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A post-oxidation strategy was proposed to synthesize sulfonated graphene nanosheets/carboxylated multi-
walled carbon nanotube-supported PANI (sGNS/cMWCNT@PANI) hierarchical nanocomposites by an
interfacial polymerization as advanced supercapacitor electrodes. Field emission scanning electron
microscopy (FE-SEM) and high resolution transmission electron microscopy (HRTEM) indicated that the
morphology with a coexisting structure of sGNS supported PANI nanorod arrays and coaxial
¢cMWCNT/PANI nanocables did not show significant difference through a post-oxidation process. X-ray
diffraction (XRD) and thermogravimetic analysis (TGA) proved that the oligomers of PANI were
eliminated during post-oxidation process. The spectral analysis revealed that the post-oxidation led to the
increasing content of quinoid structure in nanocomposites. Electrochemical measurements showed that
the sGNS/cMWCNT@PANI with post-oxidation process exhibited improved cycling stability with

91.4% capacitance retention after 5000 cycles.

1. Introduction

Supercapacitors, bridging secondary batteries and conventional
dielectric capacitors, exhibit high specific power, reasonable
specific energy and long cycle life." These intriguing features
have created a great interest towards the application of
supercapacitors in the field of memory protection, consumer
electronics, energy management, electric vehicles and so on.®®
To develop advanced supercapacitors, the active electrode
materials with high capacity performance are indispensable. !
Polyaniline (PANI), one of the most promising and versatile
conducting polymers, has captured the intense attention for the
potential pseudocapacitor application due to its low cost, easy to
synthesis, high electrical conductivity and unique pseudo-
capacitance properties.'”'* Unfortunately, the main drawback of
PANI is the poor cycling stability, which derived from three
aspects: (1) volumetric change such as swelling, shrinking, cracks
or breaking due to repeated insertion/de-insertion of ions during
the charge/discharge process; (2) the weight loss of active mate-
rial peeling off from the current collector into the electrolyte; (3)
oligomers adhered onto the polyaniline (PANI) during the poly-
merization process. This restricts its practical application in
supercapacitors.® 117

Thus, considerable research has been conducted to enhance
the cycling stability of PANI. Nanostructured PANI can release
the cycling degradation problems caused by volumetric changes
or structural conformation'®*” and enhance active region surface
area with electrolyte.’’” Ordered and highly aligned nanorods of
polyaniline (PANI) were synthesized with 10 nm diameter on
transparent ITO substrate using nanotemplate by B.K. Kuila et al,
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which show good charge/discharge cycle after 1000 cycles.?*
Alternatively, the incorporation of PANI with various nanocarbon
materials has been proved to be an effective solution because of
the synergetic effects between PANI and nanocarbon. Previous
studies demonstrated that binary composites of PANI with
ordered mesoporous carbon,'® *?* graphene,®>* carbon nano-
fibers'® * or carbon nanotubes™ **** show improvement in the
electrochemical stability but with no significant reinforcement for
practical applications. For example, a capacity loss comes to 13%
after 1000 cycles for PANI/GNS composite (GPg.94) via in- situ
polymerization of aniline monomer in the presence of graphene
suspension and HCIO, solution by J. Li et al.* While ternary
composites of PANI with 3D interpenetrating network could
significantly relieve the cycle degradation problem owing to the
unique nanocarbon substrate for accommodating the volu-metric
change of PANL** Currently, synthesis of nanocarbon
supported PANI ternary composites is focusing on obtaining
uniform structured PANI on nanocarbon substrate either by
electrochemical polymerization®"** * or in situ polymerization**
4347 However, the electrochemical polymerization is not suitable
for amplification production due to the low yield of PANI. In situ
polymerization is hard to obtain the PANI with high degree of
polymerization*® * and ordered structure due to the oligomers
randomly deposited on or free from the nanocarbon substrate,
which restricts further improvement of the cycling stability for
PANL® To the best of our knowledge, no publications with
respect to the strategy to eliminate the PANI oligomers of ordered
nanocarbon@PANI composites have been reported.
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Herein, the hierarchical nanocomposites based on sulfonated
graphene nanosheets/carboxylated multi-walled carbon nanotube-
supported PANI (sGNS/cMWCNT@PANI) were synthesized to
eliminate the oligomers of PANI by interfacial polymerization
with a post-oxidation strategy. The effect of post-oxidation
process on the morphology, microstructure and electrochemical
performance of as-prepared nanocomposites were discussed in
details.

