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Polyaniline nanofibers (PANI-NFs)/graphite oxide (GO) nanocomposites with excellent interfacial inter-
action and elongated fiber structure were synthesized via a facile interfacial polymerization method. This
polymerization method efficiently exfoliated the expanded layer structure of GO into individual sheets
and thus significantly enhanced the specific surface area. Direct evidence of a strong interaction between
PANI-NFs and GO was observed from TEM results. The reduced diameter of PANI-NFs in PANI-NF/GO than
that of pure PANI-NFs could shorten the diffusion distance and enhance the electro-active sites. The
PANI-NFs/GO hybrid materials showed orders of magnitude enhancement in capacitance and energy
density than that of individual GO and PANI-NF components. The higher PANI-NFs fraction in composites
generated an energy density of 7.1 W h/kg at a power density of 80 W/kg. The enlarged electrochemical
capacitance of the PANI-NFs/GO nanocomposites was attributed to the increased specific surface area,
which improved the accessibility of ions from electrodes to electroactive materials as well as the
improved conductivity due to the excellent interfacial interaction. PANI nanoparticles were observed in
the nanocomposites when surface initiated polymerization method was used to prepare the polymer
nanocomposites. At the same weight loading of PANI in the composites, fibrous PANI demonstrated
higher energy density and long term stability than that of particle-shaped PANI at higher power density.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Different methods have been developed to obtain high quality
graphene, including physicalmethods such asmechanical exfoliation
[1], and chemical methods including chemical reduction of graphite
oxide [2,3], total organic synthesis [4], and chemical vapor deposition
[5]. Among these methods, chemical reduction from graphite oxide
(GO) is the most promising and economical method for scale-up
production of graphene. The intermediate, GO, obtains an expanded
d-spacing between individual sheets and can be easily exfoliated into
single sheets under sonication. In addition, the large amount of
oxygen-containing functional groups in-plane and out-of-plane
provides sufficient defects and potential functionalization, which
ei), zhanhu.guo@lamar.edu
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could serve as template for the growth of different nanostructures.
Therefore, GO has triggered great interest in the nanocomposite field
in recent years.

Most of the current researches in this area are focused on the
synthesis, characterization and device manufacturing and appli-
cations of graphene, GO as well as their corresponding nano-
composites. GO is often designed to be reduced to graphene when
decorating nanostructural materials on the GO surface to form
nanocomposites. To achieve different functionalities, various
nanomaterials have been incorporated to graphene or GO, which
can be roughly divided into two groups such as inorganic and
organic nanomaterials. In the inorganic category, for example, TiO2
nanoparticles (NPs) have been grown on graphene to enhance the
photocatalytic activity in the degradation of rhodamine B [6] and
for enhanced Li-ion insertion [7], platinum NPs supported on gra-
phene sheets have served as electrocatalysts for direct methanol
fuel cells [8], cobalt hydroxide/graphene hybrids have been devel-
oped as high performance electrodes for electrochemical capacitors
[9], magnetite/graphene composites have been demonstrated to
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exhibit a high adsorption capacity for As(III) and/or As(V) from
polluted water [10,11], Fe@Fe2O3/SieOeS core@double-shell
structure coated on graphene exhibits much faster and complete
adsorption of Cr(VI) within a wide range of pH conditions [12]. In
the organic category, both GO and graphene have been used as
fillers to enhance the mechanical properties [13,14], barrier
performance [15] of the polymer nanocomposites (PNCs) or they
are decorated with conductive polymer nanostructures (CPNs) for
advanced energy storage devices [16e19] and environmental
remediation [20]. CPN/GO or CPN/graphene derived capacitor
electrodes have intrigued great interests due to their highly elec-
trochemical activity. Among various CPNs, polyaniline (PANI) is
mostly studied because of its facile and versatile synthetic methods
that can be used for synthesizing different nanostructures and
nanocomposites [21e23]. For example, using an in situ oxidation
polymerization method, PANI-NPs/GO composites have been
synthesized and found to be electrorheologically active within an
electrical field [24]. Flexible PANI film/graphene composite paper
was produced via an in-situ anodic electropolymerization process
and this material generated a capacitance of 233 F/g in 1.0 M H2SO4
electrolyte [18]. To reach a higher energy storage density, PANI
nanowire arrays [25] and nanofibers (PANI-NFs) [26] have been
successfully grafted on the GO sheets using a rapid mixing reaction
method and both composite materials exhibit a capacity as high as
555 and 480 F/g in 1.0 M H2SO4 electrolyte, respectively. However,
the PANI-NFs/graphene composite film shows a relatively lower
capacity of 210 F/g from a direct physical mixing of graphene and
interfacial polymerized PANI-NFs [27], indicating that the interfa-
cial interaction of the two phase materials plays a significant role in
the electrochemical performances. In addition, microwave-
solvothermal synthesized PANI/graphene [16] and capillary force
driven self-assembly of polypyrrole (PPy)/graphene [17] PNCs have
also been developed recently for energy storage applications.

PANI-NFs synthesized from an interfacial polymerizationmethod
have been developed by Huang et al. [28,29]. Previous research
demonstrated that fibrous PANI with large surface area usually
generates larger capacitance than particle-shaped PANI [30,31]. The
currentmethods for fabricating PANI-NFs/GO or PANI-NFs/graphene
PNCs are either rapid mixing reaction method or direct physical
mixing of these two phase materials [26,27]. However, rapid mixing
reaction is difficult to obtain long PANI-NFs and direct physical
mixing suffers from the poor interfacial interaction. Until now, it is
still a challenge to synthesize PANI-NFs/GO PNCs with strong inter-
facial interaction and elongated fiber structure.

