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Abstract:

A novel route was introduced to synthesize hierarchical polyaniline-grafted
reduced graphene oxide (rGO) hybrid materials by polyaniline nanorods covalently
bonded on the surface of rGO. Aminophenyl groups were initially grafted on rGO via
diazonium treatment. Then the PANI nanorods were aligned vertically on the rGO to
construct a three-dimensional (3D) structure. The 3D structure could shorten the
electronic transmission path and form abundant space for electrolyte ions. The hybrid
materials fabricated as supercapacitor electrode exhibited a maximal specific
capacitance of 1045.51F/g, and the energy density (E) could achieve an upper value of
8.3 Wh/kg at the current density of 0.2 A/g simultaneously. Such a highly stable
three-dimensional structural hybrid materials is very promising for the next

high-performance electrochemical supercapacitors.
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1 Introduction

Supercapacitors have attracted intense interest as ideal energy storage devices for
applications such as laptops, cell phone, etc[1-6]. Since graphene, consisting of a
single layer carbon, was prepared by Konstantin Novoselov in 2004, it has been
regarded as a potential electrode for electrochemical double layer capacitors (EDLCs)
due to its unique properties such as large surface area, good electronic conductivity
and high electrochemical stability[7-10]. The theoretical special surface area of
two-dimensional graphene is 2630 m”/g and the interface capacitance is found to be
21pF/cm’®, implying a maximum electrochemical double-layer capacitance of 550
F/g[11-13]. However, the present graphene could not meet the demand of high energy
and power densities on account of unavoidably aggregating and the limited
capacitance of electrochemical double layer capacitors[14]. Therefore, it is extremely
necessary to combine the metal oxides[15-19] or conductive polymers[12, 20, 21]
based on faradic pseudocapacitance with graphene, even both the metal oxides and
conductive polymers[22].

Polyaniline, possessing a large theoretical pseudocapacitance, good chemical
stability, and low cost combined with the easiness of preparation[23, 24], has been
considered as a promising object composited with graphene. In the previous
reports[20, 25-28], most of the PANI/graphene composite materials were
interconnected by Van der Waals force and hydrogen bond. By contrast, the covalent
bond is more conductive to enhance the electrical conductivity and stability of
composites. To date, most of covalent connection in the PANI/graphene composite
materials were based on the functional groups of GOJ[21, 29, 30]. However, the
functional groups on the double faces of graphene are limited. More importantly, the
linkage was not m-conjugated molecular chain limited the overall conductivity of the
composite. Therefore, the striving to enhance the synergistic effect between PANI and
graphene to improve overall performance of PNAI/graphene composite is still needed.

In this paper, we reported a feasible route to prepare polyaniline-grafted reduced
graphene oxide hybrid materials. The aminophenyl diazonium salts were firstly

synthesized by using ion exchange resins, following reacted with reduction graphene
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oxide to prepare 4-aminophenyl grafted reduced graphene oxide. After that, the PANI
nanorods were arranged vertically in the double faces of graphene via covalent
connection. With the synergistic effect of two-dimensional graphene and
one-dimensional PANI nanorods, The PANI/rGO composites display highly ordered

so that the PANI/rGO composite electrode showed good electrochemical properties.

2 Experiments
2.1 Material

Natural graphite powder (99.995%, 300 mesh) was supplied by Institute of
Shenghua (Changsha, China). All other reagents were purchased from Sinopharm
Chemical Reagent Company (Shanghai, China). Aniline was distilled twice under
reduced pressure and other reagents were used as received without further treatment.
2.2 4-aminophenyl grafted reduced graphene oxide (rGO-NH,)

The graphene oxide (GO) was firstly prepared by improved-hummer method[31].
GO (100mg) was dispersed in 100 mL ultrapure water by ultrasonic treatment for 1 h,
30 uL NHj3-H,0 and 30 pL hydrazine were then added into the solution to reduce the
GO. rGO-NH, was obtained by diazotization reaction[32-34]. The mixture was
reacted for 24 h. And lastly, the product was washed thoroughly by ultrapure water
and vacuum dried at 80 °C.
2.3 Polyaniline grafted reduced graphene oxide composites

The polyaniline grafted reduced graphene oxide composites were prepared by
low temperature oxidation polymerization method. Briefly, 36 mg rGO-NH, was
dispersed in 100 mL HCIO4 solution (1 mol/L) with ultrasonic treatment for 1 h, and
the mixed solution was then placed at -10 °C for uniform nucleation. In order to
prevent the solution being frozen, 25 mL ethanol was added. Subsequently, different
concentrations of aniline (0.01 mol/L, 0.02 mol/L, 0.05 mol/L) and corresponding
ammonium persulfate (3:2 molar ratio of aniline to APS) were added into above
solution dropwise separately. After reacted for 24 h, the product was obtained by
filtering and finally drying at 60 °C for 24 h.

