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Abstract: A supercapacitor is a potential energy system that will be a part of an efficient storage
device of renewable energy, such as a small battery and a large energy storage system (ESS), etc.
However, a lot of efforts have been devoted to improving stability. Generally, ABOs-type perovskite
structure has been studied as an electrode and/or an oxide ion-conducting electrolyte for solid oxide
fuel cells with stable structural stability at high temperatures. In this study, perovskite material
(Lag gSrp2Mng5C00503.5. LSMCO) was added as a component of the supercapacitor electrode for
enhanced stability. According to electrochemical measurements, at 5 mV/s, the specific capacitance
of the graphene-based electrode (G95) is 68 F/g, and the electrode mixed with perovskite (G70L25)
is 55 F/g. Nonetheless, the standard deviation of the capacitance value of G70L25 is smaller than
that of G95. Alongside this, the G70L25 electrode showed that specific capacitance decreased in the
cycling test, but, for the G95 electrode, the specific capacitance after the 4990th cycle increased or
decreased, resulting in unpredictable results. Therefore, perovskite added electrode (G70L25) shows
higher stability compared to the graphene nanoplatelets electrode (G95) in both initial and cycling
performance, albeit a lower specific capacitance.

Keywords: perovskite; supercapacitors; stability

1. Introduction

A supercapacitor is a promising energy storage device that has been an essential component
in most fields, ranging from portable electronics to hybrid electric vehicles and large industrial
equipment [1]. A supercapacitor can also be used in various applications such as power electronics,
energy storage at intermittent generators including windmills, and smart grid applications because it
has a high power density, high rate of charge/discharge, long life, etc. [2].

The energy storage method of the supercapacitor can be divided into two types: electrical
double-layer capacitors (EDLC) and pseudocapacitors [3]. EDLC, made of materials with a high
surface area, has a high power density but a lower volumetric energy density than traditional batteries.
In contrast, the pseudocapacitor has an energy density higher than EDLC because it stores electrons
through a redox reaction on the surface of the electrode. In this regard, metal-based pseudocapacitors
can take the intermediate role of conventional electrostatic capacitors and batteries. Electric double-layer
capacitors (EDLC) and commercial devices can store between 3 and 6 Wh [3].
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The pseudocapacitor has a very fast charge/discharge rate compared to lithium-ion batteries but
has the disadvantage of a somewhat low energy density. In this regard, there have been a number of
efforts to increase energy density through the selection of new materials or the improvement of the
electrode structure, current-collecting method, etc. For example, metal oxides have the potential to
improve energy density significantly due to reversible faradaic surface reactions [4].

There are three methods of charge storage for pseudocapacitor electrodes [3]: The first is the
adsorption of electrolyte ions on the metal surface with monolayers. This adsorption can be revealed
through partial charge transfer between the metal center of the electrode and the electrolyte anion,
and underpotential deposition of the so-called electrosorption valence [5,6]. The second method,
pseudocapacitance, includes redox reactions on the surface of the electrode. These redox reactions are
chemical reactions on the surface that result in a charge transfer with strong bonds [7]. The third is
the reversibly rapid insertion of ions into the bulk of the material. As the ions are inserted into the
crystalline material, the intercalation pseudocapacitance is observed and eventually behaves like a
capacitor [8,9]. All of these can be described as pseudocapacitive because of the change of the oxidation
state of the transition metal.

Established electrode materials include activated carbon (AC), carbon nanotube (CNT), polymers,
graphene, etc. [10-12]. Among them, graphene is widely studied because of its high specific surface area,
aspect ratio, and conductivity [13]. Additionally, graphene has high charge mobility (>200,000 cm?/V-S),
zero effective mass, and ballistic transport even at room temperature [14]. Graphene nanoplatelets are
composed of several graphene layers and have similar properties to single graphene and are much
easier to produce and handle [15,16]. When AC was used as an electrode at a current density of 0.5 A/g,
specific capacitance values at 1 V (voltage window) were maintained at 242 F/g initially to 204 F/g after
7000 cycles, which was 84% of the initial value [17]. Yan et al. reported that the capacitance of PANI
(polyaniline)-based graphene electrodes was 1046 F/g at a scan rate of 1 mV/s among the graphene
electrodes. However, the graphene and PANI composite electrodes showed a linear decrease after the
1000th cycle, with the capacitance dropping to 50% of the initial value [18].

