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Graphite foils (GFs) are emerging as a new class of electrodes in supercapacitors (SCs) based on their light

weight, and high electrical conductivity, although the surface area remains low. A novel method of, in situ
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rsc.li/rsc-advances power density of the SC devices.

Since electric energy is easily converted into other types of
energy, considerable efforts have been devoted to developing
electric energy storage devices." Such devices have been used
not only in most electronics but also in transportation, power
tools, medical devices, communication, and power supplies.>”
Among them, supercapacitors as a candidate for high-
performance energy storage devices have drawn attention due
to their high power density, ultrafast charging, and discharging
capability, as well as excellent electrochemical stability.**

Carbon-based materials such as activated carbon, have been
widely studied for supercapacitors.”” However, they cannot be
used in a free-standing form and are commonly mixed with
a binder and coated onto a metal-based current collector,
increasing the weight and volume of supercapacitor devices.”®
Freestanding carbon structures without current collectors, such
as graphite foils, are emerging as a new class of electrodes in
supercapacitor devices because of their light weight, high
electrical conductivity, high flexibility, and easy process-
ability.> But the specific capacitance of graphite foil is low due
to its small surface area.”

The electrochemical exfoliation method could increase the
surface area of graphite foil."* In an electrolyte solution to which
excessive potential is applied, ions are intercalated and con-
verted to various gas species between the graphite layers. The
graphite layer peels off, and the surface area is increased. Some
studies have used electrochemically exfoliated graphite flakes
or graphite foil in the reactor, but the process is complex and
difficult to apply to devices in an intact form.****

In this study, a facile method to increase the surface area of
the graphite foil electrode by in situ electro-chemically exfoli-
ating graphite foil after assembling the supercapacitor device
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electrochemical exfoliation and modification of GF in the assembled SCs, showed high energy density and

composed of electrode and electrolyte-soaked membrane. This
simple method increases the specific capacitance and energy
density of the supercapacitor device. An asymmetric super-
capacitor device was fabricated simply via addition of metal salt
to the electrolyte. Amorphous MnO, nanoparticles were
deposited onto the graphite foil electrode according to the
above electrochemical exfoliation procedure. As a result, we
produced an effective electrochemical supercapacitor with high
energy and power density.

A supercapacitor device was fabricated using graphite foil,
and an overvoltage was applied to the fabricated device to
exfoliate the graphite electrode in situ (Fig. 1).>** In detail, as-
made graphite foil was cut into the desired shape using
a blade. The cut electrode was attached to silicone tape, and 1 M
potassium nitrate (KNO3)-soaked cellulose paper was placed on
top. After replacing the electrode, the supercapacitor device was
assembled using silicone tape. The silicone tape was stripped
off to a size of 2 mm by 2 mm to vent the gases produced in the
assembled device. Using a power supply, a voltage was applied

Putting electrolyte
soaked-separator
Attaching GF

on GF
on silicone type

A"“ -

GF on separator
F. Silicone Tape

L 2O
‘ e Covering with
silicone type

In-situ
exfoliation of GF electrode
using power supplier

Attaching another

Electrolyte
soaked-separator

Cut with
blade

SC device

Fig. 1 Schematic illustration of in situ exfoliation of graphite foil and
deposition of MnO, in an assembled supercapacitor device.
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to a GF electrode in a step-wise sequence at 3.0 V for 30 minutes,
4.0 V for 10 minutes, and 5.0 V for 5 minutes (the first anodic
exfoliation). After that, the same voltage sequence was applied
to another GF electrode (the second anodic exfoliation). This
method fabricates a symmetric device composed of an exfoli-
ated graphite foil (EGF) anode and an EGF cathode. To manu-
facture a hybrid-type device composed of an EGF anode and
manganese(iv) oxide (MnO,)-deposited-exfoliated graphite foil
(MEGF) cathode, the above process was repeated using
a mixture of 1 M KNO; and 10 mM manganese acetate
(Mn(OAc),) as the electrolyte instead of KNO;. The Mn salt is
converted to MnO, by anodic oxidation on the electrode.”*®

The electrochemically exfoliated GF devices containing
KNO; electrolyte or KNO; with Mn(OAc), electrolyte were dis-
assembled to analyze the characteristics of the electrode.

