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Preparation and supercapacitor performance
of functionalized graphene aerogel loaded
with polyaniline as a freestanding electrode
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ABSTRACT

Graphene aerogel (GA) has wide applications in energy storage, catalysis, and
adsorption. However, as a candidate for supercapacitor electrode, it suffers from
low specific capacitance. In this paper, we conceived and conducted a two-step
strategy to improve the electrochemical properties of GA: First, GA was selec-
tive functionalized with p-phenylenediamine. Then PANI was grafted onto GA
by in situ polymerization. The results suggest that surface functionalization
enhances the interface bonding between GA and PANI and charge transfer
during electrode redox. As a result, the obtained GA,/PANI composites,
applied as the freestanding electrodes for supercapacitor, exhibit high specific
capacitance (810 F/g at 1 A/g, 2.4 times of GA), good rate capability, and
extraordinary cycling stability (83.2% of retention at 10 A/g after 10,000 cycles,
1.25 times of PANI/GA), indicating its great potential in the construction of
high-performance energy-storage systems.
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capacitor materials normally employ carbon materials,
such as active carbon, carbon nanotubes, and gra-
phene. In particular, three-dimensional (3D) graphene,

Introduction

With the fast development of sustainable and renew-
able energy storage technology, supercapacitors have
been applied as a novel type of energy storage devices.
It is well known for high power density, long cycle life,
and high efficiency [1, 2]. For the application of
supercapacitors, two categories of electrode materials
have been widely exploited and investigated in the last
decades, that s, electrical double-layer (EDL) capacitor
materials and pseudocapacitive materials [3]. EDL
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shaped like hydrogel/aerogel [4], foam/sponges [5]
and nano-architectures [6], has recently received
increasing attention because of its unique structure
and properties, such as self-supported intact skeleton,
high porosity, high specific surface area, good electri-
cal conductivity, and perfect flexibility [7-9]. In this
respect, 3D graphene is synthesized by electrochemi-
cal reduction in graphene oxide (GO) on a gold foil [10]
in the literature and results in high areal capacitance
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(487 mF cm™2) and excellent cycling stability (reten-
tion of 93% after 10,000 cycles). Moreover, 3D graphene
has exhibited potential in other prospective applica-
tions in catalysis [5, 10], adsorption [11], and biological
engineering [12].

However, the application of 3D graphene as the
candidate of supercapacitor electrodes is limited due
to its lower capacitance. The combination of 3D gra-
phene and pseudocapacitive materials is an effective
way to tackle this problem. The first choice of pseu-
docapacitive materials is probably transition metal
oxides, such as MnO, [13], Ni(OH), [14], Co30, [15],
Fe;O,4 [16]. Though these oxides can provide high
pseudocapacitance, they suffer from low flexibility
and poor interface interactions with 3D graphene.
Recently, other pseudocapacitive materials, especially
conducting polymers, such as polyaniline (PANI) [17],
polypyrrole [18] and polythiophene, come to the
attention of researchers. Meng et al. [19] prepared
porous 3D graphene using sacrificial template method
and then deposed PANI by a chemical oxidation. The
obtained composites have high specific capacitance
(385 F/g at 0.5 A/g) and good cycling stability. Liu
et al. [20] prepared 3D graphene/PANI based on cel-
lulose fibers using a “dipping and drying” method,
which demonstrates higher energy storage (464 F/g).
In another research, Xu et al. [21] reported a hybrid
electrode of hierarchical PANI-modified carbon
nanofiber/graphene oxide with specific capacitance of
450.2 F/g at 10 mV/s. However, few studies on the
interface modification between 3D graphene and the
conducting polymers were reported. Recent resear-
ches have shown it plays an important role in
improving the electrochemical performances of con-
ducting polymer/graphene composites [19-26].