In this respect, perovskite has got attention to improve the cyclic stability of the graphene-based
electrode. LaggSrg,Mng5C00503.5 perovskites (LSMCO) are known to be good catalysts for total
oxidation due to a large amount of oxygen in the perovskite structure and the redox behavior
of the Mn- and Co-ions. Their catalytic activity is comparable with some noble metal catalysts.
ABOgs-type perovskite structure has been studied as an electrode for solid oxide fuel cells and an
oxide ion-conducting electrolyte with stable structural stability at high temperatures [19-21]. A is the
lanthanum group or the alkali earth element, and B is the transition metal [22]. The adjustment of the
site of A and B can control the electrical properties of the material, which induces the role of anion
vacancy as a charge storage site for pseudocapacitance [23]. For example, SrRuQOj exhibits metallic
conductivity and is stable in alkaline electrolytes [24]. In addition, the microemulsion technique can
enhance electrochemical performance by generating perovskite nanostructure [25].

Mefford et al. presented an anion-based mechanism through a supercapacitor using LaMnOs3
perovskite, which is the first example of anion-based intercalation pseudocapacitance and the first
oxygen insertion method used for fast energy storage [23]. The composite electrode was fabricated by
growing Ag nanoparticles on a Lag ySrp 3C003; (LSCO) substrate by Liu et al. The Ag/LSCO electrode
maintained 81% capacitance after 3000 cycles at the current density of 50 mA/cm?. Liu and coworkers
have released anion-intercalation type electrodes. When the cycling performance of SrCoOj3 (SCO)
was measured with an activated carbon electrode at 1 A/g current density, the specific capacitance of
approximately 80% was maintained after the 2000th cycle [26]. Previous research using perovskite
LaSrMnOj shows the capacitive behavior (102 F/g) and charge storage performance for supercapacitors
through the anion-intercalation mechanism [27-32].

Structurally stable perovskite is expected to help maintain the stability of the supercapacitor
electrode. Our goal is to maintain the initial capacitance of the pseudo-supercapacitor and to improve
the capacitance stability after 4990 cycles using a perovskite-mixed electrode. In our experiment,
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we compared the electrochemical characteristics, including cyclic voltammetry, galvanostatic
charge-discharge, etc. with an electrode G95 (graphene nanoplatelets 95 wt%) and electrode G70L25
(graphene nanoplatelets 70 wt%, LSMCO 25 wt%).

2. Materials and Methods

2.1. Preparation of Perovskite (Lag gSrg2Mng 5Cog503.5. LSMCO)

Stoichiometrically calculated amounts of lanthanum(IIl) nitrate hydrate (La(NO3)3-6H,0O, 99.9%,
Sigma Aldrich, St.Louis, MO, USA), strontium nitrate (Sr(NO3),, 98%, Samchun), manganese(II)
nitrate tetrahydrate (Mn(NOs),-4H,O, 97%, Sigma Aldrich, St.Louis, MO, USA) and cobalt(II)
nitrate hexahydrate (Co(NOs3),-6Hy0O, 97%, Samchun, Seoul, Korea) were used to prepare
Lag gSrp2Mng5Co0 5035 perovskites (LSMCO). The citric acid (HOC(COOH)(CH,COOH); and
99.5%, Samchun, Seoul, Korea) and ethylenediaminetetraacetic acid (EDTA, 99.5%, Sigma Aldrich,
St. Louis, MO, USA) were used as the chelating agent. The obtained powder was calcined at 1273 K for
5h.

2.2. Preparation of Electrodes (G95 and G70L25)

To evaluate the electrochemical properties of the graphene nanoplatelets/LSMCO composites,
electrodes were fabricated as follows: 5 wt% of polyvinylidene fluoride (PVDF, MTI corporation,
California, CA, USA) was mixed with enough dimethyl sulfoxide (DMSO, Sigma-Aldrich,
St. Louis, MO, USA) to dissolve the powder. Graphene nanoplatelets (GN, Alfa Aesar,
Haverhill, MA, USA) used in the experiment have a specific surface area of 500 m?/g, and a particle
diameter of smaller than 2 microns and a typical particle size of a few nanometers, depending on the
surface area. For the G70L25 electrode, the graphene nanoplatelets and perovskite were mixed to a
70%:25% weight ratio for 30 min. For the G95 electrode, 95 wt% graphene nanoplatelets were used.
Mixed active material was applied on a carbon paper substrate and baked in an oven at 150 °C for
15 min. The two-dimensional size of the electrode was 10 mm X 10 mm. The mass of active material in
the working electrode was 1.0-2.0 mg.