The mass of EGF and MEGF electrodes were 18 mg cm ™ > and
25 mg cm, respectively. The scanning electron microscopy
(SEM) images show that the smooth surface of the GF electrode
(Fig. 2a) became rough even after electrochemical exfoliation in
the assembled device (Fig. 2b). In the electrolyte containing Mn
salt, spherical particles were shown on the second anodic exfoli-
ated graphite surface (Fig. 2c) but not in the first anodic exfoliated
graphite electrode. At the first anodic exfoliation of GF, MnO,
spherical particles were grown on the exfoliated graphite surface.
After that, MnO, spherical particles were also grown on another
exfoliated graphite electrode surface during the second anodic
exfoliation of GF. However, MnO, particles formed in the first
anodic exfoliation step were dissolved into the electrolyte solution
by cathodic reduction from insoluble Mn*" oxide to soluble Mn**
salt"” during the second anodic exfoliation step.

The X-ray photoelectron spectroscopy (XPS) (Fig. 2d) shows
the GF electrode consists of almost all sp>-type carbon from the
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Fig.2 FE-SEM images of (a) GF, (b) EGF, and (c) MEGF. (d) XPS spectra
of C 1s of GF, EGF, and MEGF. (e) XPS spectra of Mn 2p of MEGF. (f) XRD
patterns of GF, EGF, and MEGF.
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peak of binding energy at 284.6 eV. For the XPS spectrum of the
EGF electrode, a peak of C-O binding energy at 286.4 eV is
observed with a sp>-carbon peak of binding energy at 284.6 eV,
which indicates that the EGF electrode was oxidized by elec-
trochemical exfoliation." The XPS spectrum of the MEGF elec-
trode shows similar results that of the EGF in the peak position
of the C 1s of the XPS spectrum and of peaks at 641.9 eV and
653.7 eV corresponding to Mn 2p3/, binding energy and Mn 2p;,
, binding energy, respectively’ (Fig. 2e). These results show that
Mn-containing spherical particles were grown on the EGF
surface.

The X-ray diffraction (XRD) pattern (Fig. 2f) of the GF elec-
trode shows a distinct sharp peak at 26 = 26.5° with a d-spacing
that corresponds to 3.36 A and at 26 = 54.6° for the GF, close to
that of the graphite (002) and (004) peaks.** For the EGF and
MEGF electrodes, the XRD peaks corresponding to the graphite
(002) and (004) broadens, and the peak at 26 = 12.2° with d-
spacing of ca. 7.25 A is similar to that of graphene oxide (001).**
These results suggest that graphite was exfoliated and oxidized
through electrochemical exfoliation in the assembled device.
Also, the MEGF electrode has the XRD peaks at 260 = 36.8° and
65.8°, correspond to that of the amorphous phase of MnO, (006)
and (110) peaks, respectively, (Fig. 2f inset) demonstrating that
MnO, particles were successfully deposited on the EGF
electrode.”

A three-electrode experiment was conducted to evaluate the
electrochemical properties of the fabricated electrode. The
three-electrode configuration was composed of the prepared
electrodes connected to a Pt wire as working electrode, a porous
Pt plate as a counter electrode, and Ag/AgCl as a reference
electrode in a 1 M KNO; electrolyte solution.

When cyclic voltammetry (CV) curves of the electrodes were
measured at a potential ranging from —0.8 to +0.2 V (vs. Ag/
AgCI)** and a scan rate of 10 mV s~ ', the GF and EGF electrodes
show areal capacitance of 44.4 mF cm™> and 756 mF ¢cm ™2,
respectively*> (Fig. 3a). With Brunauer-Emmett-Teller (BET)
analysis, the surface area increased from 17.1 m* g~ for the GF
electrode to 33.5 m> g~ * for the EGF electrode. These results
confirm that the areal capacitance of the GF was about 17 times
improved by the simple in situ electrochemical exfoliation
method. The CV curves of the MEGF electrode were measured at
a potential ranging from +0.2 to +1.2 V (vs. Ag/AgCl)** and a scan
rate of 10 mV s~ and show an areal capacitance of 563 mF
ecm 2, which suggest that the in situ electrochemical exfoliation
method was effective to increase the areal capacitance of GF in
the Mn-containing electrolyte solution (Fig. 3b). Even as the
scan speed is increased from 10 mV s to 100 mV s, both the
EGF and the MEGF electrodes show stable operation in the
general potential window range without any significant original
shape distortion. The galvanostatic charge-discharge (GCD)
curves of the EGF and the MEGF electrodes were produced to
further study the electrochemical properties at various current
densities.