In present study, we demonstrate a two-step
strategy to improve the electrochemical properties of
GA, a typical kind of 3D graphene, as a freestanding
supercapacitor electrode: selective functionalization
of GA with p-phenylenediamine, grafting of PANI
onto GA by in situ oxidation polymerization of ani-
line. The resultant materials were characterized using
FESEM, FTIR, TG, XRD, RS, and XPS techniques.
Electrochemical properties of these materials in acidic
electrolyte were evaluated through CV, GCD, EIS,
and cycling stability tests. Compared with GA and
GA/PANI, the functionalized GA/PANI shows
superior supercapacitor performance and exhibits
good prospects in future energy storage and con-
version devices.
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Materials and methods
Materials

P-phenylenediamine (p-PDA), aniline (An, AR),
sodium nitrite (NaNO,, AR), hydrochloric acid (HCI,
AR), and ammonium ammonium sulfate (APS, AR)
were purchased from Aladdin Industrial Corpora-
tion. Ultrapure water was used throughout the
experiments. Graphene oxide was synthesized from
powdered flake graphite (300 meshes, Qingdao Mei-
likun, China) by our improved Hummers method
[27].

Synthesis of PANI/GA

As shown in Fig. 1, the preparation process of GA,/
PANI includes three steps, which can be described as
follows:

Synthesis of GA

First, 410-mg sodium ascorbate dispersed in 15 mL of
H,O was mixed with 20 mL of 3.5 mg/mL GO and
sonicated for 30 min. Subsequently, the suspension
was transferred into a Teflon-lined stainless steel
autoclave and maintained at 140 °C for 6 h. After
being cooled down, the resulting graphene hydrogels
were washed repeatedly with distilled water, freeze-
dried and finally cylinder-like GA foam was
obtained. GA was cut into several discs with a
thickness of about 1 mm and weight of about 2 mg.

Functionalization of GA

First, 40 mM p-PDA was dissolved in 40 mL of 1 M
HCI aqueous solution under stirring for 10 min, and
then 40 mM sodium nitrite was added. After that,
GA discs were immersed in the solution under low-
velocity stirring, allowing the diazonium reaction in

GO GA GAp  GAp/PANI
C9: GO plgg: GA  eme : GAp/PANI

Figure 1 Schematic illustration for preparation processes of GAp/
PANI.
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ice bath for 6 h. The products were washed repeat-
edly with distilled water and freeze-dried. The
obtained aniline functionalized GA was named as
GA,.
Synthesis of GA,/PANI

First, 20 mL of 1 M HCI aqueous solution containing
4 mM aniline was stirred in an ice bath for 10 min,
and then GA or GA, discs were immersed. After
20 mL of 0.2 M APS solution was drop-added into
the foregoing solution under stirring for 1h, the
polymerization reaction was kept for x hours (x = 3,
6, 9 or 12). The resulting green discs were subse-
quently raised and freeze-dried, giving the composite
samples GA,/PANI-xh. For comparison, the same
procedures were conducted for GA without func-
tionalization, and the resulting products were named
as GA/PANI-xh. The mass fraction of PANI in GA/
PANI composites was obtained by comparing the
mass difference between dried GA and GA/PANI
composites.

Characterization

The crystal phases of samples were determined by a
powder X-ray diffraction system (XRD, PANalytical,
X’ Pert PRO, Cu-Ka radiation, 2 = 0.15406 nm). The
chemical components and structures were analysed
using Fourier transform infrared spectroscopy (FTIR;
Bruker, IFS66V), Raman spectroscopy (Raman; Ren-
ishaw), and X-ray photoelectron spectroscopy (XPS;
Kratos, Axis Supra), and XPS spectra were corrected
using the Cl1s line at 284.6 eV. The morphology was
observed by a field-emission scanning electron
microscopy (FESEM; JEOL, JSM-6701F), and trans-
mission electron microscope (TEM; JEOL, JEM-
2000FX). Thermal gravimetric analyzer (TGA; TA,
SDT Q600) was used to test the weight loss of sam-
ples with a calefactive rate of 5 °C/min under Ar air
flow of 60 mL/min.