2.4 Characterization
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Atomic force microscopy (AFM) images were obtained with Agilent 5500 (USA)
using a tapping mode. Transmission electron microscopy (TEM) was performed on a
a Tecnai G2F20 (FEI, USA). The scanning electron microscopy analysis was taken
using a Nova Nano SEM 230 (FEI, Holland) with Inlens detector at 2kV. Fourier
transform infrared spectroscopy (Thermo Nicolet5700, USA) and Raman
spectroscopy (Renishaw Invia, UK) were used to analyze the chemical structure of
products. All electrochemical experiments were carried out on an electrochemical
workstation (CHI 660D, Shanghai Chenhua) with a three-electrode system in 1 M
H,SOy4 electrolyte. 2 mg of sample was dispersed inl mL of ethanol containing 10 pL
Nafion solution (5 % in water) to form a mixed suspension. The working electrode
was prepared by droping the mixed suspension onto a pretreated glassy carbon
electrode (®=3 mm) by polishing, ultrasonic cleaning. Pt sheet worked as the counter
electrode and Ag/AgCl as the reference electrode. The asymmetric supercapacitor was
tested in a two-electrode device, the working electrode was prepared with 85 wt%
active material, 10 wt% acetylene black and 5 wt% PTFE emulsion, active carbon
was directly used as counter electrode. And the 1 mol/L H,SO4 aqueous solution was

used as electrolyte.

3 Results
3.1 Morphology and Structure

The graphene oxide prepared by improved-hummer method was analyzed by
atomic force microscopy (AFM). As shown in Fig la, the thickness of the GO was
about 1.0 nm, similar to the previous report[31]. Additionally the size was 1 to 2 pum,
providing a large template for PANI growing. The 3D topography of PANI/rGO was
shown in Fig.1b. It was easily found that the PANI nanorods were grown vertically on
the surface of rGO nanosheets. The SEM (Fig.1c) image showed that the nanorods
were well-aligned arranging with several ten nanometers in length and could form
plenty of space, which could accelerate the electronic transmission and allow the
electrolyte ions to enter. In addition, the diameter of nanorods with approximately 30

nm was estimated through the TEM (Fig.1d) image.
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For such a unique structure, it was extremely attractive to explore the formation
mechanism. Therefore, a series of PANI/rGO composites were prepared at different
reaction time and aniline concentrations, Fig.2a-c were the SEM images of PANI/rGO
composites polymerized at the reaction time of 3 h, 6 h, and 18 h, respectively. As
shown in Fig.2a, only a few PANI nanorods were grown on the rGO surfaces and the
length very short. As the reaction time increased to 18 h, a large amount of PANI
nanorods were clearly visible in Fig.2c, In general, the aniline monomers tend to
heterogeneous nucleation on the surface of graphene nanosheets in suit
polymerization. Therefore, the graphene were easily wrapped by PANI initially.
However, Aminophenyl groups were introduced to induce homogenous nucleation of
aniline[28], and a few PANI nanorods were grown. With the reaction time increased,
most monomers tend to homogenous nucleation and form the ordered nanorods. At
the end, the PANI molecular chains became longer and the nanorods were gradually
grown. The same results could be concluded by Fig.2d-f with the effect of monomer
concentration. At a low concentration of 0.01 mol/L, most of the aniline monomers
were tends to heterogeneous nucleation to form cladding layer. As the concentration
increased, more and more monomers were polymerized to homogeneous nucleation.
The length of PANI nanorods was becoming more and more long.

In order to confirm the functional group and PANI on the faces of rGO, Fourier
transform infrared spectroscopy (FT-IR) was carried out to characterize the chemical
structure. As shown in Fig.2a, the spectrum of GO showed absorption at 1720cm™,
1390 cm™,1260 cm™ and 1110 cm™ which were ascribed to the vibration of C=0, C-O
in COOH, C-O-C and C-OH, respectively. The sharp band at 1625 cm™ was attributed
to the residual water. The second curve of spectrum displayed new bands at 3460 cm™,
1646 cm'l, 1408 cm™ and 1302 cm'l, which were the characteristic peaks of
aminophenyl group, and the 1060 cm™ corresponding to the C-N stretching generated
by diazotization, confirmed that aminophenyl groups had been successfully grafted on
the surface of rGO. Two characteristic peaks at 1565 cm™ and 1467 cm™ were
attributed to the absorbance of C=C stretching deformations of quinonoid and

benzenoid ring, clearly demonstrating that PANI was grown on the rGO. Moreover,
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the peaks at 1278 cm™, 1232 cm™ and 811 cm™ were due to the absorption of C-N,
C=N and C-H stretching. The band at 1125 cm” was red-shifted from original
1150cm™, caused by H' doping in quinonoid ring. And the conductivity of PANI was
highly improved.