The testing methods for electrochemical property characteriza-
tion have not been well standardized yet. The current typical tech-
niques being employed include three-electrode method and two-
electrode method. For example, three-electrode cell is valuable for
fast screening electroactive materials, which is a more efficient and
economic process. While the two-electrode method mimics the
physical configuration, internal voltages and charge transfer, which
occur in a packaged supercapacitor and thus provide the best indi-
cation of an electrode material’s performance [32].

In this paper, the PANI-nanofibers(NFs)/GO polymer nano-
composites (PNCs) have been successfully prepared using a facile
interfacial polymerization approach, aiming to achieve an
outstanding interfacial interaction and elongated nanofiber struc-
ture toward electrochemical energy storage. Three composite
samples with increasing PANI-NF loading are prepared. For
comparison, surface initiated polymerization (SIP) was also used to
prepare PANI/GO nanocomposites with the observed PANI spher-
ical nanoparticles formed. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy-filtered TEM
(EFTEM) were used to investigate the microstructures of the
PNCs. Fourier transform infrared spectroscopy (FT-IR), Raman
spectroscopy, and X-ray diffraction techniques were introduced to
characterize the structural evolution of the PNCs during synthesis.
The electrochemical performance of the electrodes from these
PNCs has been studied by cyclic voltammograms, galvanostatic
charge/discharge and electrochemical impedance spectroscopy
tests considering the PANI-NF loading andmorphology in the PNCs.
The PANI-GO interaction, specific surface area and internal resis-
tance have been used to interpret the observed electrochemical
performance difference.

2. Experimental section

2.1. Materials

Natural graphite powder (SP-1) was purchased from Bay Carbon
Inc, USA. Aniline (C6H7N, �99.0%), ammonium persulfate (APS,
(NH4)2S2O8, �98.0%), p-toluenesulfonic acid (PTSA, C7H8O3S,
�98.5%), sulfuric acid (H2SO4, 95.0%e98.0%), hydrochloric acid
(HCl, 36.5e38.0%), potassium persulfate (K2S2O8, �99.0%), phos-
phorus pentoxide (P2O5, �98.0%), potassium permanganate
(KMnO4, �99.0%), H2O2 solution (PERDROGEN� 30% H2O2 (w/w)),
polyvinylidene fluoride (PVDF) powder (Mw z 534,000), PVDF
membrane filter (Durapore� PVDF) were all purchased from Sigma
Aldrich. Acetylene carbon black (99.99%) was purchased from
Strem Chemicals, Inc. The dialysis membrane (Spectra/Por 4,
molecular weight cut off (MWCO): 12,000e14,000) was purchased
from Spectrum Laboratories, Inc. Nickel foam was purchased from
Goodfellow corporation with thickness of 1.6 mm and porosity of
95%. Chloroform (CHCl3) was purchased from Fisher Scientific. All
the materials were used as received without any further treatment.

2.2. Synthesis of graphite oxide

The graphite oxide (GO) was synthesized from natural graphite
powders following the modified Hummers method [33,34].
Specifically, an additional graphite oxidation was applied prior to
the GO preparation according to Hummers method. The pre-
oxidation step was essentially important to produce complete
oxidation products. The graphite powders (3.0 g) were put into an
80 �C solution containing concentrated H2SO4 (12 mL), K2S2O8
(4.0 g), and P2O5 (4.0 g). The resultant dark blue mixture was
thermally isolated and allowed to cool down to room temperature
over a period of 6 h. The mixture was then carefully diluted with
distilled water, filtered, and washed with a PVDF membrane until
the rinsing water became neutral. The product was dried in air at
ambient temperature overnight. This preoxidized graphite was
then subjected to oxidation by Hummers’ method. The oxidized
graphite powder was dispersed in 0 �C concentrated H2SO4
(120 mL). KMnO4 (15.0 g) was added gradually with stirring and
cooling. The temperature of the mixture was not allowed to reach
20 �C. The mixture was then stirred at 35 �C for 2 h, and distilled
water (250 mL) was added. The reaction was terminated after
15 min by adding a large amount of distilled water (700 mL) and
H2O2 solution (20mL). The bright yellow reactant mixturewas then
filtered and washed with 1:10 HCl solution (1 L) to remove metal
ions. The GO product was suspended in distilled water to give
a viscous, brown, 2.0 wt% dispersion, which was subjected to
dialysis to completely remove metal ions and acid. The final
concentration of the GO solution was 1.4 wt% determined by
thermogravimetric analysis (TGA).

2.3. Preparation of PANI-NFs and GO/PANI nanocomposites

PANI-NFs were prepared by interfacial polymerization, which
was prepared with the reactant ratio of aniline:APS:PTSA ¼ 8:2:25.
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The synthesis procedures are briefly described as follow. First,
aniline (16 mmol) was dissolved in chloroform (100 mL) as organic
phase, and water phase was APS (4 mmol) dissolved in 0.5 M PTSA
aqueous solution (100 mL). Then, the water phase was transferred
to organic phase for interfacial polymerization at room tempera-
ture for 2 h.

GO/PANI-NFs PNCs were prepared following similar procedures
but replacing water with different concentrations of GO aqueous
solutions, the ratio of aniline, APS and PTSA were maintained the
same. PNCs with three different loadings of GO were prepared to
study the loading effect on the morphology and corresponding
electrochemical performance. Specifically, 0.035, 0.070, and 0.140 g
GO were dispersed in 100 mL water under sonication for 3 h to
obtain a homogeneous brown solution. Then 0.915 g APS and
8.610 g PTSA were added to the solution and sonicated for an
additional hour. After that, the mixture was transferred to the top
organic phase for interfacial polymerization. For convenience, these
three collected PANI-NFs/GO PNCs were named as IP-1, IP-2 and IP-
3, respectively. The reaction process was monitored and recorded
with a camera at different reaction time of 0 min, 10 min, 0.5 h and
2 h, Fig.1(a)e(d), respectively. As the reaction proceeded for 10min,
the GO phase turned from brown to dark brown and the interfacial
area became dark green. After 0.5 h, the whole GO phase turned to
dark green, indicating the efficient exchange of materials at the
interface. 2 h later, the reaction was completed and the organic
phase turned to light orange, which was due to the diffusion of
small amount GO across the interface to chloroform.

