Intercalation pseudocapacitance of expanded graphite in sodium-ion capacitors
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The intercalation pseudocapacitance of expanded graphite (EG) which was prepared by a process of oxidation and partial reduction on pristine
graphite was investigated in this work. The structure of EG was characterised by X-ray diffraction (XRD) and high-resolution transmission
electron microscope (HRTEM), and the electrochemical performance of EG was measured by cyclic voltammetry, galvanostatic charge—
discharge and electrochemical impedance spectroscopy. The interlayer distance of EG is enlarged from 0.34 to 0.40 nm, which is
demonstrated by XRD and HRTEM. EG electrode exhibits a specific capacitance of 228 F/g at current density of 0.5 A/g. Moreover, the
material shows excellent cycle stability after 2000 charge—discharge cycles at a current density of 1 A/g. EG could be a very promising

material for the supercapacitors industry.

1. Introduction: Nowadays, as people pay more attention to
energy and environmental problems, non-conventional energy
devices such as batteries, fuel cells and supercapacitors have been
widely researched throughout the world [1-6]. Electrochemical
supercapacitors, which are one of the non-conventional energy
devices, have attracted considerable interest because of their high
specific capacitance, high-power density and long cycle life
[7-9]. Based on the energy storage mechanisms, supercapacitors
can be divided into two categories: electrical double layer
capacitors and pseudocapacitors [10]. Generally speaking, the
latter exhibits much higher specific capacitances than the former.

Intercalation pseudocapacitance, as one of three mechanisms
leading to pseudocapacitance, occurs when ions intercalate into
interlayer gaps (van der Waals gaps) of layered or tunnel materials
accompanied by a faradaic charge transfer with no crystallographic
phase change [11, 12]. The relevant materials exhibiting intercal-
ation pseudocapacitance are 0-MoO; [11], orthorhombic Nb,Os
[13], MoS, nanosheets [14], exfoliated MoS, [12], MoO;_, nano-
belt/carbon nanotube films [15], MoO, [16]. Although most of
these materials are intercalated by Li*, Na* intercalated electrode
materials are attracting people’s attention due to the natural abun-
dance and low cost of sodium compared with lithium [17, 18].

Expanded graphite (EG) has been used as anode materials for
sodium-ion batteries due to its larger interlayer distance compared
with graphite that can hardly be intercalated by Na* [19, 20]. In
this Letter, we report the synthesis and intercalation pseudocapaci-
tance of EG in sodium-ion capacitors.
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Fig. 1 XRD patterns of PG, GO and EG

Micro & Nano Letters, 2018, Vol. 13, Iss. 5, pp. 669-672
doi: 10.1049/mnl.2017.0714

2. Experimental procedure: Graphite oxide (GO) was prepared
from pristine graphite (PG) by using modified Hummer’s method
as described by Wen et al. [19]. EG was synthesised via partial
reducing process of GO. In tube furnace GO powder was put into
a quartz boat under the protection of nitrogen. The temperature is
raised from 20 to 600°C with a heating rate of 5 °C/min and kept
for 1h, and allowed to cool to ambient temperature. After that
this simple was collected.

Powder X-ray diffraction (XRD) patterns were recorded on
a Bruker D8 Advance diffractometer with CuKo radiation
(A=0.15406 nm). High-resolution transmission electron micro-
scope (HRTEM) was carried out with a JEOL 2010 microscope.
The electrode was formed by mixing EG or PG, ketjen black and
PTFE as binder with a mass ratio of 85:10:5 on a thin sheet of
foamed nickel, and the electrochemical measurements were per-
formed in a three-electrode system on a computerised potentiostat
(CHI660C electrochemical workstation), in which EG or PG was
used as the working electrode; a platinum foil and an Hg/HgO

Fig. 2 HRTEM images of
a PG

b GO

¢, d EG
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were used as the counter and reference electrodes, respectively. 2 M
NaOH was used as the electrolyte. The electrochemical measure-
ments include cyclic voltammetry (CV), galvanostatic current
charge discharge and electrochemical impedance spectroscopy
(EIS). The specific capacitance of the electrode materials was calcu-
lated from the charge—discharge curves using :

It

C=—— 1

mAV M
where /, £, m and AV are applied current, discharge time, active mass
and voltage, respectively.

3. Results and discussion: In order to analyse the crystal structure,
the three samples of PG, GO and EG were characterised by XRD
and the XRD patterns are shown in Fig. 1. The XRD pattern of
PG exhibits a sharp peak at 260=26.4°, corresponding to the
(002) crystal planes of the typical graphite layer with an
interlayer distance of 0.34 nm. After oxidation, the peak of GO
shifts to 20=11.5°, suggesting an enlarged interlayer distance.
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Fig. 3 Capacitive performances of EG

a CVs of EG electrode at the different sweep rates
b Extrapolation of ¢ to v=o0 from the ¢ versus v~
charge

¢ Extrapolation of ¢ to v=0 from the ¢~ versus v"? plot given the total
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This is because the intercalation of oxygen-containing groups
attached to two sides of the single graphene plane, causing
distortion of the interlayer structure. The diffraction peak of EG
turns back to 20=25.1°, which is smaller than that of PG,
exhibiting a graphite-like structure with a larger interlayer distance.