Raman spectrum analysis was used to explain a more precise chemical structure.
In the Fig.2b, the spectrum of GO and rGO displayed two prominent peaks at 1319
cm™ and 1592 cm™ which were corresponded to D mode and G mode., representing
the conversion of a sp-hybridized to a sp’-hybridized and the in-plane vibration of
sp>-hybridized. The intensity ratio (D/G) suggests the defect content and order degree.
It was worth noting that the ratio of rGO was increased along the chemical reduction
reaction, while the ratio of PANI/rGO was decreased in comparison with that of both
GO and rGO. This might be due to the ordering of graphene improved by vertically
arranged PANI nanorods. Particularly, the D band of PANI/rGO shifts from 1319 to
1326 cm™ because of the strong interaction. In addition, the reappearance of bands at
1176cm™, 1228 em™, 1385 ecm™, 1465 cm™ indicated the PANI was grown on the face
of rGO. All of these evidences pointed out that the PANI nanorods had been
successfully grafted onto the surface of rGO.
3.2 Electrochemical property

In order to explore their application as supercapacitor electrodes, the
electrochemical performances of PANI/rGO composites were tested by cyclic
voltammetry (CV), galvanostatic charge/discharge and electrochemical impedance
spectroscopy (EIS). As shown in Fig.4a, two pairs of conspicuous peaks were
appeared in the CV curses, which were attributed to the two redox transitions of PANI
containing leucoemeraldine-emeraldine  transformation and emeraldine to
pernigranilne[35]. Therefore, the capacitance of the composite mainly was generated
by redox reactions of PANI. The effect of scan rate on the CV was also investigated
from 5 to 200 mV/s. The nearly linear increase of the peak current density showed a
good rate performance of PANI/rGO.

To further affirm the superior property of the PANI/rGO composite, the CV
curve of pure PANI, rGO were investigated to compare with PANI/rGO in the Fig.4b.

Page 6 of 16



Page 7 of 16

Journal of Materials Chemistry A

It was obviously seen that the PANI/rGO composite possessed the highest peak
current when the aniline concentration was 0.05 mol/L. The results suggested that the
3D uniform structure greatly promoted the capacitance of PANI/rGO hybrid materials.

The specific capacitance (Cs, F/g) was calculated according to the following

equation:
IAt
ST AVxm
Where I (A), At (s) and AV (V) are the discharge current, time and potential window

in the charge/discharge curve, and m (g) is the mass of the active material. As shown
in Fig.4c, the almost symmetric charge-discharge curves showed a good capacitive
behavior at large-scale current densities. The capacitance was up to 1045.51 F/g at 0.2
A/g. With the current density increasing to 5 A/g, the specific capacitance was still
338.67 F/g, which was attributed to the fact that the redox reaction rate and charge
diffusion could not keep pace with the rapid change of potential. The grafted
Aminophenyl groups as a anchor impel the PANI nanorods growing regularly, so that
more electrolyte ions could aggregate on the electrode/electrolyte surface.

The charge/discharge curves of PANI/rGO composites prepared at different
aniline concentration, pure PANI and rGO were revealed in Fig.4d. It was clearly seen
that the “IR” of PANI/rGO at the aniline concentration as 0.05 mol/L was the smallest,
signifying the lowest internal resistance of the electrode. This result could be
explained by the following factors. First, the covalent connection reduces the interface
resistance between the PANI molecular chains and graphene sheets and the forming of
n-conjugated structure enhances the electron transport. Second, the raised PANI
nanorods shorten electrolyte ions transmission paths. Second, the covalent connection
between the PANI molecular chains and graphene sheets reduces the interface
resistance and enhances the electron transport, and the longer in length, the better
electrical conductivity.

Cycling performance was carried out at the current density of 1 A/g. As shown in
Fig.4e, PANI/rGO presented excellent cycling stability and the specific capacitance
retained 94.8%, much higher than the pure PANI (89.2%) and other PANI-rGO
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composites prepared by noncovalent-bond connected[15-21]. Meanwhile, the
composite electrodes have been performed for 10000 cycles at a scan rate of 100
mV/s. The specific capacitance still maintained 85.3% as the inset in Fig.4e. It was
well known that PANI suffered from a limited stability of cycling due to the
destruction of molecular structure during the oxidation-reduction process, therefore,
when the PANI molecular chains were fastened on the surface of rGO as a substrate
via covalent band, the stability of PANI could be sharply enhanced.