2. Experimental

2.1 Synthesis of SGNS/cMWCNT@PANI ternary composites
without and with post-oxidation strategy treatment

The sGNS derived from natural graphite powder (30-50 um,
Sinopharm chemical reagent Co., Ltd.) were prepared according
to our previous report.® Briefly, graphite oxide (GO) was
synthesized from natural graphite powder using the Hummers
method.™ Then GO was dispersed in the deionized water with pH
of 9~10 adjusted by ammonia solution to form the GO nanosheets
after 40 min sonification. The sodium borohydride was added to
the above solution at 80 °C for 1 h under constant stirring.
Subsequently, the partially reduced GO was sulfonated with aryl-
diazonium salt of sulfanilic acid in an ice bath for 2.5 h. Finally,
the resulting solution was treated with hydrazine at 95 °C for 12 h
to remove the remaining oxygen functional groups. MWCNTs
(diameter <8 nm, Chengdu Organic Chemicals Co. Ltd.) were
treated in a mixture of concentrated H,SO, and HNO; (3:1 v/v) at
60 °C for 48 h to obtain carboxylated MWCNTs (¢(MWCNT).*!

The sGNS/cMWCNT@PANI ternary composites were syn-
thesized by an interfacial polymerization method.”> The typical
procedure was as follows: sGNS (21 mg) and cMWCNT (9 mg)
were added into a mixed 1 M H,SO, solution containing 20 ml of
isopropyl alcohol and 80 ml of ethanol, and the mixture was
sonicated for 15 min to obtain well-dispersed suspension. Then
ammonium persulfate (APS, 0.76 g) was dissolved in the above
solution to form water phase. Aniline monomer (0.465 g) was
dissolved in 100 ml of dichloromethane to form oil phase. The
water and oil phases were then carefully transferred to a 600 ml
beaker to react for 24 h at 0 °C. Thereafter removed the oil phase
and separated the water phase into duplicate. A part of the water
phase was filtered, washed with deionized water and ethanol for
several times, and then dried at 60 °C under vacuum to obtain the
ternary composite without post-oxidation process (named as
SGNS/cMWCNT@PANI-1). The other part (named as sGNS/
cMWCNT@PANI-2) was continued to add a certain amount of
APS (mass ratio of PANI/APS is 1/1) with mechanical agitation
at 0 °C for more 6 h, then shared with the same treatment pro-
cedure like the sSGNS/cMWCNT@PANI-1 sample. Finally, the
ternary composite with post-oxidation process is obtained. The
dedoped sGNS/cMWCNT@PANI nanocomposites are obtained
by treating the doped sGNS/cMWCNT@PANI nanocomposites
in 10 wt% ammonium hydroxide for 24 h at room temperature.

2.2 Materials characterization

The morphology of the samples was analyzed by field-emission
scanning electron microscopy (FE-SEM, Hitachi S4800) and high
resolution transmission electron microscopy (HRTEM, JEOL
JEM-2100). Fourier transform infrared (FT-IR) spectra were
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performed by a Nicolet 5700 spectrometer using KBr sample
pellets. The ultraviolet-visible (UV-Vis) spectra were obtained
with a Shimadzu UV-3600 PC spectrophotometer, and the sus-
pension of the doped and dedoped sGNS/cMWCNT@PANI
ternary composites with a concentration of 1.5 mg/ml was also
adopted. X-ray diffraction (XRD) patterns were performed in a
Rigaku D/Max 2550 VB/PC X-ray diffractometer using Cu (Ka)
radiation with the 20-angle recorded from 3° to 60°. X-ray
photoelectron spectroscopy (XPS) analysis was carried on an
ESCALAB 250Xi instrument using standard lens mode with a
spot size of 300 um. A monochromatic Al Ka X-ray source
(1486.6 eV) was used as the excitation source. The pass energy of
each element is 100 eV for general scan and 40 eV for the core
level spectra. Surface charging effects were corrected with C 1s
peak at 284.6 eV as a reference. The weight loss of the samples
were measured using thermogravimetric analyzer (TGA, NET-
ZSCH STA 449 C) from room temperature to 800 °C at a heating
rate of 10 °C min"' under pure nitrogen atmosphere. The
electrical conductivities of the samples were determined by a SX
1934 four-probe instrument using compressed pellets at room
temperature.