For comparison, PANI-NPs/GO was also prepared following the
same recipe of IP-2 using the surface initiated polymerization (SIP)
method in an ice/water bath. Briefly, GO (0.070 g) was added to DI
water (200 mL) and sonicated for 3 h, APS (0.915 g) and PTSA
(8.610 g) were added to the solution thereafter and sonicated for
one additional hour at 0 �C. Aniline (1.490 g) was then added
dropwisely to the mixture for 1 h in sonication bath at 0 �C. This
product was named CP-2.

All the products were vacuum filtered and washed with ethanol
and deionized water to remove excess acid, possible oligomers and
organic solvent. The obtained product was dried completely at
50 �C before any further characterization.

2.4. Characterizations

Fourier transform infrared spectroscopy (FT-IR, Bruker Inc.
Tensor 27) with hyperion 1000 ATRmicroscopy accessory was used
to characterize the samples over the range of 4000 to 500 cm�1 at
a resolution of 4 cm�1. The room temperature Raman spectra of
graphite, GO, PANI-NFs, and PANI/GO PNCs were measured using
a Horiba Jobin-Yvon LabRam HR Confocal Microscope with 633 nm
(Laser Filter: D 0.3) laser excitation at a 1.5 cm�1 resolution. The
Raman spectrum was collected in the spectral region from 400 to
4000 cm�1 with a grating of 300 grooves/mm and confocal pinhole
of 200 mm.
Fig. 1. Interfacial polymerization of PANI-NFs/GO nanocomposit
The powder X-ray diffraction analysis of the samples was carried
out with a Bruker AXS D8 Discover diffractometer with GADDS
(General Area Detector Diffraction System) operating with a Cu-Ka
radiation source filtered with a graphite monochromator
(l ¼ 1.5406 �A). The detector used was a HISTAR two-dimensional
multi-wire area detector. The samples were loaded onto double
sided scotch tape, placed on a glass slide, and mounted on
a quarter-circle Eulerian cradle (Huber) on an XYZ stage. The X-ray
beamwas generated at 40 kV and 40mA power and was collimated
to about an 800-mm spot size on the sample. The incident u angle
was 5�. A laser/video system was used to ensure the alignment of
the sample position on the instrument center. XRD scans were
recorded from 5 to 75� for 2q with a 0.05� step-width and a 60-s
counting time for each step.

The morphology of the samples was characterized with a field
emission scanning electron microscope (SEM, JEOL, JSM-6700F)
and field emission transmission electron microscopy (TEM, FEI
Tecnai G2 F20), operated at an accelerating voltage of 200 kV. The
TEM samples were prepared by drying a drop of sample/ethanol
suspension on carbon-coated copper TEM grids. The thermal
degradation behavior of the samples was studied with a thermo-
gravimetric analysis (TGA Q-500, TA Instruments) from 25 to
800 �C in nitrogen atmosphere, with a flow rate of 60 mL/min and
a heating rate of 10 �C/min.

BrunauereEmmetteTeller (BET) was used to measure the
specific surface area of the electroactive materials. BET adsorption
and desorption isotherms were obtained using a surface area
analyzer (NOVA 1000 Series, Quantachrome). The solid sample to
be analyzed was weighed and placed inside the sample holder cell
of a known volume. The used refrigerant was liquid nitrogen placed
in a vacuum Dewar at about 77 K and the carrier gas was N2 (ultra
high purity grade, Airgas).

Theworking electrodes were prepared bymixing 80wt% sample
(GO, IP-1, IP-2, IP-3, CP-2, and PANI-NFs) powders with 15 wt%
acetylene black and 5 wt% polyvinylidene fluoride (PVDF) binder.
DI-water was added into the mixture and sonicated for 1 h to
produce a homogeneous solution. The mixture solution was drop-
ped onto nickel foam current-collectors (1.0 � 1.0 cm) to make
electrodes. The electrodes were heated at 130 �C for 6 h to complete
the binding. The loading of the active materials on the nickel foam
was calculated from the weight difference before and after loading
the materials. The prepared electrode was soaked in 1.0 M Na2SO4
solution overnight before the electrochemical test. Electrochemical
characterization was carried out in a conventional three-electrode
cell with 1.0 M Na2SO4 as the electrolyte. A platinum wire and
Ag/AgCl were used as the counter electrode and reference elec-
trode, respectively. All the electrochemical measurements were
conducted using a VersaSTAT 4 electrochemical workstation
(Princeton Applied Research). Specific capacitance was calculated
based on active materials per gram. The cyclic voltammograms
(CVs) were scanned at different voltage sweeping rates of 2e
50 mV/s within the potential range of 0e0.8 V. The galvanostatic
es recorded at (a) 0 min, (b) 10 min, (c) 0.5 h, and (d) 2 h.
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charge/discharge curves were tested at different current densities
of 0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 A/g from 0 to 0.8 V. The CV and
chargeedischarge curves shown in this work were plotted using
data collected from second cycle. Electrochemical impedance
spectroscopy (EIS) tests were done using a sinusoidal signal with
mean voltage of 0 V and amplitude of 10mV over a frequency range
of 500,000e1 Hz.

