH electrolyte. The working electrode was
prepared by mixing active material, acetylene
black and polyvinylidene difluoride (with a
weight ratio of 8:1:1) in NMP solvent and coated
on Ni form. The CV measurement was performed
between -1.2 and 0 V with the scan rate of
2 - 50 mV st The GCD was operated with the
current densities of 0.25 — 10 A g while EIS
measurements were carried out over a frequency
range of 100 kHz to 0.1 Hz.

Results and Discussion

Fig. 1 shows the XRD patterns of ACNF,
ACNF/Li;MnSiO4, and Li,MnSiOs composite
nanostructure after being carbonized at 750 °C for
2 h. The diffraction peaks of the ACNF/Li,MnSiO,4
show a significant drop as compared to pure
Li-MnSiO4 due to the existence of the carbon
matrix. The peak at 16.4°, 24.3°, 28.2°, 32.8°,
35.9°, 49.4°,58.4°, and 59.2° related to crystallite
planes of (010), (110), (011), (210), (002), (212),
(400), and (230), respectively, of Li-MnSiO4
orthorhombic structure with a space group Pmn2;
(PDF card no. 04-015-5273) [22]. The small peak
observed at around 17.3° (marked as asterisks)
corresponds to (020) crystal plane of impurity
Li,SiOz [23]. The diffraction peaks at around
26.0° and 44.0° indicate the formation of graphite
structure [24] and can be indexed to (002) and
(101) planes of the PDF card no. 75-1621,
respectively.
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Fig. 1 XRD patterns of ACNF, ACNF/Li;MnSiQOsa,
and Li;MnSiO,

Fig. 2 shows SEM images of all the prepared
samples after they were activated at 800 °C.
The ACNF (Fig. 2 (a)) reveals long fiber with
shrink surface and uniform in cross-section. For
the ACNF/Li;MnSiOs composite nanostructure
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(Fig. 2 (b)), the LiMnSiO4 nanoparticles diameter of ACNF and particle size of
(spherical shape with an average size of 70 nm) are  LizMnSiOs for ACNF/LioMnSiOs composite
decorated on the ACNF matrix. Moreover, the  nanostructure offer a short length for charge
particles with a variety of shapes and sizes were  diffusion in the charge storage mechanism
observed for LioMnSiO4 (Fig. 2 (c)). It is expected

that the small.

LizMnSiO4

Fig. 2 SEM images of (a) ACNF (b) ACNF/LizMnSiQy, and (c) Li2MnSiO4
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Fig. 3 CV curves at scan rate of 2 — 50 mV s for (@) ACNF (b) ACNF/LizMnSiO4
(c) LizMnSiO4 and (d) the corresponding specific capacitance.
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Fig. 3 shows CV curves over a wide voltage
range of -1.2 — 0 V at a scan rate of 2 - 50 mV s
for all the prepared samples. The potential
windows are very close to the theoretical
decomposition voltage of water (1.23 V).
Typically, the rounding of CV curve corners are
observed in the carbonaceous with resistances
electrodes. While the CV curve with redox peak
will present in electrode materials that store
energy via redox reaction (such as metal oxide).
Fig. 3(a) shows CV curves of ACNF at various
scan rate. No any redox peaks were observed,
confirming the typical EDLC of materials [25]. It
is clearly seen that the redox peaks in CV curve
of ACNF/Li2MnSiOs (Fig. 3 (b)) and pure
LioMnSiO, electrodes (Fig. 3 (c)), suggesting a
charge storage mechanism via the electron
transition in LioMnSiO.. According to CV curves,
the specific capacitance was calculated as follows

c Ildv
S mAV @

Where IldV, M, v and AV are the area under

CV curve, active mass, scan rate, and potential
window, respectively. The obtained value
decreases with an increase in scan rate (Fig. 3 d).
The excellent capacitive value was observed for
the ACNF/Li2MnSiO,4 electrode, followed by
pure ACNF and LiMnSiO4. The maximum
specific capacitance at a scan rate of 2 mV s is
176.4, 145.6 and 91.6 F g1, respectively.

Fig. 4 (@ - c¢) shows the galvanostatic
charge/discharge spectra of ACNF, ACNF/
Li-MnSiOs and LiMnSiOa4, respectively, at
0.25 - 1.0 A g1. No any voltage drop (IR drop)
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were observed for all the prepared electrodes.
The ACNF/Li2MnSiO, electrode shows longer
discharge time than that of ACNF, and
LioMnSiO4, respectively (Fig. 4 (d)). According
to the spectra, the specific capacitance values (Cs)
are calculated from the discharge time according
to equation (2);

At
* mAV @

Where I, At,mand AV are the applied current,

discharging time, active mass and the potential
window, respectively. The corresponding energy
density (E) and power density (P) are calculated
using equation (3 - 4)

