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C
ombining unique properties of indi-
vidual nanostructures and possibly
synergistic effects, nanocomposites

have attracted great attention ranging from

biosensing to energy conversion and

storage.1�6 Therefore, by function-oriented

selection of nanocomponents, hierarchical

nanocomposites with high performance are

highly expected. Focusing on this aim, com-

position of one-dimensional (1D) nanow-

ires (or nanotubes) with zero-dimensional

(0D) nanoparticles has been extensively

studied, which can be applied in electron-

ics, optoelectonics, and catalysis.7�9 Re-

cently, with extensive studies on two-

dimensional (2D) graphene nanosheets,

composition of 2D nanosheets with 0D

nanoparticles has also been reported in a

few cases.10,11 However, there is almost no

report on constructing hierarchical nano-

composites by combining 2D nanosheets

with 1D nanowires.

Herein, we report a novel hierarchical

nanocomposite of conducting polyaniline

(PANI) nanowire arrays grown vertically on

graphene oxide sheets. Graphene-based

materials have shown promising applica-

tion in nanoelectronics and energy storage

recently. Due to their high specific surface

area and excellent conductivity, graphene is

a promising electrode material for

supercapacitors.12�14 However, the capaci-

tance of carbon materials is ascribed to the

electrical double layer at an electrode/elec-

trolyte interface, which is highly dependent

on the specific area of the electrode.15,16

Due to unavoidable aggregation of

graphene nanosheets, graphene-based na-

nomaterials exhibited unsatisfactory capaci-

tance performance, generally 100�200

F/g.17,18 Compared with carbon materials,

conducting polymers show much higher ca-
pacitance due to the pseudocapacitance of
the redox reaction of electrode
material.19�24 However, the poor cycle life
limits their real application in supercapaci-
tors. In order to avoid the drawback of
single material and to obtain materials with
both high capacitance performance and
good cycle life, researchers are striving to
develop synergistic composite
materials.3�5,14

In this article, hierarchical nanocompos-
ites of PANI nanowire arrays on graphene
oxide (GO) sheets are successfully obtained,
which show a synergistic effect used as the
supercapacitor electrode materials. The spe-
cific capacitance of the nanocomposite can
reach as high as 555 F/g at a discharge cur-
rent density of 0.2 A/g, which is much
higher than 298 F/g of random connected
PANI nanowires obtained in the same con-
ditions. In addition, the cycle life of this
composite is also much better than that of
random connected PANI nanowires. It indi-
cated that, by optimizing the composition
of different materials at the nanoscale,
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ABSTRACT We introduced a facile method to construct hierarchical nanocomposites by combining one-

dimensional (1D) conducting polyaniline (PANI) nanowires with 2D graphene oxide (GO) nanosheets. PANI

nanowire arrays are aligned vertically on GO substrate. The morphologies of PANI nanowires can be controlled by

adjusting the ratios of aniline to GO, which are attributed to different nucleation processes. The hierarchical

nanocomposite structures of PANI�GO were further proved by UV�vis, FTIR, and XRD measurements. The

hierarchical nanocomposite possessed higher electrochemical capacitance and better stability than each individual

component as supercapacitor electrode materials, showing a synergistic effect of PANI and GO. This study will

further guide the preparation of functional nanocomposites by combining different dimensional nanomaterials.
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a significant synergistic effect was achieved for energy
storage.

RESULTS AND DISCUSSION
Preparation of Hierarchical Nanocomposites by Controlling the

Nucleation Process. It has been reported that, compared
with random connected nanowires, well-ordered nano-
structure can reduce the ionic diffusion path, facilitate
ionic motion to the inner part, and improve utilization
of electrode materials. Therefore, nanowire and nano-
tube arrays have been successfully used as supercapac-
itor electrode material.3,4 However, nanostructure ar-
rays were produced on bulky substrates in most cases,
which creates the problem of increasing the quantities
of electrode materials in the real applications. In order
to utilize the advantages but to avoid the drawbacks of
nanostructure arrays, we selected GO nanosheets as
substrates to produce PANI nanowire arrays. GO
nanosheet is a two-dimensional carbon nanomaterial
with many merits, such as low manufacturing cost, fac-

ile mass production, and remarkable mechanical
behavior.25,26 Moreover, there are many oxygen-
containing functional groups on the surface of GO,
which makes it easily dispersed in aqueous solution
and may act as the nucleation sites for producing PANI
nanowire arrays.27

