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Abstract Graphene with highly flaky state has been success-
fully prepared through chemical reduction process with the
assistance of potassium chloride (KCI) to enhance the ionic
strength in the aqueous solution. The microstructure of gra-
phene sheets (GS) prepared in different solutions was com-
pared and the effect of the KCI on the dispersion of GS was
investigated. The buoyancy and repulsive force from the ions
in the solution were effective to prevent the graphene sheets
from agglomerating with each other. SEM and TEM images
showed that the graphene reduced in KCI solution has kept the
highly flaky state whereas the graphene reduced in pure water
has curled and re-stacked together. As for supercapacitor
electrode application, the highly flaky graphene showed much
higher specific capacitance than the agglomerated one in 1 M
Li,SOy electrolyte. The more accessible surface of the gra-
phene reduced with KCl assistance effectively enhanced the
electric double layer capacitance.

Keywords Graphene - KCI - Ionic strength -
Agglomeration - Supercapacitor
Introduction
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Graphene, a new class of carbon material consisting of a sp
atom network, has attracted extensive research interests due

R. Chen - S. Yu (<)) - R. Sun (0<)) - W. Yang

Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences and the Chinese University of Hong Kong,
Shenzhen 518055, China

e-mail: yuushu@gmail.com

e-mail: rong.sun(@siat.ac.cn

R. Chen * Y. Zhao

School of Chemistry and Chemical Engineering,
University of South China,

Hengyang 421001, China

to its extraordinary mechanical, electrical and thermal prop-
erties [1-4]. It has been expected to be applied in nano-
electronics [5, 6], sensors [7, 8], supercapacitors [9—11],
transparent electrodes [12—14], and transistors [15]. In light
of the fact that the graphene has many superior features and
functions, a large amount of this two-dimensional nanoma-
terial is desired in industrialized manufacture. However,
high quality and large-scale preparation of the graphene
with uniform thickness still faces many challenges [16, 17].

Graphene has been prepared in several methods. In the
year 2004, mechanical exfoliation of graphene was reported
[18] and then appeared chemical vapor deposition [19] and
chemical reduction of graphene oxide. The chemical reduc-
tion of graphene oxide generally employed hydrazine [20],
dimethylhydrazine [21], hydrobromic acid [22] (or hydroiodic
acid [23]) or NaBH, [24] as the reducing agent. However,
when these reducing agents were used in liquid state, the
reduced graphene generally tended to agglomerate into big
lumps. To solve this problem, surfactants were used to stabi-
lize the graphene dispersion during the reducing process
[25-27]. But it was still hard to acquire graphene with flaky
state in mass weight and the excess use of surfactants would
bear on the environment.

As a prospect of the supercapacitor electrode material,
graphene has shown a specific capacitance as high as 348 F
g 'in 1 M H,SO4 [22]. Although the specific capacitance of
the graphene in acid or alkaline electrolyte has shown much
higher values than that in neutral electrolyte which is nor-
mally lower than 100 Fg~' [28], it should be noted that the
latter is preferred in view of the safety and environment
protection.

In this paper, we report an effective way to produce
graphene with highly flaky state by adding KCI to assist
enhancing ionic strength of the aqueous solution and using
hydrazine as reducing agent. The effect of KCIl on the
dispersion of the graphene sheets obtained through the
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chemical reduction of graphene oxide was investigated. The
electrochemical properties of the derived graphene have
been characterized for supercapacitor application in neutral
Li,S0O, electrolyte.

Experimental
Synthesis of graphene sheets

Graphite oxide (GO) was prepared from graphite powder (GP;
<30 pm, Sinopharm Chemical Reagent Co., Ltd) by a modified
Hummers method [29]. In a typical process, 5 g of GP was first
pre-oxidized in a three-neck flask at 80 °C for 4 h with 30 ml
concentrated H,SO4 (98 %). After cooling down to room
temperature, the three-neck flask was transferred to an ultra-
sonic cleaner and sonicated for 2 h (400 W, 40 MHz). The
mixture was diluted and washed with deionized (DI) water.
After vacuum drying at 70 °C for 24 h, the pre-oxidized GP was
attained which was then further oxidized with Hummers meth-
od. In a typical process, the pre-oxidized GP was added to the
three-neck flask again at a low temperature (<10 °C); 100 ml
concentrated sulfuric acid (98 %) and 2.5 g sodium nitrate were
used to oxidize the pre-oxidized GP for 30 min. After adding
20 g potassium permanganate, the temperature was increased to
35 °C for another 30 min. The slurry was slowly diluted by
about 200 ml DI water to get brown dispersion. Then the
temperature was increased to 98 °C and kept at this temperature
for about 10 min. The color of the dispersion was changed to
brown-yellow. Then 75 ml water was added to the solution to
dilute the dispersion again. After reducing the by-producing
manganese dioxide with 30 ml of H,O, (30 %), the dispersion
was centrifuged at a speed of 7,200 rpm. Diluted HCI1 (37.5 %
concentrated hydrochloric acid 1:10 diluted with water in vol-
ume) and DI water were further used to wash the slurry.

