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Reduced Graphene Oxide Nanocomposites as Supercapacitor Electrodes
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( Research Institute of Micro/Nano Science and Technology, Shanghai Jiao Tong University ,
Shanghai 200240, China)

Abstract; Nanocomposites of polypyrrole (Ppy) and chemically reduced graphene oxide ( CRGO), Ppy/
CRGO, have been fabricated through in-situ polymerization of pyrrole on graphene oxide (GO) sheets. The as-
synthesized Ppy/CRGO composites were characterized complementarily using scanning electron microscopy
(SEM) , thermogravimetric analysis (TGA) and Fourier transformed infrared spectroscopy ( FT-IR). By control-
ling the initial ratio of the GO to pyrrole, the layered composites could be obtained and their thickness could be
tuned properly. The Ppy/CRGO electrodes were prepared using a mechanical compressing technique and their elec-
trical conductivity and electrochemical properties were characterized systematically. We demonstrated that as elec-
trodes for supercapacitor, the Ppy/CRGO composites with Ppy to CRGO mass ratio of 10:1 showed a competitive
capacitance of 421 F - g~ that could be further increased to 509 F + ¢”' by introducing pores in it, which is higher
than that of Ppy alone. Given the manifest electrical and electrochemical properties, we envisage that the Ppy/

CRGO composites should find applications in supercapacitors.
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The renewable energy source exploration and
energy storage technology development have attrac-
ted great attentions during last few decades''”’. The
energy storage technology has been considered as
one of the key factors for industrializing the renew-

[67]

able energy resources As one of the mainly

used energy storage devices, supercapacitor has been
widely used in high power pulsed lasers, electric ve-
hicles, digital telecommunication systems, uninter-
ruptible power supply for high power devices'***) |
owing to their advantages of short charging time,
long cycle life, thermal stability, energy reversibility

[9-11]

and high power capacitance . Generally, the su-
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percapacitors can be divided into two categories ac-
cording to the energy storage mechanisms. One is
the electrical double-layer capacitor ( EDLC), in
which the energy is stored by the ions being ab-
sorbed on the interface between the electrode ( such
as high-area carbon material ) and the electro-

[7,9-10]

lyte The other is the pseudocapacitor, in
which the energy is stored through redox reaction at
the surface and internal of the electrode materi-

79121 Due to the redox reaction conducted in

als
the electrode, the cycle life and capacitance stability
of pseudocapacitor remain to be improved[m.

Besides the high electrical conductivity and de-
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cent stability, the ideal electrode material for super-

[13]

capacitor should have exceptional capacity " . Sev-

eral carbon materials, such as activated -car-

[14-16] [17-18]

bons , mesoporous carbons

16,1920 [10,21

, carbon nano-

tubes' and graphene I, have been used as

electrode materials for supercapacitors, but the poor
mechanical property ( fragmented easily ) is their

1721 Conduc-

, polypyr-
and polythiophene'”’’ | have also been em-

drawback for practical applications

ting polymers, such as polyaniline'”>"

role! 52
ployed as electrode materials of supercapacitor with
enhanced mechanical strength over the carbon mate-
rials, but their capacities and the stability are rela-

tively lower ®"* %%/

Consequently, in order to
produce an electrode with high capacitance, good
cycling stability and excellent mechanical strength,
the composites of carbon materials and conducting
polymer have been explored. For example, using
graphene/Ppy composite coated on glass carbon or
Pt electrodes, the capacitors with the capacitances of
482 F - g~' at a current density of 0.5 A - g™',
and of 267 F - g~ ' at the scan rate of 0.1 V » s~
have been reached'®"'.

In this work, layered composites of Ppy and
chemically reduced graphene oxide ( CRGO) have
been synthesized simply through in-situ polymeriza-
tion of pyrrole on the graphene oxide ( GO) sheets.
Two kinds of the Ppy/CRGO electrodes, the solid
ones and the porous ones, were prepared. The
morphologies and properties of as-synthesized Ppy/
CRGO composites and the electrodes were charac-
terized. It was demonstrated that the as-prepared
porous electrodes showed the competitive capaci-
tance of 509 F - g~' at a scan rate of 0. 005 V -

-1
S .