Electrochemical tests

Cyclic voltammetry (CV), galvanostatic charge/dis-
charge (GCD), and electrochemical impedance spec-
troscopy (EIS) tests were conducted to evaluate the
electrochemical properties of electrode materials
based on a three-electrode cell system: GA,/PANI(or
GA, GA/PANI) as the freestanding working
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electrode, a Pt plate as counter electrode, and an SCE
as reference electrode, and all the electrochemical
tests were conducted in 1M H,SO,. The CV and EIS
data were acquired by an electrochemical worksta-
tion (PARSTAT2273, AMETEK), while the GCD data
were taken by a Battery Test System (Land 2001,
Wuhan Kingnuo, China). Mass specific capacitance C
(F/g), energy density W (Wh/kg), and power density
P (kW/kg) by the following equations [28]:

21 oe
m(vf - Vi) Vi
I
=— Vdt 2
3.6m v, ( )
E
= 1 —_
P = 1000 (3)

where [ is the constant discharge current (A), m is the
mass of electrode materials (g), At is the discharging
time(s), V is the potential (V) with initial and final
values of V; and Vy, respectively.

Results and discussion
Characterization

Figure 2 shows the FESEM images of (a) GA, (b) GA,,
() GA/PANI-%h and (d) GA,/PANI-9h, and TEM
images of (e) GA/PANI-%h and (f) GA,/PANI-9h.
GA derived from hydrothermal reduction in GO has
cylinder-like shape (inset of Fig. 2a) and sponge-like
microstructure. Within GA, a mass of macropores
interconnect, which allows easy access of liquid
media [23], which is key to aniline polymerization
and electrolyte diffusion. Compared with its origin
GA, GA,, (Fig. 2b) change little in porous morphol-
ogy, and the difference lies in the N element mapping
(bottom inset of Fig. 2b), which arises from the graf-
ted aniline on the surface of GA. After loaded with
PANI, the pores become narrow in both GA/PANI-
9h (Fig. 2c) and GA,/PANI-%h (Fig. 2d). Nanometer
polyaniline was grown on the surface of graphene
uniformly (Fig. 2e, f). But the PANI load of both
composites is not high, with a load fraction 10.7 wt%
for GA/PANI-9h, 209 wt% for GA,/PANI-9h,
respectively. This can be explained by the fact that
high-concentration GO colloid (3.5 mg/ml) derived
GA has dense narrow pores (Fig. 2b), which prevents
the effective diffusion of aniline solution within GA.
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Figure 2 FESEM images of
a GA, b GA,,, ¢ GA/PANI-9h,
d GA,/PANI-9h, and TEM
images of e GA/PANI, and

f GA,/PANL. Inset of

(a) shows the digital image of
GA, insets of (b) show the
digital image of GA,, (top) and
the elemental mapping of GA,,
(bottom), and insets of (c),
(d) and (f) shows the
corresponding high-
magnification image,
respectively.

Meantime, the polymerization reaction would be
limited due to the dilute monomer (0.1 mM/ml).
However, the case can be improved by functional-
ization of graphene, which can enhance the surface
wettability and reaction activity of GA and afford it
higher load of PANIL.

Figure 3a illustrates the FTIR spectra of GO, GA,
GA,, PANI, and GA,/PANI-9h. The spectrum of GO
showed strong absorption at 3400, 1729, 1400, and
1060 cm ™! due to -OH, —-C=0 vibration in COOH
and C-O vibration in C-OH/C-O-C [27]. A sharp
band around 1625 cm™' might be from the
intramolecular H,O. Due to the reduction, most
peaks in GA become weak or disappear except for —
COOH group, which remains in the edge of graphene
planes. In the spectrum of GA,, new bands at 840 and
1147 cm™! are assigned to the vibration of N-H and
C-N, suggesting that -NH, was grafted on the sur-
faces of GA. The resultant GA,/PANI-9h exhibits