2.3. Characterizations

The morphology and principle of the products were characterized by field-emission scanning
electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDX) on a JEOL (JSM-7600F)
and Oxford instrominis (X-Max). The crystalline phase compositions of the samples were characterized
by X-ray diffraction (XRD) on a D8 Advance (TRIO/TWIN) X-ray diffractometer. The specific surface
area, pore diameter, and volume were obtained using Brunauer, Emmett, Teller (BET, BELSORPmini
IT) involving N, gas adsorption/desorption isotherms analysis. The properties of the interface were
analyzed by X-ray photoelectron spectroscopy (XPS) on the Thermo ESCALAB 250.

2.4. Electrochemical Measurements

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) of single electrodes were performed using a potentiostat (VSP, Bio-Logic).
The electrolyte is a 1 M H,SO4 aqueous solution that purged N, gas for 20 min. Measurements
are conducted through a three-electrode system. A reference electrode was a saturated calomel
electrode (SCE), and a counter electrode was a platinum wire. For voltammetry measurements, the cell
potential was scanned at 5 mV/s and 20 mV/s. When the scan rate was 5 mV/s, it was measured for
5 cycles, and when it was 20 mV/s, it was measured for 4990 cycles. Galvanostatic charge-discharge
behavior was measured in current density, from 0.5 to 20 A/g. EIS was measured from 100 kHz to
100 mHz.
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3. Results and Discussion

3.1. SEM and EDX

Figure la—d shows SEM images of the G95 electrode and G70L25 electrode before and after
cyclic voltammetry measurements. In Figure 1a, it can be seen that layers of graphene nanoplatelets
are randomly stacked. Figure 1c shows that LSMCO is randomly contained between graphene
nanoplatelets layers in the G70L25 the electrode. After cyclic voltammetry, both the G95 and G70L25
electrodes have white granules, as in Figure 1b,e. EDX analysis confirmed that carbon, platinum,
and sulfur were found in the overall area, which are the primary materials of working and counter
electrodes and electrolytes (H,SOy). In addition, white granules appear to be sulfur and Pt of counter
electrodes as a result of the analysis. In reference [33], it is reported that, after the CV experiment, Pt
particles generated on the working electrode surface and weight loss of the Pt electrode occurred in the
H,SO; electrolyte.

Figure 1. SEM images of as-prepared (a) electrode of G95 before cyclic voltammetry; (b) after cyclic
voltammetry 5000 cycles; (¢) SEM image of G95 with EDX mapping of C, S, and Pt; (d) electrode of
G70L25 before cyclic voltammetry and (e) after cyclic voltammetry 5000 cycles; (f) SEM image of
G70L25 with EDX mapping of C, S, and Pt.

3.2. XRD

The XRD patterns of pure graphene nanoplatelets, pure LSMCO, G70L25, and G95 electrode active
materials are shown in Figure 2. In the patterns of the G70L25 electrodes, we can see that the major
diffraction peaks of the LSMCO are maintained as the same as those of the as-synthesized LSMCO
material. It demonstrates that LSMCO was successfully anchored on the graphene sheets without a
secondary reaction.

3.3. BET

BET nitrogen adsorption/desorption isotherm measurements were used to determine the surface
area, pore diameter, and pore volume. Figure 3 corresponds to type Il with unrestricted mono-multilayer
characteristics in the classification of adsorption isotherms. The specific surface area has 441.83 and
317.17 m?/g for G95 and G70L25, respectively. The average pore diameter was around 8.5 nm for both
G95 and G70L25. The total pore volume is 0.9483 and 0.6935 cm®/g, respectively, for G95 and G70L25.
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Figure 2. XRD pattern of comparing G70L25, G95, pure graphene nanoplatelets, and pure LSMCO;
The DIFFRAC.EVA program was used to identify the data.
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Figure 3. Nitrogen adsorption and desorption isotherms for (a) G95 and (b) G70L25.
3.4. XPS

The chemical composition of samples was analyzed by using X-ray photoelectron spectroscopy
(XPS). The full XPS spectrum of G95 reveals the presence of C elements along with a small quantity
of O elements. The G7025 electrode includes the perovskite LSMCO elements along with the
above-mentioned elements. Figure 4b—f shows an XPS spectrum of core levels of Cl1s and O1s from
the G95 and G70L25 electrodes, each of which can be decomposed into three peaks. Binding energy
values were analyzed by reference to previous literature [34,35]. The detailed analysis of the Cls
spectrum is as follows: sp2 carbon at 248.6 eV (C,), alcohol and ether groups at ~286.4 eV (Cp,), and
ester and carboxyl groups at ~289.04 eV (C.) both for G70L25 and G95 electrodes. The deconvoluted
spectrum of G70L25’s Ols was shown to be three peaks: a carbon-oxygen double bond at ~531.95 eV
(Op), carbon-oxygen single-bonds in hydroxyl groups at ~533.68eV (Og4), and quinine or pyridone
groups at ~530.16 eV (O,). However, for G95, single bonds such as carbon-oxygen ether at 532.33 eV
(Oc) or absorbed water or oxygen at 535.23 eV (Oe) appears. The same combination type appears in
the G70L25 for two measurements, but different combination types appear in the G95. Additionally,
the oxygen content of G70L25 is higher than G95.
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Figure 4. (a) XPS fully scanned spectrum of G95 and G70L25; fitted results of XPS C1s spectra of (b) G95
and (c) G70L25; fitted results of XPS Ols spectra of (d,e) G95 and (f) G70L25.