1 Experimental

1.1 Materials
Graphite ( crystalline powders, ~ 500 mesh )

was purchased from Shanghai Yifan Company
( Shanghai, China ). NaNO,, KMnO,, pyrrole
monomer and ammonium persulfate ( APS) were

purchased from Sinopharm Chemical Reagent Co.,

Ltd. Ethanol, HCI and H,SO, were acquired from
Shanghai Lingfeng Chemical Reagent Co., Ltd.
( Shanghai, China). GO was prepared through a

procedure described previously ™'

1.2 Synthesis of Ppy/CRGO Composite
Ppy/CRGO composites were prepared through

an in-situ polymerization procedure. The pyrrole
monomer was pre-purified by distillation under vacu-
um to remove impurities. In a typical experiment,
10 mg GO was dispersed in 40 mL of H,O by ultra-
sonication, then 104 pwL (100 mg) of purified pyr-
role monomer was added into the GO suspension in
an ice bath, and then stirred for 30 min. Finally, 10
mL of APS (34% ,by mass) was slowly added into
the mixture, and it was observed that the suspension
turned immediately from transparent to black. The
reaction mixture was continually stirred for 30 min.
The solid product was separated by filtration,
washed alternately by ethanol and distilled water,
each for 3 times, to remove the excess pyrrole mon-
omer and APS, and dried finally under vacuum for
12 h at 40 C. Through the same procedure, the
composites with the initial pyrrole to GO ratios of
100:1, 50:1, 10:1, 5:1, 3:1 and 2:1 in weight
were prepared, and named as PG100, PG50,
PG10, PG5, PG3 and PG2, respectively. Mean-
while, for comparison, pure Ppy was also prepared

using the aforementioned procedure.
1.3 Preparation of Electrode

To prepare solid Ppy/CRGO electrodes, typi-
cally, 5 mg Ppy/CRGO was pressed into a circle
wafer of 6 mm in diameter under a pressure of 2.5
MPa. Then, one side of the wafer was painted with
silver conductive adhesive, and at the same time, a
thin copper wire was connected onto it. Additional-
ly, a passive layer ( Epoxy) was deposited on the
silver conductive adhesive and copper wire. The Ppy
electrode was prepared with the same method.

To prepare the porous Ppy/CRGO electrodes,
the Ppy/CRGO was mixed with microsized CaCO,
particles and ground completely. Subsequently, the

mixture was pressed into a wafer of 6 mm in diame-
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ter under 2.5 MPa. The wafer was incubed in 1 mol or
-1
L~ HCI for 12 h to remove CaCO, and washed by Capacitance (C, ) = — i o (2)

distilled water 3 times to remove the residual Ca’*
and Cl .

1.4 Characterizations

The morphologies of composites and electrodes
were characterized using FESEM ( Zeiss ultra 55,
Germany ) operated at an accelerating voltage of 2.0
kV. The FT-IR spectra were acquired on an EQUI-
NOX 55 FT-IR spectrometer ( Bruker, Germany ).
The specimens for FT-IR measurement were pre-
pared by grinding the dried powders of Ppy/CRGO
composites and KBr together, and then compressed
into thin pellets under 20 MPa. TGA analysis was
performed TG209 F1
(ZETZSCH, Germany). A heating rate was set to

on Thermogravimeter
10 C - min~' and the analytical temperature region
was from 30 to 800 C. The BET of the electrodes
were measured on ASAP 2020 automatic surface are-
a and porosity analyzer ( Micromeritics, USA).
1.5 Electrochemical Property Measurements of
the Ppy/CRGO Composite Electrode

The electrical conductivity measurement of the
Ppy/CRGO composite electrodes was conducted on
a SZ-82 digital four-point probe system ( Suzhou,
China). Cyclic voltammetry ( CV ), galvanostatic
charge-discharge curves and electrochemcial imped-
ance spectra ( EIS) were measured on a CHI 660C
three-electrode electrochemical workstation ( Shang-
hai, China) equipped with a Ag/AgCl as the refer-
ence electrode and a platinum wire as the counter e-
lectrode. The electrolyte was 2 mol - L' H,SO, a-
queous solution. The CV curves were scanned from
0.005V -5 't00.1V-s' within —0.2 ~0.45
V. The galvanostatic charge-discharge tests were car-
ried out at the current density between 0.25 A - g~'
and 5 A - g7'. The EIS was recorded under the fre-
quency range from 0. 01 Hz to 100 kHz.