@ Springer

J Mater Sci (2017) 52:5871-5881

similar characteristic peaks as compared to the pure
PANI. For GAp/ PANI-9h, the peaks at 1299, 1246,
1145, and 818 cm™! are attributed to the C-N
stretching vibration of the benzene ring, stretching
vibration of the C-N in the polaron structure of
PANI, stretching of C=N and out-of-plane bending
vibration of C-H in benzene ring, respectively [29].
Compared with GA, the main bands centered at
3440, 1566, and 1485 cm™! can be ascribed to N-H
stretching, C-C stretching vibration of the quinoid
ring and the C—C benzenoid ring in PANI, indicating
the presence of PANI [20]. Figure 3b shows the TGA
of GO, GA, GA, and GA,/PANI-9h. The initial
weight loss occurs at about 150 °C, which is corre-
lated with the pyrolysis of the bound water. This is
followed by a significant weight loss between 200 and
300 °C, indicating the pyrolysis of the oxidized
groups of GO and GA, grafted molecule of GA, and
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Figure 3 a FTIR of GO, GA, (a)

GA,, PANI, and GA/PANI-
9h, b TGA of GO, GA, GA,
and GA,/PANI-9h.
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PANI bonded on GA [27]. The order of thermal sta-
bility is GA,/PANI-9h < GO < GA < GA,,.

Figure S1 gives the XRD patterns of GO, GA,,
GA,/PANI-9h. GO has a characteristic diffraction
peak at 20 = 10.31°, corresponding to the (110)
interplanar spacing of 7.3 A [27, 30], and GAp is
characterized by the peak at 23.2° (dgo) = 3.7 A),
which indicates the formation of a poorly ordered
graphite-like material (d(2) = 3.4 A for graphite).
For GA,/PANI-9h, the crystalline peaks at about 20°
and 25° can be assigned to (020) and (002) reflections
of PANI in its polyaniline salt form, while two broad
diffraction peaks around 25° present the (002) facets
of the hexagonal graphitic results from GA, [30].
Figure S2 shows the Raman spectra of GO and GA,,
where D band at 1360 cm ™' and G band at 1574 cm ™"
can be attributed to the conversion of a sp>hy-
bridized carbon to a sp>-hybridized carbon, and the
in-plane bond-stretching motion of the pairs of C sp”
atoms, respectively [27]. For GO and GA,, the
intensity ratio D band to G band Ip/Ig = 0.94, 1.12,
respectively. The increased Ip/Ig of GA relative to
GO indicates the realization of deoxygenation in
chemically reduced graphene.

XPS was employed to determine the element and
bond composition of GO, GA, GA, and GA,/PANI-
9h. The survey spectra (Fig. 4a) confirm that the main
elements C (Cls) and O (Ols) resulting from all
samples, and N element (N1s) only from GA, and
GA,/PANI-9h samples [31]. As is expected, GO has
higher O1s peak than GA, and GA,/PANI has higher
N1s peak than GA,. In Cls spectrum of GO (top of
Fig. 4b), four types of covalently bonded carbon can
be resolved as sp2 carbon (C-C/C=C, 284.6 eV),
epoxy/hydroxyl groups (C-O, 286.6 eV), carbonyl

1500
Wave number (cm1)

100 200 300 400 500 600 700 800 900
Temperature /°C

1000 500 0

groups (C=0, 287.8 eV), and carboxyl groups (O-
C=0, 289.5 eV), respectively [27, 32]. After reduction
in GO, the C-O bonds are greatly reduced, so Cls
spectra of GA, GA, and GA[/PANI-9h(middle and
bottom of Fig. 4b) shift to lower binding energy. In
Cls spectra of GA, and GA,/PANI-9h, new C-N
bond can be isolated at 286.8 eV among the decon-
voluted peaks, indicating the successful bonding of N
element in GAp and GAp /PANI-9h. In contrast, C-N
bond could not be isolated from the Cls spectrum of
GA. The N1s spectra (Fig. 4c) of GAp and GAp/
PANI-9h can be resolved into four peaks located at
398.8, 399.6, 400.3, and 401.7 eV, corresponding to
benzenoid amine (=N-), quinoid amine (-NH-),
nitrogen cationic radical (NH™), and amino positive
ion (NH,*=) [33], respectively. Due to the presence of
PANI, GAp/PANI has much higher NH," = peak
than GAp.