The GO was reduced with hydrazine hydrate in an oil bath
reflux apparatus with a water-cooled condenser at 100 °C for
4 h. In a typical procedure, 0.5 g GO was ultrasonically
exfoliated in 500 ml DI water for 2 h. Then 37.28 g
(0.50 mol) KCI solid powder was added to the solution and
stirred to get floccose exfoliated GO dispersion; 5.5 ml 80 %
hydrazine hydrate was added to the solution as reducing agent.
The as-prepared graphene sheet (GS) was filtered and washed
with water. Finally, the GS was freezing-dried for 24 h and the
graphene sheet in KCl (aq) (GSK) sample was then obtained.
For a comparative experiment, the GO was reduced in pure
water to attain the graphene sheet in water (GSW) with the
same procedure.

Characterization of the GS samples

Morphological features of the GS were studied using a
scanning electron microscopy (SEM, Hitachi S-4800
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Fig. 1 Photograph of exfoliated GO and GS in different solutions. The
arrows show shat the exfoliated GO is reduced to GS in DI water and
KCl (aq), respectively

equipped with an energy dispersive X-ray (EDX) spectro-
scope) and a transmission electron microscopy (TEM, JEOL
-2100 F, 200 keV). The thermogravimetric analysis (TGA)
weight loss was tested on a Q600 under N, flow with a
temperature increasing scan rate of 10 °C/min. The XRD
results were attained from a Rigaku SmartLab (Cu Ko, A=
0.15406 nm) and Raman data were measured on a Renishaw
InVia Raman microscope equipped with an excitation laser
at 785 nm, respectively. Brunauer—-Emmett—Teller (BET)
surface areas were measured on a micromeritics ASAP
2020 system using nitrogen adsorption at 77 K.

Preparation of supercapacitor electrodes
and electrochemical measurements

The as-prepared GS sample was mixed with poly(tetra-
fluoroethylene) (PTFE, 60 % in water) by a mass ratio of
9:1 using ethanol as solvent. After ultrasonic mixing up for
20 min, the slurry was coated onto 1.5 cm diameter nickel
foam wafers and dried at 70 °C for 5 h. After the electrodes
were pressed with 20 MPa, one of the Ni foam electrodes
was used as the working electrode where a platinum foil and
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Fig. 2 Schematic illustration of the GO exfoliated and reduced to GS
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Table 1 Elements’ percent of the GO, GOK, GSW, GSK (note: GOK means exfoliated GO in KCI solution)

Element GO GOK GSW GSK

Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic%
CK 64.32 70.60 53.52 65.82 78.96 83.33 82.89 87.12
OK 35.68 29.40 29.76 27.47 21.04 16.67 15.76 12.44
KK - - 6.80 2.57 - - 1.23 0.40
CIK - - 9.92 4.14 - - 0.12 0.04
Totals 100.00

Ag/AgCl electrode as the counter and reference electrodes
for cyclic voltammograms (CV) measurements on a Zen-
nium electrochemical workstation. Two electrodes were
packaged in a 2032 test cell mold (Tianjin Liangnuo scien-
tific Co. Ltd.) and a porous nonwoven cloth was used as
separator for the galvanostatic charge/discharge testing on a
LAND cell tester.

Results and discussion
Effect of KCI on the GS preparation process

Figure 1 presents the photograph of exfoliated GO reduced
to GS in DI water and KCl (aq), respectively. The GS in
bottle (b) has deposited to the bottom. In contrast, when GO
was reduced in KCI solution, most of the derived GS was
floating in the solution (bottle (d)). The prominent differ-
ence indicates that KCI substantially improves the disper-
sion of GS through the reduction process.