The capacitance of the single cell can be calcu-
lated from:
IAt

AVm (1)

Capacitance(C,,) =

where [ is the constant current, At is the discharge
time, AV is the interval between the highest and the
lowest scanning voltages, m is the mass of compos-
ite in the electrode, S is the area of current-potential
curve in CV test, and v is the potential scan rate.
The energy density and power density can then be e-
valuated based on the following equations :
c,V’

m

2

Energy density(E, ) = (3)

(4)

E
Power density (P, ) = 7"‘

where V is the largest voltage range that the elec-

trode can reach and m is the mass of the sample.
2 Results and Discussion

2.1 Characterizations

The Ppy/CRGO composites were prepared by
in-situ polymerization of the pyrrole on GO. The
FESEM images of pure Ppy, GO and Ppy/CRGO
composites are shown in Fig. 1A ~F.

The pure Ppy assumes a typical spherical mor-
phology with a diameter about 300 nm (Fig. 1A).
The particles are agglomerated due to physical fusing
or the crossing polymerization among the particles.
The original GO used in the work shows unique two
dimensional (2D) layered structure. More interest-
ingly, as shown in Fig. 1C ~ F, the morphologies of
the Ppy/CRGO composites depend strongly on the
initial ratios of pyrrole to GO. When the ratio of
pyrrole to GO was 100:1 (Fig. 1C), the composite
appeared to have spherical morphology similar to
that of the pure Ppy. The reason might be that the
concentration of GO in the reactant is too low to af-
fect the polymerization of pyrrole monomers. When
the ratio of pyrrole to GO decreased to 50 and 10,
the Ppy/CRGO composites with 2D layered structure
were obtained (Fig. 1D and 1E). The thicknesses of
the composite layer are of 27 nm and 12 nm, which
are much thicker than that of the original GO

[30

sheets'™’. This result implies that the Ppy was poly-
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merized on the GO surface. As the ratio of pyrrole
to GO was further decreased, the as-generated com-
posites still maintained a layered motif ( Fig. 1F),
but the agglomerated GO sheets were obtained. In
this case the Ppy formed on the GO surface, but the
layer was not thick enough to prevent the stacking of
GO. For comparison, we also conducted the parallel
polymerization using the pre-reduced GO sheets
(called also CRGO) , but no Ppy was formed on the
pre-reduced GO (Fig.2).

200 e /«

FESEM images of pure Ppy (A), GO (B),
PG100 (C), PG50 (D), PGI0 (E) and PG5

(F)

Fig. 2

SEM image of Ppy/CRGO composite prepared
through the polymerization of pyrrole in the pres-
ence of pre-reduced GO (called also CRGO)

2.2 Interactions Between Ppy and GO

To get insight into the interactions between Ppy
and GO, FTIR spectra of the as-prepared composites
were acquired and are compared with those of the
GO and Ppy in Fig. 3A. As shown in Fig. 3A, be-
fore the formation of the Ppy on it, the stronger C=
O stretching vibration band (1726 cm™'), O—H
vibration band (1411 cm '), and C—O stretching
band (1050 cm™") could be observed on the FTIR
spectrum of the GO'™'. With the formation of the
layered composites ( named as PG10, 10 indicates
the value of ratio of pyrrole to GO), the aforemen-
tioned typical vibration bands related to the oxygen-
containing groups of the GO disappeared. Mean-
while, several new bands at 1557, 1192, 1045 and
915 cm ' appeared, which are close to those of the
stretching vibrations of pyrrole rings and the C—N
stretching vibrations of pyrrole at 1553, 1189, 1042
and 913 ecm ™' but shifted a little bit to higher
wavenumbers. These results indicate that during the
formation of the composites, some of the oxygen-
containing groups of GO have been removed (GO is
reduced to CRGO). Considering that the pyrrole

molecule could be used as a reductant' >’

, the reduc-
tion of the GO to CRGO should be possible.