To interpret the formation process of GA,/PANI,
we propose a mechanism description, as shown in
Fig. 5. First, hydrothermal reduction in GO con-
structs the 3D framework of GA, drove by the inter-
actions such as hydrophobic-hydrophilic and 7n—=n
stacking interactions [10], and some carboxyl remain
in the edge of basal plane of graphene; second, the
p-PDA functionalization of GA introduces covalent
aniline in basal plane of graphene through diazonium
reaction and leads to GA,; third, beginning with
those active cites, major functionalized aniline and
few carboxyl, PANI molecule produced by oxidiza-
tion polymerization of aniline monomers heteroge-
neously nucleate and grow, and finally form the
PANI/GA, composites. Due to the improvement in
surface wettability and reaction activity, GAp can
absorb and load higher amount of PANI relative to
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Figure 4 XPS spectra of (a) b
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GA by in situ polymerization, affording it large
pseudocapacitance as a supercapacitor electrode.

Electrochemical properties

The CV and GCD curves of GA, GA,, GA/PANI-8h,
and GAp/ PANI-8h were determined to evaluate the
electrochemical properties. Figure 6a shows GA and
GA, share similar and smooth CV loops, which
indicates the EDL capacitance is most contributive,
while the functionalization of GA has not significant
effect on the capacitance. When GA and GA; are
coupled with PANI, the CV curves observe a new
couple of redox peaks from the pseudocapacitive
PANI [34], and GA,/PANI-8h has a much larger
loop area or specific capacitance than GA/PANI-8h,
which can be attributed to the enhanced interface
bonding and PANI load within GA,. Figure 6b
illustrates the CV curves of GA,/PANI obtained for
different reaction time (x = 3, 6,9, 12 h). It shows that
with the increase in reaction time, the loop area first
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increases and finally decreases, and reaches the
maximum value at x = 9 h, which corresponds to the
largest specific capacitance. For the GA,/PANI-9h,
we further investigated the charge/discharge per-
formance (Fig. 6¢c). The GCD curves appear nonlinear
and symmetrical. As EDL capacitance often behaves
linearly during charge/discharge, the nonlinearity
indicates that there exists pseudocapacitance in
electrode materials. Furthermore, the symmetry of
the GCD curve implies that electrode materials work
rather stably, owing to the supporting of 3D GA. As
the current density increases, the charge/discharge
time decreases. With a current density of 5 A/g, the
charge/discharge finished fast within 80 s. With a
current density of 0.5 A/g, a specific capacitance of
905 F/g is obtained. This value is superior over the
reported results [35-37]. To further evaluate and
compare the rate performance, we plot the specific
capacitance versus current density in Fig. 6d for GA,
GA/PANI-9h and GA,/PANI-Sh. Clearly, the
specific capacitance stored by GA,/PANI-9h
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Figure 5 Mechanism description of the synthesis of GA,/PANI.
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Figure 6 Electrochemical tests a CV curves of GA, GAp, GA/
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dominates over the other two. For example, this value
at 1 A/g is 810 F/g for GA,/PANI-%h, and 335 F/g
for GA and 466 F/g for GA/PANI-9h. Second, the
capacitance declines slowly cross a wide range of
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current density, suggesting that the materials are of
good rate capability. For GA,/PANI-9h, the capaci-
tance only loses 25% of its initial value when the
current density increases from 0.5 to 5 A/g. So it is

@ Springer



5878 J Mater Sci (2017) 52:5871-5881
Figure 7 EIS of GA, GAp, GA/  (a) (b)
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necessary for the functionalization of GA and cou-
pling of PANI in GA as dual strategies to improve the
capacitance performance of GA.