In order to illustrate the effect of KCI on the formation of
the highly dispersed GS, a schematic process is proposed, as
shown in Fig. 2, in which (a)—(b) indicates the formation
process of GS in DI water and (a)—(b)—(c) in KCI solution.
When GO is exfoliated in DI water, a homogeneous yellow-
brown solution is attained as shown in Fig. 2a and b shows
the universal phenomenon that after the exfoliated GO is
chemically reduced, the obtained GS agglomerates severely.
In contrast, as KClI is introduced to the process, the salt
solution with high ionic strength is obtained. As a result, the
exfoliated GO could stably flocculate and float in the solution,
as shown in Fig. 2c. Owing to the high ionic strength in the
KCl solution, the K™ ion could intercalate easily into the layer
interspace of the GO and form new bonds with the oxygen
groups. This speculation could be perceived by the EDX
results of the GSK sample that the atomic amount of potassium
is almost ten times of the chlorine as shown in Table 1. Results
also show that the C/O ratios in the GSK and GSW are 7:1 and
5:1, respectively, indicating that less oxygens are left in GSK
than in GSW. For GSK, the left amount of K is much higher
than that of C1 (0.40 % vs. 0.04 %), indicating that K is more

possible to interact with the oxygen groups in GO. As
shown in Fig. 2d, after it was reduced to GSK which has
less oxygenic groups than the GO, the as-prepared graphene
sample could float in the KCI solution. The repulsive force
arising from the K" ions on the plane surfaces of GO causes
the flaky GO to detach away from each other. Due to the
high ionic strength and buoyancy of the solution, the gra-
phene sheets could float independently. As a result, the
GSK could keep a stretched surface in the salt solution
and less agglomeratation could occur than the GSW. The
BET surface area of the GSK is 676.5 m*/g while the GSW
is only 372.7 m*/g.

Figure 3 shows the TGA curves of the GO, GSW and GSK.
The weight of GO has decreased by about 43.8 % before 300 °
C and both of the GSW and GSK have decreased less than 1 %
at this temperature. The weight loss of the GSK or GSW is
much smaller than that of GO. It suggests that the GO has
been reduced to GS in KCI (aq) or water. The slight deviation
of the weight loss at high temperature can be attributed to the
oxygen level of the reduced GS that is gasifiable.

Microstructure characterization

Figure 4 shows the typical SEM images of GSK: (a) and (b),
and GSW: (c) and (d). Figure 4a shows the typical plane GS
at low amplified magnification after freezing dry. As shown
in Fig. 4b at high magnification, most of the GSK presents

100 4

90 4

80

70 4

60

Weight loss (%)

+~ 43.8%

50 <

40 T T T T T T T
1000 200 300 400 500 600 700
Temperature (C)

Fig. 3 The TGA curves of the GO, GSK, and GSW
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Fig. 4 SEM images of the
GSK: a and b, and GSW: ¢ and
d at different magnifications
(the inserted ones in b and d
show clearer difference
between the two types of GS at
higher magnification)

flaky state and stretches like flowers which are not agglom-
erating. While the GSW shown in Fig. 4c and d as well as in
the inserted image, is re-stacking and looks like bricks at

high magnification.

Fig. 5 The TEM images of the GSK (a) (the inserted HRTEM image
shows the edge of one flaky GSK) and GSW (b)
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Fig. 6 X-ray diffraction patterns (a) and Raman spectrums (b) of GP,
GO, GSW, and GSK
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TEM images in Fig. 5 show clearer difference between
the typical GS reduced in KCI (aq) (a) and water (b). In
Fig. Sa and the inserted image (up-right corner), the GSK
shows superior flaky state and the film is transparent and
stretching. Although the films are slightly winded, it is easy
to identify the edge and contour. In contrast, the GSW in
Fig. 5b is severely wrapped to each other and shows no
obvious edge and contour. The results indicate that in the
salt solution with high ionic strength, the reduced GS can
hold its flaky state and prevent caking.