3. Results and discussion

3.1. Microstructure characterization

Fig. 2 shows the TEM microstructures of pure GO, PANI-NFs and
GO PNCs decoratedwith PANI-NFs and PANI-NPs on the GO surface.
Fig. 2(a) shows the thin transparent layer of GO with a typical
folding nature. The diameter of the PANI-NFs produced from the
interfacial polymerization method is 87 � 10 nm with several
micrometers in length, Fig. 2(b). After replacing the water phase
with different concentrations of GO aqueous solutions, the inter-
facial polymerization process was observed to be slower than that
in pure aqueous phase due to the presence of GO sheets, which
prevented the efficient diffusion of aniline from organic phase to
aqueous phase. With 2 h interfacial reaction, the PANI-NFs were
observed to be randomly attached on the GO surface, Fig. 2(cee).
The diameter of the PANI-NFs on the GO sheet was observed to be
thinner than that of pure PANI-NFs, which was 65 � 10 nm inde-
pendent of the GO concentration in aqueous phase. However, the
length of the PANI-NFs differed from each other with respect to
different GO concentrations. To be specific, the IP-1 and IP-3 (about
Fig. 2. TEM microstructures of (a) GO, (b) PANI-NFs, (c) IP-1, (d) IP-2, (e) IP-3, (f) CP-2, (g) TE
and (j) oxygen.
1e2 mm) are relatively longer than that of IP-2 (0.4e0.8 mm).
Moreover, the GO sheets after decorated with PANI-NFs turned
slightly darker than pure GO, indicating that a thin layer of PANI
was coated on the GO sheets, which will be discussed in the
following energy-filtered TEM (EFTEM) and SEM characterizations.
Using the same recipe as IP-2 but different synthetic method
(surface initiated polymerization) for CP-2, PANI nano-spheres with
an average diameter of 15 � 8 nm were observed to be uniformly
dispersed on the GO sheets, Fig. 2(f). Without an interface in the
homogeneous emulsion, the polymerization induced PANI chain
growth was directed to the lowest surface energy and thus nano-
spheres were formed with the assistance of sonication.

EFTEM was conducted on IP-2 to further clarify the specific
component of the PNCs. To differentiate the PANI-NFs from the GO
sheet and provide a better contrast, a dark-field imagewas taken by
shifting energy to 110 eV in the EFTEMmode, Fig. 2(g). The zero loss
image (d) and elemental maps of carbon (h), nitrogen (i), and
oxygen (j) are shown in Fig. 2. The EFTEM mapping provides a 2-
dimensional elemental distribution. A brighter area in the
elemental map indicates a higher concentration of the corre-
sponding element in that area. They are shown in different colors to
identify their positions within the PNCs. Fig. 2(h) depicts the carbon
map showing the bright GO sheet with even brighter PANI-NFs
nanostructures. However, the nitrogen map, Fig. 2(i), shows that
the GO sheet is fully covered by the nitrogen element and the
brighter nanofiber structure indicates the high concentration of
nitrogen. This result further confirms the structure of PNCs,
composing of a PANI thin layer coated on GO together with PANI-
NFs grafted on the surface. The uniform color of oxygen element
M image of IP-2; and the corresponding elemental mapping of (h) carbon, (i) nitrogen,
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mapping indicates that oxygen is not involved in the nanofiber
structure. All these results confirm that the GO sheet is coated by
a thin layer of PANI and the PANI-NFs structure is attached on the
graphene sheet.

Once the specific structure and component of the PNCs have
been confirmed by the TEM results, it is critically important to
clarify how the GO sheets and the PANI-NFs are interacted at the
interface during interfacial polymerization. Two possible
approaches derived from two different reaction mechanisms may
proceed. The first approach is based on a physical mixture of GO
sheets and PANI-NFs. In other words, the PANI-NFs are grown only
in the free space of GO solution where GO is not present. After the
reaction, the GO and PANI-NFs are physically combined to form
PNCs and no interfacial interaction between them. The other is
based on a chemical bonding between these two phase materials.
Aniline is firstly protonated at the interface by carboxylic groups
grafted on the GO sheets and then polymerized by APS on the GO
Fig. 3. SEM microstructures of (a) GO, (b) PANI-NFs, (c) IP-2, (d) enlarged GO surface of IP-2,
image of IP-2 at the other location, and (h) enlarged square area of (g).
surface or out of the surface. To further explore the reaction
mechanisms of PANI-NFs in the GO solution, SEM images of GO,
PANI-NFs, IP-2 are taken for comparison, Fig. 3(aed). As shown in
Fig. 3(a), the pure GO exhibits a smooth surface with folding nature.
The PANI-NFs in Fig. 3(b) show the uniform nanofiber morphology
with narrow size distribution in both diameter and length, which is
consistent with the TEM observations. Fig. 3(c) shows the
morphology of IP-2, where PANI-NFs are randomly distributed
between the GO sheets and a strong bonding between PANI and GO
could be observed. Taking a closer view on the GO sheet surface,
Fig. 3(d), it is surprising to observe the rough PANI coating layer on
the GO sheet. This result further confirms the previous observations
from TEM, Fig. 2(cee).

The direct evidence of the PANI-NFs growing from GO in-plane
to out-of-plane is observed from TEM, Fig. 3(eeh). Fig. 3(e and f) is
taken from one location and (g and h) is taken from another loca-
tion of the same sample (IP-2). All these results indicate that the
(e) TEM image of IP-2 at one location, (f) enlarged square area at the interface, (g) TEM



Fig. 4. FT-IR spectra of (a) GO, (b) IP-2, and (c) PANI-NFs.
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PANI-NFs are chemically bonded to the GO rather than simply
physical mixing. Even though the second approach of chemical
bonding has been demonstrated by the SEM and TEM observations,
the first approach of physical mixing still cannot be completely
excluded. The interfacial polymerization mechanism for the PANI-
NFs/GO PNCs is schematically illustrated in Scheme 1. It is well
known that the GO contains oxidized aliphatic six-membered rings
including different oxygen-containing groups such as CeOeC
(epoxide), CeOH groups, and eCOOH groups [35]. Aniline could
be protonated by PTSA at the H2O/CHCl3 interface or directly
protonated by the carboxylic groups grafted on the GO sheets. The
polymerization proceeds both in the aqueous phase and on the GO
surface. As a result, GO was completely coated by a thin layer of
PANI. Meanwhile, the PANI coated GO could serve as seeding
templates to grow the nanofiber structure when exposed to the
interfacial area.