£~ C.(aV) ©
E

P =—x3600
At @

The obtained specific capacitance for
ACNF, ACNF/LizMnSiO4, and Li;MnSiOs4
electrodes are shown in Fig. 5 (a). By varying the
current densities (0.25 — 10.0 A g-1), the specific
capacitance decreases with an increase in current
density. Such behavior may be due to activation
and concentration polarizations at high current
densities which results in low utilization of the
active materials [6]. The maximum values at
0.25 A g are listed in Table. 1. Moreover, the
corresponding Ragone plot is presented in
Fig. 5 (b).
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Fig. 4 Galvanostatic charge/discharge spectra at 0.25 — 1.0 A g for (a) ACNF (b) ACNF/Li,MnSiO,4
and (c) LizMnSiQ,, and (d) The comparison spectra at 0.25 A g-* for all prepared sample.
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Fig. 5 (a) The discharge specific capacitance and (b) the corresponding Ragone plot for ACNF,
ACNF/Li,MnSiO4 and Li;MnSiO, electrodes.
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Fig. 6 Adsorption-desorption isotherms (a) and Nyquist plots (b) for ACNF, ACNF/Li,MnSiO4
and Li.MnSiO, electrodes
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The excellent capacitive behavior of the
ACNF/Li;MnSiO4 electrode can be attributed to
the high surface area and electrical conductivity
of materials. Fig. 6 (a) shows the adsorption and
desorption isotherms for all the prepared samples.
The isotherms exhibit IUPAC type IV pattern,
indicating the existence of mesoporous. The
specific surface area of 219, 351, and 197 m? g-!
was observed for ACNF, ACNF/Li;MnSiO4
and, LipMSiO4, respectively. The large surface
area of ACNF/Li,MnSiO, increased the effective
contact area between electrode and electrolyte,
supporting a large number of reaction sites,
resulting in an improved specific capacitance.
Fig. 6 (b) shows the Nyquist plots for all prepared
electrodes. The plots of all materials show a
semicircle in high-frequency region related to the
charge-transfer resistance (Rc). The larger the
diameter of the semi-circle, the higher the charge-
transfer resistance [26]. The intercept at x-axis
refers to the series resistance (Rs). The values of
0.769, 0.751, 0.909 Q were observed for ACNF,
ACNF/LizMnSiO4 and Li2MnSiOa, respectively.
The lowest Rs value for ACNF/LizMnSiO4
signifies the highest current density thus the
highest conductivity.

Fig. 7 shows the plot of the specific
capacitance after repeated CV at a scan rate of 50
mV st over 1500 cycles. The best stability of
ACNF electrode may be due to the network

carbon matrix which restricts the change of
electrode volume during the charge/discharge
process. The fastest specific capacity fading was
observed in Li,MnSiO4 electrodes. Such behavior
is mainly attributed to redox reaction arising from
Li,MnSiO4 nanoparticle which causes damage to
the structure during charge/discharge process,
and thus leading to poor cycling stability. The
ACNF/Li;MnSiO, electrode shows about 93%
remaining after 1500 cycles indicating long term
cycling stability possibly due to free space
between the Li:MnSiOs nanoparticles with
ACNF matrix working as an elastic buffer.
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Fig. 7 the specific capacitance after 1500 cycles at
a scan rate of 50 mV s-!

Table 1 Shows lists of surface area, mean pore diameter, series resistance, specific capacitance,

energy density, and power density.

Surface Meanpore  series Ccv GCD
Samples area diameter  resistance (2 mVs) (0.25A g™
(m?g) (nm) (0hm)  GCs (FgY) Gs(Fg') E(Whkg') P(Wkg)
ACNF 219 4.76 0.769 145.6 138.9 27.67 149.72
ACNF/Li2MnSiO4 351 9.84 0.751 176.4 217.8 43.40 149.74
Li2MnSiO4 197 6.55 0.909 91.6 66.2 13.212 149.37
Conclusion of 176.4 F g-* at 2 mV s (using CV scan) and

In summary, ACNF/Li;MnSiOs composite
nanostructures were synthesized by electrospinning
followed by carbonization and activation process.
By making a composite nanostructure of ACNF
and LioMnSiO4, the surface area, electrical
conductivity, the specific capacity, and the
stability improved compared to their pure states.
The stability over 90% was observed after 1500
cycles. The maximum specific capacitance value

2178 F g* at 0.25 A g* (using GCD) are
achieved. The superior capacitance could be
explained by (i) the fibrous with optimized pore
supported high surface area for electrolyte ions
penetration, resulting in an improved EDLC (ii)
lower equivalent series resistances giving rise to
higher conductivity and (iii) the Faradaic
reactions of LioMnSiO, nanoparticles supported
pseudo-capacitance. These results demonstrate
that using the ACNF/Li,MnSiOs composites
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nanostructure as an electrode material for energy
storage devices could be ideal.
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