2.3 Preparation of electrodes and electrochemical testing

The working electrodes were prepared by mixing 85wt% active
materials, 10 wt % acetylene black, and 5 wt % polytetrafluoro-
ethylene in a mixed solution of deionized water and ethanol (1/9,
by volume) to form a homogeneous slurry. The slurry was rolled
and then pressed onto the titanium mesh with 10MPa, followed
by drying at 80 °C for 3 h. The mass of the working electrode is
about 1 mg. The supercapacitor is composed of two symmetrical
working electrodes sandwiched by a modified hydrophilic poly-
propylene separator and the aqueous electrolyte solution of 1 M
H,S0,.

Cyclic voltammetry (CV), galvanostatic charge-discharge
and electrochemical impedance spectroscopy (EIS) measurements
were performed on a CHI 660D electrochemical workstation
using a three-electrode mode with as-prepared working electrode,
an Ag/AgCl (KCl saturated) reference electrode and a Pt counter
electrode. The electrolyte was 1 M H,SO, aqueous solution. The
potential range for CV and charge/discharge test was 0~0.8 V
with 5 mV s scan rate. The EIS measurements were carried out
in the frequency range of 10°-102 Hz. Cycling stability was
performed in two-electrode system on a program testing system
(LAND CT 2001A).

The specific capacitance of the electrode materials from CV
curves can be calculated according to the following equation:

V.
jyz av
c="4
mvV

(M

Where C (F g") is the specific capacitance, / is the current
response (A), Vi and V), represent, respectively, the initial and
final potentials (V), V' is the potential window (V), v is the scan
rate (mV s') and m is the mass of the active material in the
electrodes (g).

The specific capacitance (C) of the active electrode material
was also determined from the charge/discharge curves using the
equation’:
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1At w bands at 1560~1570, 1480~1490, and 1290~1300 cm™ are
C= @) assigned to the C=C stretching vibration of the quinoid and
mAV benzenoid rings as well as the C-N stretching vibration
respectively.*” The relative content of the quinoid and benzenoid
rings would be estimated using the relative peak intensity of the
ss quinoid and benzenoid rings.>* After integral calculation with
original data, it is shown that the sGNS/cMWCNT@PANI-2
composite dispalys a higher ratio (1.3) of the relative peak area of
quinoid structure to benzenoid structure, compared with that of
0.56 for sGNS/cMWCNT@PANI-1. This indicates that sGNS/
The morphology of ternary composites without and with 50 cMWCNT@PANI-2 has higher content of quinoid structure in
post-oxidation process is characterized by FE-SEM under PANI backbone chains, which may be attributed to that the
different magnification in Fig. 1. The FE-SEM image of sGNS/ benzenoid structure of ternary composite is converted into the
10 cMWCNT@PANI-1 (Fig.1a) shows coexisting structure of sGNS quinoid structure during the post-oxidation process.*'****
supported PANI nanorod arrays and coaxial cMWCNT/PANI
nanocables. PANI nanorods are vertically aligned on the surface
of sGNS with average diameter of 10-20 nm. In order to further
confirm the morphological structure of cMWCNT/PANI nano-
cables, the HRTEM analysis is employed. Fig. 1c shows that the ; SGNS/cMWCNT@PANI-1
¢cMWCNT/PANI composites are nanocables with a PANI layer of
ca. 4 nm in thickness, which is consistent with the FE-SEM
images. The cMWCNT sandwiched between sGNS greatly res-
trains the aggregation of sGNS. After post-oxidation process, the
original hierarchical structure of sGNS/cMWCNT@PANI-2 is
still maintained, but the morphology of PANI arrays become
fuzzy and the height decrease (Fig.1b and 1d). This phenomenon
may be ascribed to partial degradation of PANI chains and the
dissolution of PANI oligomers caused by the oxidation of APS
during the post-oxidation process. In XPS nitrogen element 2000 16|OO 12.00 8C|JO 200
calculation (Table 1), the content of PANI in ternary composites Wavenumber / cm”
decreased from 71.7% of sSGNS/cMWCNT@PANI-1 to 49.3% of
SGNS/cMWCN@PANI-2, which is corresponding to the FE-
SEM and HRTEM conclusions.