3.5. Cyclic Voltammetry (CV)

In the CV curve, the specific capacity of the electrode can be obtained through the
following equation:

1 lZ
_ idV 1
Cs - — fl id ( )

Here, Cg is a specific capacitance (F/g), s is a scan rate (V/s), m is a mass of active material, AV is
a voltage window (0 V-0.8 V), L is a current (A), V1 is a lower voltage limit (V), and V; is an upper
voltage limit (V) [36].

In Figures 5 and 6, the CV curve has a nearly rectangular shape and represents the capacitive
behavior of the EDLC. Figure 5 shows the CV curves of the G95 electrode and G70L25 electrode at a
scan rate of 5 mV/sin 1 M H,SO; after 5 cycles. The specific capacitance of the G95 electrode is 69.34 F/g,
and the standard deviation is 6.961. The specific capacitance of the G70L25 electrode is 52.31 F/g, and
the standard deviation is 2.576. The specific capacitance of the G95 electrode is about 10% higher
than that of G70L25. The higher specific surface area of G95 can explain the higher initial specific
capacitance values of G95 in CV measurements. However, the standard deviations of the results for
G95 are quite high compared to those of G70L25. It might mean that producing supercapacitors with
the expected design values in the mass production phase can be difficult.

Figure 6 shows a CV curve measured for 4990 cycles by increasing the scan rate to 20 mV/s.
Figure 6a,b is the CV curve of the G95 electrode. The specific capacitance is 62.23 F/g at 11 cycles and
61.38 F/g at 4990 cycles. The reduction of 1.38% can be seen in Figure 6a. On the other hand, specific
capacitance is 57.07 F/g at 11 cycles and 59.81 F/g at 4990 cycles, which means an increase of the specific
capacitance (Figure 6b). However, Figure 6c,d shows a CV curve of the G70L25 electrode. In Figure 6c,
the specific capacitance was 47.37 F/g at 11 cycles and 45.94 F/g at 4990 cycles, so it decreased by 3.01%.
In Figure 6d, specific capacitance is 50.98 F/g at 11 cycles and 48.41 F/g at 4990 cycles. For the G70L25
electrode, after 4990 cycles, the performance of the G70L25 electrode is consistent for several data sets,
and up to 7% reduction can be expected.
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Figure 5. Cyclic voltammetry at 5 mV/s of G95 electrode and G70L25 electrode in 1 M H,SOy4.
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Figure 6. Cyclic voltammetry at 20 mV/s (a) specific capacitance decreased after 4990 cycles for the
electrode of G95 in 1M H,SOy; (b) specific capacitance increased after 4990 cycles for the electrode of
G95 in 1 M H,S0y; (c,d) specific capacitance decreased after 4990 cycles for the electrodes of G70L25 in
1 M H,S0Oy; (e) the plot of specific capacitance verse cycle at 20 mV/s in HySOy.

The results of the G95 electrode, however, show that it is difficult to expect a reproducibility of
the experiments because specific capacitance tends to both increase or decrease, which means that
we cannot guarantee some level of the supercapacitor capacity after long term operation. However,
all of the G70L25 electrodes tend to decrease. Therefore, even though the specific capacitance of the
electrode G70L25 with the perovskite LSMCO added onto graphene nanoplatelets is lower than that of
the G95 electrode, the stability seems to be superior.

3.6. Galvanostatic Charge—Discharge (GCD)

The specific capacitance of the electrodes obtained from GCD curves is calculated at various
current densities by the following equation [37]:

It4

T mAV @

Iis a discharge current (A), t; is a discharge time (s), m is an active material mass, and AV is a
potential drop during discharge.