EIS is an effective tool to judge the charge transport
phenomena of electrode materials [38]. Nyquist (Z'-
Z") plot of GA, GAp, GA/PANI-9h, and GAp/PANI-
9h was measured from 10 kHz to 0.1 Hz. Theoreti-
cally, the Z'-Z" curves have two segments, a low
frequency region (right) and a high frequency region
(left), and the latter often emerges as a semicircle.
Moreover, the semicircle is characterized by a start-
ing point standing for the equivalent series resis-
tances R; and a diameter for the electrode/electrolyte
interface charge transfer resistance Rcr [37, 39]. Fig-
ure 7a shows as supported by the conducting GA, R;
of GA, GAp, and GAp/PANI-9h is low, but that of
GA/PANI is maximum (0.55 Q). Furthermore, the
corresponding Rcr is also small, and GA/PANI still
has the maximum value, indicating weak interface
bonding resists the charge transfer. Figure 7b plots
the imaginary capacitance as a function of frequency.
From the location of peaks, one can determine the
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characteristic frequency f, and time constant t = 1/
2w fo. It shows 7 =1.79, 12.2, 16 and 2.65 s for GA,
GAp, GA/PANI-9h, and GAp/PANI-9N, respectively,
so GAp/PANI-9h has lower value of t than GA/
PANI-9h, further suggesting surface functionaliza-
tion can improve the kinetics of charge transfer cross
the electrodes.

Figure 8a evaluates the cycling performance of
capacitance for GA, GA/PANI-9h and GAp/PANI-
9h, by GCD at a current density of 10 A/g for 10,000
cycles [27, 40]. The retention of capacitance for GA,
GA/PANI-9h, and GAp/PANI-%h is 98.18, 67, and
83.2%, respectively, that is, the cycling stability of
GA/PANI-9h is far less than that of the other two.
This might be because of the partial detachment of
PANI from GA substrate during the long-term
cycling [41], due to the absence of strong interface
bonding between PANI and GA. In contrast, thanks
to the strong bonding between functionalized GA
and PANI, GA,/PANI exhibits high cycling stability.
Figure 8b presents Ragone plot of the three samples.
It shows after loaded with PANI, the energy density
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Figure 8 a Cycling performance of capacitance and b Ragone plot of GA, GA/PANI-%h and GA,/PANI-Sh.
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of GA noticeably increases, and GA,/PANI-h pos-
sesses both high energy density and high power
density. Further, we assembled a symmetric super-
capacitor based on GAp/PANI-%h (inset of Fig. 8b),
which can lighten a LED lamp for 5 min. The tested
results (Fig. S3, Supplementary) show it has a specific
capacitance of 211.2 F/g, about 25% of that value of
three-electrode system, and a long circle life, consis-
tent with the three-electrode system.

Conclusions

In summary, in present research we demonstrated a
new routine to prepare high-performance GA/PANI
composites as the freestanding electrodes for super-
capacitor. The routine includes two key steps: (1)
selective functionalization of GA with p-phenylene-
diamine via the diazonium reaction, (2) the grafting
of the pseudocapacitive PANI onto GA by in situ
oxidation polymerization. The obtained materials
were characterized using various instrumental
methods, such as FESEM, TEM, FTIR, TG, RS, and
XPS, and their formation mechanisms and electro-
chemical properties were investigated in details. The
results suggest that owing to the application of sur-
face functionalization, the interface bonding between
GA and PANI, the load of PANI and the elec-
trode/electrolyte interface charge transfer during
electrode redox were enhanced. Therefore, as com-
pared to GA and nonfunctionalized GA/PANI, the
functionalized GA/PANI composites exhibit supe-
rior supercapacitor performance. Our work not only
highlights the importance of interface modification in
composite design, but also provides a proper routine
for the development of high-performance
supercapacitors.
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