The interaction between the Ppy and CRGO
was further verified by TGA analysis. As shown in
Fig. 3B, because the evaporation of the absorbed
water, Ppy, GO and Ppy/CRGO showed a mass
loss, ~2% , at around 65 C. For pure GO sheets,
13% of mass loss at 214 C was detected, corre-
sponding to the removal of the oxygen-containing
groups from the surface of GO. The carbon back-
bone of GO was completely degraded at 515 C. For
the pure Ppy, 7% of mass was lost at 249 C, but
22% of its mass was still maintained at 800 C. For
composite PG10, the TGA showed clearly that it is
not a physical mixture of the CRGO and Ppy. It
should be noted that at 168 C, only 3% of its mass
was lost, and probably due to the removal of the re-
sidual oxygen-containing groups on the CRGO. The
mass loss at 245 C related to Ppy decomposition was
observed. Different from the GO and Ppy, at 800 C,
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Fig.3 FT-IR spectra (A) and TGA spectra (B) of pure Ppy, GO and PG10

62% of mass of PG10 composites are still remained,
showing that it is much more stable than the individu-
al Ppy and GO. This demonstrates further that the
Ppy molecules are not physically loaded on the
CRGO. To verify this, physically blended individual
Ppy and GO with the same mass ratio of 10:1 was
prepared and its TGA spectrum was acquired under
the same condition. As shown in Fig. 3B, the thermal
stability of physical blends is much poorer than that
of the as-prepared layered composites.

2.3 Electrochemical Performance of the Ppy/

CRGO Electrodes

The conductivities of the solid electrodes for Ppy,
GO and Ppy/CRGO composites are shown in Fig. 4.
The pure Ppy shows a conductivity of 0.76 S - cm ™',
and GO has no detectable electrical conductivity****!.
In comparison, the Ppy/CRGO composites showed
much higher conductivity, for example, the PGIO

composite has the conductivity of 5.19 S - cm ™.

6l 5.19
N
5t P\
' \\
~ R
B4 S
2 i \
w ' \
] / b\
5l 2236 |
; N 140
] d ; Tt
| e ; e
0.76 0.8 i 0.85
0L \ ; ! | . .
Ppy PG100 PG50 PGI10 PGS PG3 PG2
Sample

Fig.4 Plots of conductance versus Ppy to CRGO ratios in
Ppy/CRGO composites

The cyclic voltammetry, galvanostatic charge-
discharge test and electrochemical impedance spectra
were also used to determine the electrochemical per-
formance of the electrodes prepared using Ppy/CRGO
composites. As depicted in Fig. 5A, a nearly rectan-
gular and symmetric current-potential response ( CV
curve) was acquired using PGI10 composite elec-
trode , illustrating the excellent reversible stability and
ideal capacitive properties. It can also be seen that
there is no redox peaks in the scan potential range be-
tween — 0.2 and 0. 45 V, indicating that it is an
EDLC. As the scan rate increases, the area of CV
curves also increases, suggesting that the PG10 elec-
trode should have great power efficiency. However,
in comparison, the capacitance of PG10 composite e-
lectrode, 359 F - g ', is smaller than that of Ppy e-
lectrode, 421 F - g~', shown in Fig. 5B. Galvanosta-
tic charge-discharge curves obtained at a current den-
sity of 1 A - g™', as seen in Fig. 5C, further verified
it. Obviously, the discharging rate of PG10 electrode
is slower than that of the pure Ppy. The reason might
be that the PG10 composite has layered motif, there-
fore, when high pressure was applied to compress the
powder into the solid electrode, the composite layers
could be stacked much more densely than the spheri-
cal Ppy, which may affect the electron diffusion
within the PG10 composites. This could be further
verified by EIS test results, shown in Fig. 5D. The
Nyquist plot of PGI0 electrode shows a straight line
with a slope near to 1 at the low frequency region and

a small semicircle curve in the high frequency region.
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Fig.5 Electrochemical performance of the electrodes prepared using Ppy/CRGO composites