Where [ is discharge current (A), At is the discharging time

(s), m is the mass of active electrode material on single side (g),

and A4V is the voltage drop (V) upon discharging (excluding the
s IR drop).

3. Results and discussion
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¢ L Fig.2 (a) FT-IR spectra and (b) UV-Vis spectra of doped form
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Fig. 1 FE-SEM images of sGNS/cMWCNT@PANI ternary composites nanocomposites.
(a) without post-oxidation and (b) with post-oxidation process (scale bars:
500 nm). HRTEM images of sGNS/cMWCNT@PANI ternary The chemical structure of PANI in ternary composites could

composites (¢) without post-oxidation and (d) with post-oxidation process | po further characterized by UV—-Vis analysis. As shown in Fig.
& (scale bars: 20 nm). 2b, both of doped form sGNS/CMWCNT@PANI ternary
Fig. 2a shows the FT-IR spectra of doped form sGNS composites without and with post-oxidation exhibit the same
/eMWCNT@PANI-1 and sGNS/cMWCNT@PANI-2 ternary three absorption Pands. The bands at around 355 nm can be
composites. Both of the samples exhibit the main infrared- attributed to m—m transition of the benzenoid *rings, while the
absorption bands which are similar to that of pure PANI. The ¢ bands at 440 and 820 nm can be assigned to n—n  transition of the

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo |3
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quinoid rings and polaron transition respectively.*’ Compared
with the sGNS/ ctMWCNT@PANI-1, the intensity ratio of the
band at 440 nm to that at 355 nm for sGNS/cMWCNT@PANI-2
has increased. This phenomenon is ascribed to the increasing

s content of quinoid structure after post-oxidation in ternary
composite, which is consistent with the above FT-IR results. The
UV-vis spectra of dedoped form sGNS/cMWCNT@PANI
composites further prove this point (Fig. S1).

251
21.7 l
S
©
=
= SGNS/cMWCN T@PANI-1
e
2
=
SGNS/cMWCNT@PANI-2
1 1 1 1 1
10 20 30 40 50 60
2 theta / degree
10 Fig. 3 XRD patterns of sGNS/cMWCNT@PANI-1 and

SGNS/cMWCNT@PANI-2 nanocomposites.

Fig.3 shows the XRD patterns of sGNS/ cMWCNT@PANI-
1 and sGNS/cMWCNT@PANI-2 ternary composites. It is clear
that both of the composites exhibit two reflection peaks at 20 =
15 21.7° and 25.1°, which are corresponding to periodically parallel
and vertical to PANI chains respectively.*’ This phenomenon can
be attributed to highly ordered PANI nanorod arrays. Besides, the
SGNS/cMWCNT@PANI-1 still shows a weak peak at 20 = 6.5°,
which is corresponding to PANI oligomers. However, when
2 talking about the sGNS/cMWCNT@PANI-2, a peak at 6.5°
disappears and a peak at 21.7° becomes weak. These would
suggest that the oligomers and imperfect structure of PANI are
eliminated during the post-oxidation process.
The TGA curves of dedoped form sGNS/cMWCNT@PANI-1
25 and sSGNS/cMWCNT@PANI-2 are shown in Fig. 4. Both of
ternary composites show three main weight losses trend. The first
step of weight loss below ca. 290 °C corresponds to the expulsion

6000

of absorbed water and small molecular compounds. The second
step of weight loss occurs in the range of 290~510 °C due to the
30 decomposition of PANI chains and the removal of sulfonic acid
groups in sGNS. Then the third weight loss above 510 °C is
attributed to the combustion of carbon skeleton of sGNS/
¢MWCNT carrier and further degradation of PANI chains.
It is found that the first and third steps of decomposition
35 behaviour are similar. However, the decomposition behaviors in
second step of two samples are clearly different. The weight loss
of sSGNS/cMWCNT@PANI-1 (1.8%) in the range of 290~320 °C
is larger than that of sSGNS/cMWCNT@PANI-2 (1.1%), which
means that the oligomers of PANI in composites are eliminated
40 by post-oxidation process. This result is also supported by the
above XRD analysis.
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Fig. 4 TGA curves of dedoped form sGNS/cMWCNT@PANI-1 and
SGNS/cMWCNT@PANI-2 ternary composites.