Fig. 4 shows the typical FT-IR spectra of GO, IP-2 and PANI-NFs.
In Fig. 4(a), the FT-IR spectrum of GO shows a band at 1712 cm�1,
which is arising from the C]O stretching vibrations from carbonyl
and carboxylic groups [36]. The band at 1613 cm�1 is attributed to
the aromatic C]C stretching and the bands at 1154 and 1037 cm�1

correspond to the epoxy CeO and alkoxy CeO groups located at the
edges of the GO nanosheets as have been reported previously
[16,37]. Fig. 4(b) shows the FT-IR spectrum of IP-2. The bands at
1556 and 1471 cm�1 are assigned to the stretching deformation of
quinone and benzene rings of PANI, respectively. The band at
1290 cm�1 is attributed to the CeN stretching in a secondary
aromatic amine. The band at 1105 cm�1 corresponds to the CeN
stretching in quinoid ring. The out-of-plane bending of CeH in
the substituted benzene ring is reflected in the 789 cm�1 peak.
These results are in good agreement with the previous spectro-
scopic characterization of PANI [38,39]. Compared to pure PANI-
NFs, the characteristic peaks of IP-2 are slightly shifted to higher
wavelength, indicating the strong interaction at the interface [40].
Besides, the characteristic peaks of PANI-NFs arewell maintained in
the composites, indicating that PANI has been successfully com-
pounded with GO without changing chemical composition.

Raman spectroscopy is a powerful tool for characterizing carbon
products, especially those with conjugated and carbonecarbon
double bonds [41]. Fig. 5(A) shows the Raman spectra of graphite,
GO, IP-2, and PANI-NFs in the wavenumber range from 1000 to
3000 cm�1. Typically, the two most important features are the D
band at 1329 cm�1 and G band at 1582 cm�1. The edge-induced
disordered D band [42] is related to the presence of sp3 defects.
The G band, related to the in-plane vibration of sp2 carbon atoms, is
a doubly degenerate (transverse-optical and longitudinal-optical)
phonon mode (E2g symmetry) at the Brillouin zone center. The
Scheme 1. The interfacial polymerization mec
relatively lower intensity of the D band than that of the G band in
graphite, Fig. 5(A)(a), indicates only a small proportion of defects
existing in these samples [16]. While in GO, higher D band intensity
is observed as compared to their corresponding G band, indicating
the large fraction of the introduced defects. The observed 2D band
in graphite, historically named as G0 at 2684 cm�1, is due to the two
phonons with opposite momentum in the highest optical branch
near the K point of the Brillouin zone [43,44]. The presence of
a sharp and symmetric 2D band is used as a fingerprint to differ-
entiate single or bilayer graphene from multilayer graphene [45].
The inset of Fig. 5(A) exhibits a symmetric 2D band of GO, revealing
its single or bilayer structure. The PANI-NFs show four character-
istic bands at 1166, 1343, 1478 and 1599 cm�1 marked with 1, 2, 3,
and 4 in Fig. 5A(d), respectively. CeH in-plane bending deformation
and C]N stretching deformation are reflected at the wavenumber
of 1166 (1) and 1478 cm�1 (3) [46], respectively. The bands at 1343
(2) and 1599 cm�1 (4) indicate the CeC and C]C stretching of the
benzoid rings of PANI [46,47].

Taking a closer view of the D band and G band in graphite and
GO, both bands undergo significant changes upon amorphization of
graphite since the amorphous carbon contains a large fraction of
sp3 carbon [41,48]. A typical characteristic after amorphization is
that higher disorder in graphite leads to a broader G band, as well as
to a broad D band with relatively higher intensity compared to that
of the G band [41]. In Fig. 5(B), the G band is broadened and shifted
to higher frequency (blue-shift), while D band maintains its peak
hanism for PANI-NFs/GO nanocomposites.



Fig. 5. (A) Raman spectra of (a) graphite, (b) GO, (c) IP-2, and (d) PANI-NFs; (B) enlarged D and G bands of (aeb) from the dashed square.
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position but with significantly higher intensity. The blue-shift is
due to the isolated double bonds resonating at higher frequencies
than the G band of graphite [48]. (For interpretation of the refer-
ences to color in this paragraph, the reader is referred to the web
version of this article.)

Fig. 6 shows the XRD patterns of graphite, GO, IP-2, and PANI-
NFs. As oxidation proceeds, the peak of the (002) diffraction (d-
space 3.4 �A at 26.5�) disappeared. Simultaneously, the intensity of
the diffraction peak at 10.7� (corresponding to a d-spacing of 8.3�A)
is increased with oxidation, Fig. 6(a and b). The d spacing was
calculated using Bragg’s law, Equation (1) [49]:

nl ¼ 2d$ sin q (1)

where n is chosen as 1 and l is 1.5406�A for thewavelength of Cu-Ka
radiation. And q is the Bragg angle. This signal change monitored by
XRD confirms a successful layer expanding process of graphite with
oxidation [50,51]. In addition, the average grain size (L) was esti-
mated from the DebyeeScherrer Equation (2) [52]:

L ¼ K$l
bð2qÞ$cosðqÞ (2)

where b(2q) is the full width at half-maximum (FWHM), K is the
shape factor depending on the miller index of the reflecting plane
and the shape of the crystal. If the shape is unknown, K is often
Fig. 6. X-ray diffraction patterns of (a) graphite, (b) GO, (c) IP-2, and (d) PANI-NFs.
assigned a value of 0.9 [53]. The peaks at 2q ¼ 26.5 and 10.7 were
used to estimate the grain size of graphite and GO, respectively. The
calculated values are 24.2 and 5.1 nm for graphite and GO, indi-
cating a reduced grain size after the severe oxidation process. In IP-
2, the intense peak at 10.7� is disappeared, indicating that the
layered GO sheets have been fully exfoliated into randomly
dispersed sheets. Fig. 6(d) shows the intense peaks at 20.0 and
25.3� of PANI-NFs, corresponding to the crystal planes of (100) and
(110) of PANI, respectively [54,55]. However, the crystalline peaks of
PANI in IP-2 turn to be a broad peak at 20e40�, Fig. 6(c), which is
attributed to the crystalline structure deformation derived from the
surface tension of GO during polymerization.

Fig. 7 shows the TGA curves of GO, PANI-NFs, IP-2 and CP-2,
together with their differential thermogravimetry (DTG) plots.
The thermal degradation of GO is very similar to the previous
reports [56,57]. A w15% mass loss below 100 �C is ascribed to the
evaporation of the adsorbed water. The main mass loss takes
place at around 200 �C, which is attributed to the decomposition
of labile oxygen functional groups grafted on the GO sheets. The
slower weight loss ofw18% from 300 to 800 �C can be assigned to
the removal of more stable oxygen functionalities. The PANI-NFs
obtain the highest initial decomposition temperature among the
tested materials. A 5% weight loss below 100 �C is observed due to
the removal of adsorbed moisture and the major degradation
begins at 250 �C until 800 �C with a weight loss of 35%. The
fraction of adsorbed water is significantly reduced in IP-2 due to
the existence of PANI coating on the GO sheets. And the thermal
stability of IP-2 is enhanced, especially in the 200e300 �C region,
which is attributed to the removal of liable oxygen functional
groups by the interfacial reaction [57]. The DTG curve, Fig. 7(b),
shows a thermal degradation peak at 264 �C for the pure PANI-
NFs, which is shifted to a higher temperatures (279 and 322 �C
in the IP-2 and CP-2 samples, respectively), indicating an
enhanced thermal stability of PANI-NFs in the hybrid structure.
CP-2 exhibits much higher thermal stability and significantly
larger fraction of solid residue at 800 �C than that of IP-2. This
result indicates that the sonication assisted homogeneous reac-
tion generates a high yield of aniline conversion and thus more
residues are observed at the final stage. With regards to the
interfacial polymerization, the reaction is limited by the interface
area, the diffusion rate of reactants at the interface, as well as the
movement of produced PNCs in the aqueous phase. Especially,
the 2D sheet-structured GOwould retard the efficient diffusion of
products inwater phase and slow down the exchange of reactants
at the interface. Therefore, the lower PANI conversion yield is
observed in IP-2.



Fig. 7. (a) TGA curves and (b) derivative weight curves of GO, PANI-NFs, IP-2, and CP-2 in nitrogen atmosphere.
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3.2. Electrochemical characterization

The electrochemical performance was evaluated by cyclic
voltammograms (CVs), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy (EIS) tests. The elec-
trodes were prepared by using 80 wt% electro-active material and
the current density in Fig. 8(aee) was calculated based on pure
electroactive materials. A CV was studied using a classical three
electrode method in a 1.0 M Na2SO4 electrolyte to analyze the
capacitance performance of GO and its corresponding PANI PNCs.
The GO with a high specific surface area is expected to be
a promising substrate to support electrochemically active mate-
rials for capacitor applications [58,59]. Furthermore, decorating
nanostructured materials on the GO sheet prevents its self-
agglomeration and provides larger specific surface area for an
enhanced electrochemical performance of the electrode mate-
rials [60]. Fig. 8(a) shows the CV curves of GO scanning at
a voltage sweeping rate of 2, 5, 10, 20 and 50 mV/s, respectively.
The electrodes are stable in the aqueous Na2SO4 solution within
the employed potential range (0e0.8 V) and the peaks from
Faradic current (current from redox reaction of electrodes, nor-
mally accompanied with peaks on both oxidation and reduction
curves) [26,58] are not observed. The GO electrode shows very
low current density due to its non-conductive nature and low
specific surface area (16.30 m2/g). After decorating with PANI-NFs
and PANI-NPs, the specific surface area is significantly increased
to 29.26 m2/g (IP-2) and 22.73 m2/g (CP-2). And the current
density is substantially enhanced by nearly two orders of
magnitude, Fig. 8(bee). More importantly, the PANI/GO PNCs
exhibit a quasi-rectangular shape with small distortion, indi-
cating good charge propagation at the electrode interfaces
following the electric double-layer capacitor (EDLC) mechanism
[61]. The smooth curve without any oxidation or reduction peaks
indicates the negligible pseudocapacitance contribution from
PANI to the total capacitance of PANI/GO PNCs. When the scan
rate increased to 50 mV/s, the CV loop became broader and more
oblique. The PANI-NFs are expected to obtain high capacitance
due to its electroactive nature and the highest measured specific
surface area (45.12 m2/g) among these samples. However, much
lower current density as compared to the PANI/GO PNCs (still ten
times larger than GO) and non-rectangular shaped CV loop are
observed probably due to the self-agglomeration among the
PANI-NFs, which significantly increases the diffusion resistance
of electrolyte ions into the electrode material. The specific
capacitance for each material was calculated using Equation (3):
Z
idV
Cs ¼
2�m� DV � S