A. CV curves of the solid PG10 composite electrode acquired via various scan rates from 0.005 V - s~ t0 0.1 V -

s™'; B. CV curves of solid PG10 and pure Ppy electrodes obtained at scan rate of 0.01 V - s™'; C. galvanostatic

1

charge-discharge curves of solid PG10 and pure Ppy electrodes measured at current density of 1 A - g™ ; D. Nyquist

plots of PG10 and pure Ppy electrodes

The diameter of semicircle curve in high frequency
region represents the electronic transmission between
interfaces of electrode materials. The larger semicir-
cle illustrates that the electrode has a higher interfa-
cial resistance, which may be raised by the poor con-

ductivity of the electrode materials >’

. The intercept
of semicircle at the real axis is the equivalent series
resistance ( ESR ), determining the charged/dis-
charged rate of the supercapacitor. The straight line
at lower frequency region is corresponding to the ion

7]

diffusion in the electrolyte'’’. Usually, the slope of

the straight line at lower frequency region reflects the

capacitive behavior of the electrode'”**

. From Fig.
5D, the diameter in Nyquist curve of PG10 is much
shorter than that of Ppy, implying that the conductiv-
ity of PGIO electrode is higher than that of Ppy,
which is in agreement with the above conductivity

measurement results. The nearly 45° slopped straight

line of PG10 implies that lots of obstacles must be in
ion diffusion path length resulting in the increase of
obstruction of ion movement, which might be a main
reason for the lower capacitance of PGI0 compared
with that of Ppy.

The contact area between the electrode and elec-
trolyte plays an important role in the ion diffusion in
EDLC. To maximally use the high surface area of the
layered Ppy/CRGO composites in the electrodes, the
porous electrodes were prepared by mixing certain a-
mount of microsized CaCO; in the composites, which
was degraded after the electrodes were compressed u-
sing HCI. The surface morphologies of as-prepared
porous electrodes were examined using FESEM and
are shown in Fig. 6A ~D. The porous ratio could be
tuned by control on the amount of CaCO, in the mix-
ture. In this work, the mass ratios of CaCO, to PG10

varied fromO. 5:1,1:1,2: 1, and the corresponding
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electrodes prepared were named as P0O. 5-PG10, P1-
PG10 and P2-PG10. The BET data of solid PG10 and
P1-PG10 electrodes are 14.6 m* - g ™' and 19.9 m” -
g”', among which the micropore areas account for
11.5 m’ - gt

means that the CaCO, treated porous electrode has

-gland 7.1 m’ , respectively. It

less micropores, which contributes much to surface
area but little to capacitance, that was proved in other

[15
research results' ™’ .

The larger surface area of pores
bigger than 2 nm suggests that the P1-PG10 has high-
er capacitance. The nitrogen adsorption isotherms of
PG10 and P1-PGIO electrodes are reflected in Fig.
6E.

The electrochemical performances of the as-pre-
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Potential/ V
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pared porous electrodes were tested. As shown in
Fig. 7A, in comparison with the solid PGIO elec-
trode, the PO. 5-PG10, P1-PG10 porous electrodes
have rectangular and symmetric CV curves, implying
their good electrical capacity. Fig. 7B shows the ca-
pacitance values of the porous electrode against scan

1
, was ob-

rate. The highest capacitance, 509 F - g~
tained using P1-PG10 at scan rate of 0.005 V - s~

which is much higher than that of the solid electrode

’

of PGI0 electrode, 359 F - g™, showing clearly that
the capacitance depends on the porous ratio. Howev-
er, when more pores were introduced, the mechani-
cal strength of the porous electrode could be weak-

ened and their electrical conductivity was decreased,

B T 500
S 450
=~ 500+ g PIPGI0
[ 3 300 /
e/ 'j 250
3 400} £ iy
E £ 000 002 007 0.06 008 0.10
= Scan rate/A(V-s!)
(&3
2 300+
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Fig.7 CV curves of the porous electrodes PG10, P0O. 5-PG10, P1-PG10, P2-PG10 and P1-Ppy composites obtained at the