In order to investigate the microstructure of the samples, further
structural analyses were conducted by using HRTEM. As depicted
in Fig. 2a, long-range ordered lattices were clearly observed in the
PG. The distances between the two adjacent lattice planes are mea-
sured to be 0.34 nm. In Fig. 2b, long-range order is interrupted by
tremendous insertion of oxygen in the graphite interlayer after oxi-
dation, leaving a pattern with only localised short-range ordering,
and the observed fringe spacing of GO is 0.75 nm. After thermal
reduction, as shown in Figs. 2¢ and d, EG tends to long-range
order morphology, which is much easier for intercalation of
sodium ion. Moreover, the interlayer distance is significantly
boosted from 0.34 to 0.40 nm. Obviously, the distance between
PG layers is expanded after the oxidation reactions due to the inser-
tion of oxygen-containing groups.

From the XRD and HRTEM patterns, it becomes apparent that
the graphite was expanded, and the interlayer distance is enlarged
from 0.34 to 0.40 nm

The capacitive performances of EG were demonstrated by CV
tests. The CV measurement has been carried out using various
scan rates in the voltage range of —1 to 0 V at room temperature
in 2.0 M NaOH electrolyte, as shown in Fig. 3a. These CV patterns
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Fig. 4 Capacitive performances of EG and PG
a GCD profiles of EG

b GCD profiles of EG anf PG

¢ Specific capacitance of EG anf PG
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Fig. 5 Electrochemical performances of EG
a Nyquist plot and fitting curve for EG electrode
b Cycling stability of EG electrode

show a nearly rectangular mirror-image current response on voltage
reversal without obvious redox peaks. Remarkably, the semi-
rectangular shape of CV curve for EG electrode is maintained at
the high scan rate of 200 mV/s, indicating the good capacitance be-
haviour and low contact resistance.

In order to investigate the charge and discharge mechanism
of EG, the functions between voltammetric charges (¢) and scan
rate have been erected. The dependences of ¢ on v and ¢~
on v"? are shown in Fig. 3. At a high scan rate, the electrochemical
response depends only on the outer active surface due to the slow
intercalation of Na" into the lattice of EG caused by diffusion limi-
tation. The extrapolation of ¢ to v= oo from the ¢ versus v~ plot
(Fig. 3b) gives the outer charge (go), which is related to the outer
and more accessible active surface. At a low scan rate, Na+ has
enough time to diffuse into the lattice of EG. The extrapolation
of ¢ to v=0 from the ¢~' versus v (Fig. 3¢) gives the total
charge (¢gt) [21, 22]. gt and g, are 0.560 and 0.187 C, respectively,
and the percentage of outer charge is 33.4%, suggesting that the
charge storage mechanism is mainly based on intercalation
pseudocapacitance.

Further research about the reliable capacitive performance of
EG electrode is investigated. Fig. 4a shows the galvanostatic
charge—discharge (GCD) curves of the EG electrode tested at
different current densities from 1 to 20 A/g. The triangular
charge—discharge characteristics are systematically increased, sug-
gesting that the supercapacitor based on EG has good electrochem-
ical reversibility and charge-discharge performances. From Fig. 4b,
the contrast of charge—discharge time between EG with PG is
clearly provided, and charge—discharge time of the former is
higher than the latter. An even more striking comparison is from
Fig. 4c. The discharge capacitances of EG and PG were calculated
and plotted as a function of current density. The EG electrode deli-
vers very large capacitances of 228, 193, 146.8, 117.5, 106 and
108 F/g at current densities of 0.5, 1, 2, 5 and 10 A/g, respectively.
By comparison, PG electrode shows low capacitances of 72.4, 15.6,
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13.8, 12.5 and 11.0 F/g at current densities of 0.5, 1, 2, 5 and
10 A/g, respectively. The specific capacitance of EG is higher
than that of activated carbons as previously reported by other
groups [23, 24].

Fig. 5a represents the EIS spectrum of EG electrode in the fre-
quency ranging from 0.01 to 5000 Hz and its equivalent circuit
according to ZSimpWin software. The results show that R,
which represents electrolyte resistance, is 0.728 Q. Meanwhile,
charge transport resistance (R.) is only 1.105 Q. The low value
of R is desired for high-power density of supercapacitors. The
exponent of CPE2 is 0.905, indicating the remarkable intercalation
pseudocapacitance. Hence, EIS results suggest EG as a good
alternative for high-performance supercapacitor application.
The long-term electrochemical stability of EG electrode was
tested by repeated GCD cycling about 2000 cycles at a current
density of 1 A/g. Fig. 5b clearly illustrates that the EG electrode
possesses capacitance retention of about 81.06% even after
2000 cycles.

4. Conclusion: In this Letter, EG was prepared by a process
of oxidation and partial reduction on PG. The results of XRD
and HRTEM show that the interlayer distance of EG is enlarged
from 0.34 to 0.40 nm. The EG electrode exhibits a specific
capacitance of 228 F/g at 0.5 A/g in three electrode system.
Furthermore, the material shows excellent cycle stability after
2000 charge—discharge cycles at a current density of 1 A/g. EG is
a promising candidate for application in sodium-ion capacitors.
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