45 To determine the chemical composition and structure of
SGNS/cMWCNT@PANI-1 and sGNS/cMWCNT@PANI-2, the
X-ray photoelectron spectroscopy analysis is employed. As
shown in Fig. 5a, both of ternary composites display Cls, Ns,
Ols and S2p peaks, which is indicating the existence of doped

so form PANI. The N, S and PANI contents for two nanocomposites
are calculated from the XPS survey spectra in Table 1. It is
apparent that sSGNS/cMWCNT@PANI-2 has less relative amount
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Fig. 5 (a) XPS spectra with survey scan of sGNS/cMWCNT@PANI-1 and sGNS/cMWCNT@PANI-2 ternary composites. N /s core level XPS spectra
55 for (b) sGNS/cMWCNT@PANI-1 and (c) sGNS/cMWCNT@PANI-2
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Table 1 The nitrogen element and PANI contents, relative area of C1s peaks and the -N'—/ (=N— + —NH-) mole ratio of composites measured by XPS.

Element content

Relative Area

(%) PANI (%) ~N'—/(=N—+-
Samples content N NH N NH-)
% =N- —NH- N - %
N S ) 398.5¢V 399.6eV 401.2¢V )
SGNS/cMWCNT@PANI-1 9.11 3.65 71.7 22 54.3 435 77
SGNS/cMWCNT@PANI-2 6.82 1.29 493 142 61.9 239 31.4

of PANI (49.3%) compared with the sGNS/cMWCNT@PANI-1
(71.7%). The N1s deconvolution XPS spectra for nanocomposites
are analyzed by curve fitting. The N/s deconvolution spectra of
two nanocomposites exhibit three components of the nitrogen
bond at 398.5 eV (quinonoid imine, =N-), 399.6 eV (benzenoid
imine, -NH-), and 401.2 eV (nitrogen cationic radical, -N'-)
respectively (Fig. 5b and 5c¢). It is noted that the sGNS/cMWCNT
@PANI-1 exhibits higher [-N"—/(=N— + -NH-)] ratio (77%) than
that of sGNS/cMWCNT@PANI-2 (31.4%) (Table 1), indicating
the decrease of doping degree of PANI chains after post-
oxidation process. All of these may lead to the decrease of the
conductivity of sGNS/cMWCNT@PANI-2 composite.

To evaluate the influence of post-oxidation process on the
electrochemical performance of the supercapacitor cells based on
SGNS/cMWCNT@PANI composites, the voltammetry (CV), gal-
vanostatic charge/discharge and electro-chemical impedance
spectroscopy (EIS) are performed. Fig. 6a shows the CV curves
of the sGNS/cMWCNT@PANI ternary composites at a scan rate
of 5mV s!in a1l M H,SO, solution with and without post
oxidation strategy. Both of nanocomposites present two pairs of
redox peaks (C1/A1 and C2/A2), which are corresponding to the
leucoemeraldine/emeraldine and  emerald-dine/pernigraniline
structural conversions. These results indicate good pseudo-
capacitance characteristics.”® It is also found that the cathodic
peak (C1) of the ternary composite shift to high potential and the
intensity of the peak decrease after the post-oxidation process.
This would be explained by that the post-oxidation strategy leads
to the increase of oxidation degree in PANI backbone and the
decrease of the amounts of PANI, which are supported by FT-IR
and XPS results. Furthermore, the specific capacitances of the
SGNS/cMWCNT@PANI-1 and sGNS/cMWCNT@PANI-2 com-
posites obtained from CV curves are 488 and 397 F g,
respectively.

Fig.6b depicts the Nyquist plots of sGNS/cMWCNT@PANI
nanocomposites measured at frequencies from100 kHz to 0.01
Hz. It is observed that the Nyquist plots show a straight line at the
low frequency region and a semicircle at the high frequency
region. The straight line, which is nearly parallel to the imaginary
axis, reflects the ideal capacitive behavior due to its fast and
reversible redox reaction of PANI nanorods. The semicircle
corresponds to the charge-transfer resistance (R) at the electrode
/electrolyte interface. It is apparent that the sGNS/cMWCNT
@PANI-1 has lower R, (1.5 Q) than that of sGNS/cMWCNT
@PANI-2 (3.2 Q), which is also supported by the decrease of
conductivity from 8.5 S/cm for sGNS/cMWCNT@PANI-1 to 7.3
S/em for sGNS/c(MWCNT@PANI-2 during the post-oxidation

50
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process.