(3)

where Cs is the specific capacitance in F/g,
R
idV is the integrated

area of the CV curve,m is the mass of electrode material in g (80% of
the total mass), DV is the scanned potential window in V, and S is
the scan rate in V/s. The specific capacitance decreases significantly
with increasing voltage sweep rate, indicating the low stability of
the capacitance at a higher voltage sweep rate. The GO electrode
exhibits much lower Cs with a value lower than 2.0 F/g at all the
tested voltage sweeping rates of 2, 5, 10, 20 and 50 mV/s. The PANI-
NFs exhibit the highest capacitance of 17.3 F/g at the scan rate of
2 mV/s, which is decreased gradually with increasing the scan rate.
This is probably due to the electrolyte ions, which cannot penetrate
into the micropores at high scan rates [61]. The Cs of the PANI/GO
composites is significantly larger than any individual GO or PANI-
NFs component. The significantly enhanced capacity of PANI/GO
is attributed to the much larger specific surface area due to the
existence of PANI nanostructures between GO sheets. This “sand-
wich” structure provides additional accessibility for ion diffusion
from electrolyte to the electrodes and thus improves the ion
transportation efficiency within these composite electrodes. The
calculated Cs from CV loop at different voltage sweeping rates is
very similar to the value calculated from chargeedischarge curves.

Fig. 9 shows the galvanostatic charge/discharge curves of the
electroactivematerials tested at a current density of 0.2, 0.5,1.0, 2.0,
5.0 and 10.0 A/g, respectively. The specific capacitance at different
current densities was calculated by Equation (4) [62] from the
discharge curves,

Cs ¼ i� Dt
m� DV1

(4)

where Cs is the specific discharge capacitance in F/g, i is the
discharge current in A, Dt is the discharge time in s,m is the mass of
the active materials in g, and DV1 is potential drop during discharge
in V. The specific capacitance calculated from the discharge curve of
each electrode is summarized in Table 1.

GO exhibits a nearly linear and symmetric charge/discharge
profile with very small charge/discharge time (a few seconds even
at the lowest current density of 0.2 A/g), Fig. 9(a), which is
consistent with the CV results that only small current density could
be obtained even at a relatively high voltage sweeping rate of
50 mV/s, Fig. 8(a). After decorating PANI nanostructures (PANI-NFs



Fig. 8. Cyclic voltammograms of the electrode with (a) GO, (b) IP-1, (c) IP-2, (d) IP-3, (e) CP-2, and (f) PANI-NFs at different scan rates using 1.0 M Na2SO4 as electrolyte.
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or PANI-NPs) on the GO sheet, the charge/discharge time is
significantly enlarged by more than two orders of magnitude and
thus a dramatic enhancement in capacitance, Table 1. This signifi-
cantly improved capacitance could be attributed to the enhanced
specific surface area after decorating PANI nanostructures on GO
surface. The GO sheets can self-agglomerate easily when dehy-
drated at high temperature [60] and thus significantly reduce the
specific surface area. The PANI-NFs and PANI-NPs would serve as
separators between GO sheets, which prevent the self-
agglomeration of GO during heat treatment. More importantly,
the electrically conductive PANI-NFs/PANI-NPs facilitate the elec-
tron transportationwithin the electrode materials and significantly
reduce the internal resistance to obtain a high performance
capacitor. In addition, several literatures have reported that the
capacitance of graphene could be improved by introducing
heteroatoms and functional groups due to the increased wettability
of the electrodes [63,64]. The synthesized PANI-NFs/GO PNCs have
been well characterized by SEM and TEM to confirm a rough PANI
coating on GO sheets as well as the extending PANI-NFs structure
on the GO surface. The nitrogen-containing PANI layer is able to
increase thewettability of the electrodes and reduces the resistance
at the electrode/electrolyte interface. Meanwhile, the stereoscopic
PANI-NFs exfoliate the GO sheets and provide more effective
channels for ion diffusion and interfacial charge uptake inside the
layered structure of the electroactive materials. The smaller diam-
eter of the PANI-NFs in composites than that of pure PANI-NFs
provides a relatively shorter ion diffusion length to enhance the
utilization of electrode materials [61]. All these advantages
contribute to the enhanced capacitance of the PANI/GO PNCs. Non-
linear and asymmetric charge/discharge curves of PANI-NFs are



Fig. 9. Galvanostatic charge/discharge curves of (a) GO, (b) IP-1, (c) IP-2, (d) IP-3, (e) CP-2, and (f) PANI-NFs at different current densities using 1.0 M Na2SO4 electrolyte.
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observed due to the irreversible faradic process, Fig. 9(f). At the
same current density, PANI-NFs exhibit a much larger internal
resistance (IR) drop at the very beginning of the discharging
process. This significant potential drop is attributed to the larger IR
of the PANI-NFs electrode arising from the self-agglomeration [65].
Table 1
Specific capacitance (Cs) of each material calculated from discharge curves at
different current densities.

Sample Specific capacitance (Cs, F/g)

0.2 A/g 0.5 A/g 1.0 A/g 2.0 A/g 5.0 A/g 10.0 A/g

GO 0.7 1.6 0.8 0.6 0.5 0.4
IP-1 79.5 65.6 53.8 40.8 24.3 11.5
IP-2 66.1 52.8 40.2 35.0 31.3 25.0
IP-3 61.5 49.4 41.3 33.1 20.9 12.1
CP-2 68.3 53.1 41.3 30.5 19.8 14.0
PANI-NFs 17.3 8.1 3.6 2.4 2.0 1.9
Energy density (E) and power density (P) of the capacitors can
be calculated from Equations (5) and (6), respectively [66].