In the EGF electrode, GCD curves show a linear form that
results from the electric double layer capacitor (EDLC) type
behavior® (Fig. 3c). The GCD curves of the MEGF electrode show
a non-linear shape of pseudocapacitive behavior that resulted
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Fig. 3 CV curves of (a) the EGF and (b) MEGF in three-electrode
system at various scan rates. GCD curves of (c) EGF and (d) MEGF at
various current densities. (e) Areal capacitance of the electrodes at
different current densities. (f) EIS analysis of the electrodes.

from the surface-confined faradaic reaction of the active mate-
rials (Fig. 3d).” Due to the increased surface area and pseudo-
capacitive contribution, the areal capacitance of the EGF and
MEGF electrodes calculated from the GCD curve was 223 mF
cm ™ and 98.9 mF cm >, respectively, at a current density of 5
mA cm . Even at a high current density of 50 mA em™>, the
areal capacitances of EGF and MEGF electrodes were 112 mF
cm 2 and 32.6 mF cm ™2, respectively (Fig. 3e).

Electrochemical impedance spectroscopy (EIS) of the GF,
EGF, and MEGF electrodes was conducted in the frequency
range from 1 MHz to 0.01 Hz with an alternating current (AC)
perturbation of 10 mV (Fig. 3f). At high frequencies, the GF,
EGF, and MEGF electrodes equivalent series resistance (ESR) of
1.22 Q, 1.54 Q, and 3.16 Q, respectively, and undetectable
charge transfer resistance (R.).>* These results are due to the
low resistance of the conductive GF electrode and compact
adhesion between the GF electrode and exfoliated graphite or
MnO, particles. At low frequencies, the EGF and MEGF elec-
trodes show capacitive behavior that appeared as a vertical
increase in the imaginary parts of impedance, generally indi-
cating ideal capacitance compared with the GF electrode.”*
These results show that the GF electrode had better capacitive
behavior after electrochemical exfoliation in KNO; or Mn salt-
added KNO; electrolyte.

Based on the results of the three-electrode experiment, the
performance of the device manufactured in situ was measured.
When cyclic voltammetry (CV) curves of the electrodes were
measured at a voltage ranging from 0 to +1.0 V and a scan rate of
10 mV s~ ', the GF//GF device shows areal capacitance of 35.6
mF cm™2%; after electrochemical exfoliation, the EGF//EGF
device shows areal capacitance of 604 mF cm > (Fig. 4a).
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These results confirm that the areal capacitance of the GF//GF
device was about 17 times improved by the simple in situ elec-
trochemical exfoliation method. The CV curves of the EGF//
MEGF electrode were measured at a wider voltage window to
+2.0 V because the operating voltage window is determined by
the sum of work function difference and surface polarization of
positive and negative electrodes.”* The CV curves of the EGF//
MEGF device were measured at a voltage ranging from 0 to
+2.0 V and a scan rate of 10 mV s~ and show areal capacitance
of 535 mF cm ™ ? (Fig. 4b and c). Both the EGF//EGF device and
EGF//MEGF device show stable operation without significant
original shape distortion when the scan speed was increased
from 10 mV s * to 100 mV s~ '. In the EGF//EGF device, GCD
curves are linear (Fig. 4d); those of the EGF//MEGF device are
non-linear (Fig. 4e). The areal capacitance of the EGF//EGF and
EGF//MEGF devices calculated from the GCD curve were 355 mF
em 2 and 405 mF cm ™2, respectively, at a current density of 2
mA cm~ > Even at a high current density of 20 mA cm™?, the
areal capacitances of the EGF//EGF and EGF//MEGF devices
were 169 mF cm > and 94.6 mF cm ™2, respectively (Fig. 4f). Even
after in situ exfoliation and modification of GF in the devices,
these characteristics were highly improved for use as super-
capacitor devices.

The EIS of the EGF//EGF device and EGF//MEGF device was
examined in the same condition as that of the electrodes. At
high frequencies, the GF//GF device, EGF//EGF device, and
EGF//MEGF device show ESR of 3.56 Q, 5.54 Q, and 8.17 Q,
respectively, and the R, of undetectable value, 1.43 Q, and 3.85
Q, respectively (Fig. 5a). Compared to the electrodes, these
values are slightly increased due to the rigid cellulose separator
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Fig. 4 CV curves of (a) the EGF//EGF and (b) EGF//MEGF device with
scan rates. (c) CV curves of the EGF//MEGF device with various cell
voltages. GCD curves of (d) EGF//EGF device and (e) EGF//MEGF
device at various current densities. (f) Areal capacitance of the EGF//
EGF and EGF//MEGF device at different current densities.
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that could not conformally contact the separator and electrodes.
However, at low frequencies, the EGF//EGF device and EGF//
MEGF device showed a vertical increase in the imaginary
parts of impedance, which generally indicates ideal capacitive
behavior.*

Long-term charge and discharge tests were conducted to
explore the electrochemical stabilities of the device with
a current density of 50 mA cm ™~ for 10 000 cycles (Fig. 5b). The
areal capacitance of the EGF//EGF device and EGF//MEGF
device retained 85% and 71% of the initial value, respectively,
indicating good electrochemical stability.