The galvanostatic charge-discharge curves of two ternary
composites show symmetrical and mirror-like image, which is
indicating the reversible redox reaction (Fig. 6¢). The specific
capacitance of sGNS/cMWCNT@PANI-2 calculated from gal-
vanostatic charge/discharge curves is 441 F g' at a current
density of 1 A g, which is slightly lower than that of SGNS
/eMWCNT@PANI-1 (495 F g™'). The result could correspond to
the values from CV curves. Above phenomenon would be
explained as follows: on the one hand, the decrease of PANI
content leads to the loss of specific capacitance. On the other
hand, the increasing content of quinoid structure would be
beneficial for the improvement of specific capacitance. As a
result, the specific capacitance of ternary composites slightly
reduces after post-oxidation. Moreover, as shown in Fig. 6d,
SGNS/cMWCNT@PANI-2 maintains 74% of the initial capaci-
tance with growing current densities from 0.2 to 10 A g”', inferior
to that of sGNS/c(MWCNT@PANI-1 (83%). By contrast, the
pure PANI nanorods lost 67.4% of its capacity in the same
condition.”> The excellent rate performance of sGNS/cMWCNT
@PANI composites is ascribed to the excellent rate capability
(85.6% of the initial capacitance with the growing current density
from 0.2 to 10 A g') of sSGNS/cMWCNT binary composite as a
support (Fig. 6d).

The cycling stability of the supercapacitors based on the
SGNS/cMWCNT@PANI ternary composites at a current density
of 1 A g for 5000 cycles are shown in Fig.7a. The capacitance
retention of SGNS/cMWCNT@PANI-2 still maintains 91.4% of
its initial capacity after 5000 cycles, while sGNS/cMWCNT
@PANI-1 only keeps 84.7% of its initial capacity. This indicates
that the cycling stability of sGNS/cMWCNT@PANI has been
improved after post-oxidation process. In addition, the CV curves
before and after 1000 cycles show no obvious change for the
SGNS/cMWCNT@PANI-2 electrode while exhibit significant
difference for the sGNS/cMWCNT@PANI-1 (Fig. S2). So the
above analysis further supports the conclusion of improved
cycling stability after post-oxidation.

The improved cycling stability of sGNS/cMWCNT@PANI-
2 sample with post-oxidation strategy could be attributed to two
aspects: (1) post-oxidation process eliminates PANI oligomers in
SGNS/cMWCNT@PANTI and enhances the n-n inter-action effect
between PANI chains and the sSGNS/cMWCNT substrate; (2) the
hierarchically three-dimensional network structure of ternary
composites are not destroyed during the post-oxidation process,
the volume expansion and structure destruction of the electrode
also be reduced during the charge-discharge cycling.

This journal is © The Royal Society of Chemistry [year]
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SGNS/cMWCNT@PANI-1 and sGNS/cMWCNT@PANI-2 ternary
composites

4. Conclusions

10 We have reported a post-oxidation strategy to synthesis sGNS/
cMWCNT@PANI ternary nanocomposites as advanced super-
capacitor electrodes in this article. After post-oxidation process,

the morphology of ternary composites did not show significant
difference. The oligomers of PANI were eliminated, as well as

15 the content and doping degree of PANI units was reduced
obviously. Besides, the content of quinoid structure of PANI
chains has been enhanced. As a result, the specific capacitance
and the rate capability of the nanocomposite with post-oxidation
process were slightly inferior to that of the sample without post-

20 oxidation treatment. However, sGNS/cMWCNT@PANI with
post-oxidation process exhibits improved cycling stability (91.4%
capacitance retention after 5000 cycles) compared to sGNS/
cMWCNT@PANI without post-oxidation (84.7%). The facile
post-oxidation strategy can be readily industrialized, providing

25 valuable approach for improving cycling stability of conducting
polymers.
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