Figure 6a shows the XRD patterns of GP, GO, GSW and
GSK. The GP shows a strong (002) peak at 26.4° while a
(001) peak at 9.3° with strong intensity appears for GO. For
GSW, a high-intensity and triangle peak appears around
23.8°. It is worth noting that the (002) peak of GSK is
located at 26.5° which is close to the peak of the graphite
[30]. The low intensity of the peak indicates that when it
was reduced in KCI aqueous, the GS could keep its flaky
state with fewer stacking structure than that reduced in
water. Furthermore, because of the curly state for the
GSW, the inner oxygenic groups are not sufficiently reduced
resulting in the shift of the (002) peak to a smaller 26 angle,
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Fig. 7 CV curves of the GSK (a) and GSW (b) at different scan rates
of 10, 20, 50, and 100 mV s (increased directly as the arrows)
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Fig. 8 Galvanostatic charge and discharge curves of the GSK (a) and
GSW (b) supercapacitor at current densities of 50, 100, 250, and
500 mA/g, and the specific capacitance of 1,000 cycles (c), the inserted
ones are five galvanostatic charge/discharge curves of GSK and GSW
at the highest specific capacitance

as supported by the EDX analysis. Figure 6b shows the
typical Raman spectrums of the GP, GO, GSW and GSK.
The two dominant peaks are assigned to D-band at
1,350 cm ' and G-band at about 1,575 cm'. And the weak
peak at 2,709 cm ™' is ascribed to 2D-band. The G-band of
GP is sharper and the intensity is higher than D-band
whereas the intensity of 2D-band is also strong. After the
GP is oxidized to GO, the D-band is still lower than the G-
band. However, for both GSK and GSW, the intensity of D-
bands is strengthened and close to the G-bands. Because the D-
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band and G-band corresponds respectively to the occurrence of
the sp” C with defects and the zone center E2g mode relates to
phonon vibration in sp carbon atoms [31], this change well
demonstrates that the GP has been exfoliated to GS flakes.
Amazing for 2D-band, it has been weakened after going
through the experimental process.

Electrochemical properties

The CV and galvanostatic charge/discharge curves are usu-
ally used to characterize the performance of the supercapa-
citor. Figure 7 shows the CV curves of the GSK (a) and
GSW (b) as supercapacitor electrodes measured at different
scan rates of 10, 20, 50, and 100 mV s ! increased
directly as indicated by the arrows in 1 M Li,SOy4
electrolyte. The CV curves do not show any obvious
faradaic properties in this electrolyte. The measurement
for the highly flaky GSK at 50 mV s~' is much closer to
a quasi-rectangular shape with small distortion, indicating
that it has a more ideal capacitive property than the
GSW [22]. Correspondingly, the CV curves of the highly
flaky GSK show a much larger area which means that it
can provide better electric double layer capacitance than
the agglomerated GSW.

The galvanostatic charge/discharge performance and spe-
cific capacitance of the two GS samples are shown in Fig. 8.
All the curves are linear and nearly symmetrical at various
current densities from 50 to 500 mA g '. For practical
application, we measured the specific capacitance of the
GS with two-electrode supercapacitor. The specific capaci-
tance was calculated using the following equation:

_ 2IAt
T mAV

where [ is the discharge current density, At is the time
elapsed for the discharge, m is the mass of the GS in one
electrode and AV is the voltage interval of the discharge
(excluding the iR drop). As shown in Fig. 8a and b, the GSK
has shown much longer charge/discharge time for one cycle
than the GSW at the same discharge current density, which
means that it could have much higher specific capacitance.
The cycle characterization and the specific capacitance of
the two samples are shown in Fig. 8c. As shown in the
figure, the capacitance of GSW is only about 64 Fg ™' which
keeps up to 97 % after 1,000 cycles. But the cyclic perfor-
mance of GSK shows about 150 Fg ' at the first galvano-
static charge/discharge cycle and then increases to 173 Fg ™!
at the 1,000th cycle. Since the contactable area of the GS for
the electrolyte ions is one of the most important factors to
affect the electric double layer capacitance, the high flaky
state GS which is stretching like flowers demonstrates much
more passages and then higher specific capacitance than the
curled and re-stacked one like sticks.

ClIl
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Conclusions

In this study, high ionic strength KCI solution has been
introduced to the chemical reduction of graphene oxide.
We found that the derived GS could keep its flaky state
and stretch like flowers after the reduction and drying pro-
cess. In contrast to that obtained in the KClI solution, the GS
reduced in pure water has re-stacked and agglomerated
together. Because of the high concentration of the ions in
the solution, the buoyancy and repulsive force has prevented
the GS from re-stacking to each other when and after it was
reduced. The highly flaky GS has shown much larger spe-
cific capacitance than the agglomerated GS in 1 M Li,SO4
electrolyte. This study provides a guidance in obtaining
stretched graphene sheets with large surface area, which
demonstrates high electric double layer capacitance when
being used as supercapacitor electrodes.
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