scan rate of 0.01 V - s ™' (A) and the specific capacitances of PG10, P0.5-PG10, P1-PG10, P2-PG10 and P1-Ppy e-

lectrodes at various scan rates (B)
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thus influenced the final capacitance. For example,
the porous electrode P2-PG10 showed only a capaci-
tance of 333 F - ¢, which is much lower than P1-
PGI10. The porous electrode of pure Ppy (P1-Ppy,
CaCO,:Ppy =1:1), shown in Fig. 7B, was also pre-
pared. The capacitance of the P1-Ppy, 449 F - g~',
is higher than that of the solid Ppy electrode, 421 F -
g, but lower than that of the P1-PG10, 509 F -
g”'. These results showed that the porous Ppy/
CRGO electrodes have higher capacitance and, of
course, are more suitable for the supercapacitor con-
struction.

The galvanostatic charge-discharge curves of the
electrodes with different porosities are shown in Fig.
8A. Comparably, the discharge rate of porous PI-
PGIO electrode is much slower than the others, and
therefore has the highest capacitance. Fig. 8B shows
the specific capacitance of porous electrodes against
current density which were calculated using Equation
(1). With the increase of current density, the capac-
itance of all the electrodes decreases. However, the
decreasing rates of the electrodes based on the layered
Ppy/CRGO composites are much lower than that of
the Ppy electrode. These results are in agreement
with the CV results.

As illustrated in Fig.9A and B, the ESR of P1-
PG10 electrode is ~1.75 , which is smaller than any
other porous PGI10 electrodes, revealing that the P1-

PGI10 electrode assumes better charge and discharge
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performances. Additionally,

Nyquist plot at lower frequency region inclines more

the straight part of

closely to the imaginary axis (y-axis) than the solid
PG10, P0.5-PG10, P2-PG10, and Pl1-Ppy elec-
trodes. The result shows, on the other hand, that the
layered motif and high surface area of the porous e-
lectrode improves their capacitive behavior. The spe-
cific energy and specific power were calculated using
galvanostatic charge-discharge data acquired at differ-
ent current densities ( Fig. 8) using Equations (3)
and (4), and results are shown in Fig. 9C. The PI-
PGI10 electrode has the power density of 162.5 W -
kg "' and the energy density of 27.8 Wh - kg ™' at a
current density of 0.25 A - g~', which are higher
than those of other electrodes reported in this work.
The cycle stability of P1-PG10 electrode at the scan
rate of 0.01 V - s~ is shown in Fig. 9D. An increase
of capacitance is observed after a decrease in the first
20 cycles, due to the further reduction of the residual
oxygen-containing groups in Ppy/CRGO during the
electrochemical process, a similar phenomenon was
reported by others'® . After 100 cycles, only 13% of
initial capacitance was lost, that shows the P1-PGI10

electrode has good cycling stability.

3 Conclusions

We have demonstrated that the Ppy could be
grafted on the GO surfaces through in-situ polymeri-
zation of pyrrole that generates the layered Ppy/CRGO
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Fig. 8 Galvanostatic charge-discharge curves for PG10, P0.5-PG10, P1-PG10, P2-PG10 and P1-Ppy at current density of 1
A - g7'(A) and the specific capacitances of PG10, P0.5-PG10, P1-PG10, P2-PG10 and P1-Ppy electrodes at various

current densities (B)
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composites. The as-prepared layered composites show
better electrical conductivity, thermal stability and
electrochemical properties than those of the individual
Ppy and GO. Both solid and porous electrodes were
fabricated using the layered Ppy/CRGO composites
and their electrochemical performances have been
studied systematically. It has been illustrated that by
controlling the composition (the mass ratio of Ppy to
CRGO) and introducing the proper pores within the
electrodes, the electrical capacitance of Ppy/CRGO
electrode was enhanced dramatically. Given the sim-
ple preparation procedures and pronounced electro-
chemical performances, the porous Ppy/CRGO elec-
trodes may find application in supercapacitors or other

electrical devices.
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