E ¼ 1
2
CsðDVÞ2 (5)

P ¼ E
t

(6)

where Cs is the specific capacitance calculated from charge/
discharge curve in F/g, DV is the potential drop during discharge in
V, E is the energy of the electrode in W h/kg, and t is the discharge
time in h.

The E as a function of P and current density is shown in Fig. 10(a
and b). The E of the PANI/GO PNCs is significantly higher than that
of individual GO and PANI-NFs. This high E is attributed to the
unique “sandwich” structure of the PANI/GO PNCs, which permit



Fig. 10. Energy density as a function of (a) power density, and (b) current density of the electrodes in a 1.0 M Na2SO4 electrolyte.
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counter-ions diffuse into the electrode much easier and the thinner
PANI-NFs in the PNCs provide a short diffusion length to facilitate
the ion transportation [67]. IP-1 has the highest E at a relatively
lower P (E is 7.1 W h/kg at P of 80 W/kg), while IP-2 obtains the
highest E at higher P, Fig. 10(a). With decreasing the PANI-NF
loading on the GO sheet from IP-1 to IP-3, the E is generally
reduced due to the lower fraction of electroactive PANI-NFs in the
electrodes. Decorating GO with the same loading but different
morphologies of PANI NFs (IP-2) and NPs (CP-2), both electrodes
show comparable E at low P (P < 400 W/kg). However, IP-2 obtains
significantly higher E than that of CP-2 when P > 400 W/kg prob-
ably due to the more effective electron transportation in the 1D
fiber structure. Compared to other literatures on a similar PANI/GO
electrode using 1.0 M H2SO4 as electrolyte [24e26], the E of our
current electrodes is relatively smaller due to the absence of redox
induced pseudocapacitance of PANI in acidic electrolytes. However,
it is well known that H2SO4 could not be the best candidate to serve
as electrolyte for long term stability and charge/discharge cycles
with large current density. Therefore, 1.0 M Na2SO4 was chosen as
electrolyte in this work with the advantages of chemical stability
and environmentally benign nature. More importantly, the GO/
PANI PNC electrodes still demonstrated a much higher E than the
conventional capacitors and normal ultracapacitors at a similar
level of P [66], which makes them a promising electrode for fabri-
cating supercapacitor devices.
Fig. 11. Nyquist plots of GO, PANI-NFs, IP-1, IP-2, IP-3, and CP-2.
Electrochemical impedance spectroscopy (EIS) technique has
been employed to understand the difference in the electro-
chemical behaviors among the tested electrodes. EIS was done
using a sinusoidal signal with a mean voltage of 0 V and an
amplitude of 10 mV over a frequency range of 500,000e1 Hz.
Typical Nyquist plots for these electrodes are presented in Fig. 11.
From the point intersecting with the real axis in the range of high
frequency, the obtained IR of the GO/PANI PNCs is much lower than
that of individual GO and PANI-NF components. The decreased IR
of PNCs compared with PANI-NFs may be attributed to the uniform
coating of PANI layer on GO as evidenced by the SEM observation,
Fig. 3. Low IR is of great importance in energy-storing devices, as
less energy will be wasted to produce unwanted heat during
charging/discharging process [65].

The electrochemical performance of these electrodes implies
that the integration of PANI-NFs and GO into a single hierarchical
architecture substantially enhances the energy storage capacity. The
unique microstructure is also expected to yield a good cycle
performance. Fig.12 shows the electrochemical capacitance stability
of GO, IP-2, CP-2 and PANI-NFs after 1000 cycles. Apparently, the
composite prepared from interfacial polymerization method
exhibits the best cycling stability among all the electrodes. About
80.6% of the initial capacitance can bemaintained after 1000 cycles.
The superior cycling performance can be attributed to the structure
stabilitywith nanofibers extended in the GO layers togetherwith an
Fig. 12. Cycling stability of GO, IP-2, CP-2 and PANI-NFs measured using chargee
discharge at the current density of 2 A/g.
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excellent interfacial interaction. CP-2 exhibits a comparable stability
as IP-2 at the initial 150 cycles, however, the capacitance degrades
faster after 150 cycles that only 64.3% is maintained after 1000
cycles. The GO presents faster degradation during the initial 450
cycles (72.7% maintained) and stabilized for another 550 cycles
without noticeable decrease. Pure PANI-NFs exhibit the lowest cycle
stability among all these electrodes, where only 25.0% of the initial
capacitance is remained after 1000 cycles. These results highlight
that using this 3D PANI-NFs/GO hybrid material, a supercapacitor
could charge and discharge at high currents while retaining a long
lifetime, characteristicswhichmeet theneedsof thenext generation
rechargeable batteries for high power applications.

4. Conclusions

GO nanocomposites decorated with polyaniline nanofibers have
been successfully synthesized by a facile interfacial polymerization
method. The GO has been exfoliated during interfacial polymeriza-
tion, which significantly increases the effective specific surface area
and thus leads to an enhanced capacitance. A rough PANI coating on
GO surface and randomgrowth of PANI fibers derived from the PANI
coated GO sheets are directly observed from TEM, which bring
a strong interfacial interactionbetweenPANIandGOat the interface.
The obtained nanocomposites with different compositions showed
a significantly improved electrochemical performance than that of
individual GO and PANI-NF components. The internal resistance has
been significantly reduced by incorporating PANI nanostructures in
the composites. The higher fraction of PANI-NFs in composites
exhibits larger energy density and power density. Compared with
the PANI-NPs/GO composites decorating the same loading of PANI
nanoparticles, the PANI-NFs/GO PNCs show significantly larger
energy density at higher power density. The energy density of the
hybridmaterial can reach 7.1W h/kg at a power density of 80W/kg.
The observed higher energy density, higher power density and long
term stability make these PANI-NFs/GO PNCs more promising than
PANI-NPs/GO in terms of the application in supercapacitors where
high energy density output is required.
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