Specific capacitance values of G95 and G70L25 for each current density are shown in Table 1.
The specific capacitances of both the G95 and G70L25 electrodes were similar to those of the CV
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experiments. When the current density increased from 0.5 to 20 A/g, specific ion diffusion rates tended
to reduce specific capacities of the G95 and G70L25 electrodes at a high current density [38]. As a
result, the variation of the specific capacitance of the G95 and G70L25 electrodes over current density
shows the typical behavior of a supercapacitor. The low value of capacitance at a high current density
is due to the low ion penetration on the electrode surface [39]. The Ragone plot of G95 and G70L25 is
shown in Figure 7d. For the G95 and G70L25 electrodes, the energy density is 21.80-16.24 Wh/kg and
17.10-15.12 Wh/kg at the same range of current density, respectively. The G70L25 electrode shows a 22%
decrease in energy density at 0.5 A/g, but only a 7% decrease at 20 A/g compared to G95, which means
catalytic effects of the perovskite enhances at a higher current density. In addition, we fabricated
composite electrodes of LSMCO and graphene nanoplatelets by mixing and dispersing using magnetic
bars and ultrasonic. In this process, we believe that structural stability increases because graphene
nanoplatelets wrap around LSMCO [40].

Table 1. The specific capacitance of G95 and G70L25 according to current density.

Electrodes G95 G70L25
Current Density [A/g] Specific Capacitance [F/g] Specific Capacitance [F/g]
0.5 68.13 53.44
1.0 64.63 51.25
15 62.81 50.63
2.0 61.50 49.75
3.0 57.00 49.13
5.0 57.38 48.31
7.0 55.83 47.86
9.0 54.68 47.48
10 54.13 47.25
20 50.75 47.25
- (b) :O.SA/g
: 11_%/:’/
i
0.6 —?A/g
s s o
e
] G70L25
’ Time (s)] Time (ls) ' '
»](© —e—G95 mﬂ ) ———
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g i g 10
% R é 14
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B
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Figure 7. Galvanostatic charge-discharge graph of (a) G95 electrode and (b) G70L25 electrode; (c) specific
capacitance variation of G95 and G70L25 with current density; (d) comparative Ragone plots of the
G95 and G70L25 electrodes.
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3.7. Electrochemical Impedance Spectroscopy (EIS)

EIS is an excellent technique to investigate the electrochemical behaviors of electrodes. Figure 8
shows the replotted typical Nyquist diagram of the G95 and G70L25 electrodes. The Nyquist plot
is generally composed of three parts: the first part in the high-frequency region is x-interference at
the semicircle start point, which is considered as an effective ohmic resistance; the second part is a
semicircular shape in the mid-frequency region, which is assumed to be a charged transfer resistance
(Rct) and is equal to the diameter of the semicircle; the last part is a vertical line at the low-frequency
region, which is assumed to be ion transport of diffusion resistance at the electrode/electrolyte
interface [41]. In both electrodes, diffusion resistance is similar due to the same electrolyte being used.
However, R of two electrodes is slightly different. The G70L25 electrode showed slightly larger R
due to the additional 25 wt% LSMCO causing a decrease of the diffusion pathway accompanied by the
reduction in surface area, as shown in Figure 3. The steeper slope of the G95 can explain the higher
initial specific capacitance in the CV experiment because it means a faster diffusion.

1.0

—=—G95
G70L25
0.8
= 06+
g
<=
C
N 044
0.2
0.0 —rr—TrT T 1 T
14 1.6 18 20 22 24 2.6 2.8

Z' (ohm)

Figure 8. Impedance spectra of the G95 and G70L25 electrodes, measured at an AC amplitude of 10 mV,
in HySOy electrolyte.

The G70L25 electrode exhibits increasing ohmic resistance, which may originate from the low
electrical conductivity of LSMCO perovskite oxide.

4. Conclusions

In summary, the supercapacitor electrode was prepared by the synthesis of graphene and
perovskite material (LSMCO). XRD showed that it was well mixed without a secondary reaction.
According to electrochemical analyses, for the G95 electrode, the specific capacitance ranges from 53
to 68 F/g, and the standard deviation is about 6. For the G70L25 electrode, the specific capacitance
ranges from 49 to 55 F/g, and the standard deviation ranges from 1 to 2.5. The initial specific capacity
of the G70L25 electrode of 49 to 55 F/g is about 10%—20% smaller than that of the G95 but has a small
standard deviation. The cycling test showed that the specific capacitance of G70L25 was reduced
(~5%) at all times, indicating that the cycling stability was improved compared to the unpredictable
(both cases increasing or decreasing) results of G95. Therefore, the supercapacitor using LSMCO and
graphene electrode is better for commercialization considering the repeatable performance and seems
to be an excellent material for improving cycling stability in other electrochemical applications.
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