The electrochemical impedance spectroscopy (EIS) was tested in the frequency
range of 10° to 10 Hz. As shown in Fig.4f, the Nyquist plots of PANI/rGO and pure
PANI were an incomplete semicircle in the high-frequency region and a straight line
in the low-frequency region. The intercepts of the curves with real impedance axis,
mainly indicating the contact resistance at the interface of active material/current
collector, were about 6.2 and 10.3 ohm, respectively. The interfacial charge-transfer
resistance (R.;) was calculated by the diameter of semicircle[36, 37]. The R of the
PANI/rGO was 2.6 ohm, smaller than the pure PANI (3.1 ohm). The long uniform
nanorods accelerated transformation of the charge. The Nyquist plots could be
modeled by a complex equivalent circuit, as shown by the inset in Fig.4f. The R was
in series to the C. The C4 and Cr represented electrochemical double layer capacitance
and faradic capacitance separately. The R;; was the charge transfer resistance at the
electrode/electrolyte interface because of the different wettability, while Res was the
electron transfer resistance at the redox reaction.

To evaluate further the supercapacitor performance of the PANI/rGO hybrid
material, the energy density (E) and power density (P) were calculated based on the
asymmetric supercapacitor. The Ragone plot was shown in Fig.5, the maximum
energy density was 8.3 Wh/kg at the current density of 0.2 A/g, meanwhile the power
density could up to a value of 60 kW/kg. It was inferred that the PANI/rGO composite
electrode could meet the demand of high energy density and power density

simultaneously[].

4 Conclusions
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In summary, a novel route for fabricating 3D stable PANI/rGO hybrid materials
was reported. By employing the aminophenyl groups as anchors, PANI nanorods were
successfully grown on the double faces of reduced graphene oxide nanosheets. The
morphologies of hybrid material could be controlled by the aniline concentration and
reaction time. With an optimal condition, the specific capacitance could reach up to
1045.51 F/g at 0.2 A/g. The energy density (E) and power density (P) was 8.3 Wh/kg
and 60 kW/kg at the same time. Besides PANI/rfGO composites presented excellent
durability and the specific capacitance could retain 94.8%. The superior
electrochemical performance was attributed to the 3D nanorods and covalent-bond
structure. This unique 3D structural material can be used as a promising kind of
electrode in the next high energy density and high power density electrochemical

supercapacitors[38].
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Figure caption

Fig.1 (a) AFM image of GO; (b) AFM, (c) SEM, and (d) TEM images of PANI/rGO.

Fig.2 SEM image of PANI/rGO composites at different reaction time: of (a) 3 h; (b) 6h; (c) 18 h

and different aniline monomer concentration of (d) 0.01 mol/L; (e) 0.02 mol/L; (f) 0.05 mol/L.

Fig.3 (a) FTIR spectrum of GO, rGO-NH, and PANI/rGO; (b) Raman spectrum of GO, rGO, pure

PANI and PANI/rGO.

Fig.4 (a) CV of PANI/rGO at different scan rates; (b) CV of rGO, pure PANI and PANI/rGO at
different monomer concentrations at scan rate of 100 mV/s; (¢) charge/discharge curves of
PANI/rGO at different current densities; (d) charge/discharge curves of rGO, pure PANI and
PANI/rGO at 1A/g; (e) cycling performance of PANI/rGO at 1 A/g for 1000 cycles and 100 mV/s

for 10000 cycles; (d) EIS of the PANI and PANI/rGO.

Fig.5 The Ragone plot of energy density versus power density for the PANI/rGO at different

charge/discharge current densities.
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Fig.2 SEM images of PANI/rGO composites at different reaction time: of (a) 3 h; (b) 6 h; (¢c) 18 h
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Fig.4 (a) CV of PANI/rGO at different scan rates; (b) CV of rGO, pure PANI and PANI/rGO at
different monomer concentration at scan rate of 100 mV/s; (c) charge/discharge curves of
PANI/rGO at different current densities; (d) charge/discharge curves of rGO, pure PANI and

PANI/rGO at 1A/g; (e) cycling performance of PANI/rGO at 1 A/g for 1000 cycles and 100 mV/s

for 10000 cycles; (f) EIS of the PANI and PANI/rGO.
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Fig.5 The Ragone plot of energy density versus power density for the PANI/rGO at different

charge/discharge current densities.