The in situ electrochemical exfoliation and modification
method is applied simply to practical energy storage devices. To
demonstrate the application, the EGF//MEGF device was used
as a power source of a red-light emitting diode (LED). After
charging at applying 2.0 V for 10 minutes, the device was con-
nected to the 1.8 V red LED and successfully showed red-light
illumination (Fig. 5c). Notably, a single hybrid-type super-
capacitor could operate the red LED, which showed that our
device obtains sufficient operating voltage and energy capacity.

After calculating of the power density and energy density of
each device from GCD curves,* these results were plotted on
a Ragone plot and used to compare the energy density and
power density of our devices with those of other super-
capacitors®° (Fig. 5d). At a current density of 2 mA cm ™2, the
energy density of the EGF//EGF device was 49 uW h cm > with
a power density of 1.0 mW cm 2 At current density was
increased to 20 mA cm ™2, energy density decreased to 24 pW h
cm 2, while power density increased to 10 mW cm™ 2. In the
EGF//MEGF device, the energy density was 0.23 mW h cm >
with a power density of 2.0 mW c¢cm™>. As current density was
increased to 20 mA cm 2, energy density decreased to 53 uW h
cm? while power density increased to 20 mW cm 2. At a low
current density, the EGF//MEGF device has a higher energy
density than the EGF//EGF device. Because pseudo-active
materials, for example, MnO, in the EGF//MEGF device offer
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Fig. 5 (a) EIS analysis of the devices. (b) Long-term cycling test of the
devices with a current density of 50 mA cm™2. (c) Digital photograph of
the EGF//MEGF device lightning red LED. (d) Ragone plot of the EGF//
EGF and EGF//MEGF device compared to various supercapacitor
devices.
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electrochemical redox reaction to carbon-like-materials, for
example, graphite in the EGF//EGF device.**> However, the
energy density of the EGF//MEGF device is more attenuated
than that of the EGF//EGF device at a high current density up to
20 mA cm 2. From the EIS plot of devices (Fig. 5a), the EGF//
EGF device showed lower ESR, and R, than the EGF//MEGF
device, indicating the more efficient solution diffusion and
electron transfer in the EGF//EGF device than EGF//MEGF
device. Besides, the slope of the EGF//EGF device is steeper
than that of the EGF//MEGF device, revealing the more superior
ion-transport rate of electrolyte-ions in the EGF//EGF device
than the EGF//MEGF device.*

Nevertheless, the energy and power density of our devices
were higher than those of many other supercapacitors, attrib-
uted to the reduced resistance, high areal capacitance, and
extended operating voltage of our devices.

Therefore, the simple fabrication method, in situ electro-
chemically exfoliated and modified GF in the assembled device,
produced supercapacitor devices that exhibited superior
performance and substantial promise for energy storage
applications.

Conclusions

In summary, we simply fabricated high-performance super-
capacitor devices using in situ electrochemical exfoliation and
modification of GF in assembled devices. The areal capacitance
of the EGF//EGF and EGF//MEGF device reached 355 mF cm ™2
and 405 mF cm >, respectively, at a current density of 2 mA
em™ 2. As current density increased to 20 mA cm >, the areal
capacitance retained 47.6% for the EGF//EGF device and 23.4%
for the EGF//MEGF device, respectively, of these initial values.
With small resistance and high areal capacitance, the EGF//EGF
device shows high energy and power density of 24-49 uW h
em™? and 1.0-10 mW cm™?, respectively. In addition, such
a wide operating voltage resulted in the remarkable energy
density and power density of 53 uW h cm ™2 to 0.23 mW h cm 2
and 2.0 to 20 mW cm 2, respectively, for the EGF//MEGF device.
The energy density and power density were better than those of
many supercapacitor devices. Also, long-term charge and
discharge tests revealed excellent electrochemical stabilities.
The method, in situ electrochemically exfoliated and modified
GF in the assembled device, shows substantial promise to
simply fabricate supercapacitor devices that which exhibit
superior performance for energy storage applications. These
results can be attributed to the microstructure and electro-
chemistry of the materials in the electronic devices prepared by
the in situ electrochemical reaction.
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