Aqueous GO solution was produced from natural
flake graphite (100 mesh) by a modified Hummers
method, in which GO existed in single or a few layer
structure.25,26 SEM images of GO (Figure 1a,b) also
showed 2D nanosheet morphologies. In order to avoid
the aggregation of GO in the dry process, the sample
was obtained by freeze-drying. Normal drying process
produced aggregated GO layers, as shown in the Sup-
porting Information (Figure S1). Besides, the Au ion
sputtering on the sample was employed due to the
poor conductive property of GO. The Au nanoparticle
layer with a thickness of ca. 20 nm could be clearly ob-
served on both sides of GO sheet, as shown in Figure
1b. From the cross section investigated by SEM, the

Figure 1. SEM, TEM, and AFM images of GO sheets. (a) Low- and (b) high-magnification SEM images of GO. Au ion sputter-
ing was carried out before SEM because of the poor conducting property of separated GO sheets. The Au layer can be ob-
served clearly in image (b), and the GO nanosheet is sandwiched between Au layers. (c) Low- and (d) high-magnification TEM
images showing the layer morphology of graphene oxide. (e) AFM image of GO on mica and its section analysis
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thickness of GO sheets is about 20 nm, but this thick-

ness is mainly contributed from Au nanoparticles.

Transmission electron microscopy (TEM) was further

used to confirm the nanosheet morphology of

graphene oxide. From TEM images in Figure 1c,d, the

curly layer morphology of graphene oxide sheets is

clearly shown. From the atom force microscopy (AFM)

image, the thickness of most graphene oxide sheets

was ca. 1.0 nm (Figure 1), which fit well with the thick-

ness of an individual layer of GO.26

The aligned PANI nanowires were produced by di-

lute polymerization of aniline monomer in the GO aque-

ous solution. Polymerization of aniline in its dilute solu-

tion has been successfully used for the preparation of

PANI nanowire arrays on various bulky substrates.28 In

our study, we expected that PANI nanowire arrays could

be produced vertically aligned on GO nanosheets that

dispersed in the aqueous solution. As shown in Figure

2a,b, hierarchical PANI nanowire arrays on the GO

nanosheet were successfully prepared at �10 °C. The

temperature affected the morphologies of PANI nanow-

ires, which would have an improved uniformity under

a low polymerization temperature based on our experi-

ments. PANI nanowire arrays were evenly covered on

GO sheets, indicating that the nucleation and growth

processes only occurred on the surface of GO sheets. In

our experiments, morphologies of PANI�GO nanocom-

posites were highly affected by the ratio of aniline

monomer to GO. At a constant concentration of GO

(0.36 mg/mL), the optimized concentration of aniline

was 0.05 M. Lower concentration of aniline (e.g.,

0.01�0.04 M) resulted sparser and shorter PANI nanow-

ires than that obtained at 0.05 M. On the other hand,

self-nucleation of PANI was unavoidable at a higher

concentration of aniline (e.g., 0.06 M), and thus both

random connected PANI nanowires and aligned PANI
nanowires were produced (Figure 2c,d).

On the basis of the above experimental results, a for-
mation mechanism of PANI�GO nanocomposites is il-
lustrated in Figure 3. In the chemical oxidation polym-
erization process of polyaniline, two possible nucleation
sites (that is, bulky solution and solid substrates) com-
pete with each other. When dilute aniline is employed
(less than 0.05 M), most active nucleation sites were
generated on the GO nanosheet surface at the begin-
ning of the polymerization process by heterogeneous
nucleation. These active sites would minimize the inter-
facial energy barrier between the solid surface and
bulk solution, which was beneficial to the subsequent
growth of polyaniline on the solid substrates.28 More-
over, the low concentration of aniline cannot reach a
supersaturation state so that the homogeneous nucle-
ation was suppressed. PANI nanowires would further
grow along the initial nuclei, and therefore, aligned
PANI nanowires on GO nanosheets were produced.
However, when the concentration aniline was higher
(e.g., 0.06 M), homogeneous nucleation will take place
after the initial nucleation on the solid surface.29 Conse-
quently, homogeneous nucleation will produce ran-
dom connected PANI nanowire by using aniline mi-
celles as “soft template”.30 As a result, two morphologies
of PANI nanowires were produced, that is, random con-
nected PANI nanowires from homogeneous nucleation
in bulk solution and aligned PANI nanowires from het-
erogeneous nucleation on the GO nanosheet.

To further prove the formation process of a hierar-
chical nanocomposite, PANI�GO samples were taken
out from the reaction solution at different time inter-
vals during the polymerization process (the concentra-
tion of aniline was 0.05 M). As displayed in Figure 4a, GO
nanosheets still looked smooth after 2.5 h polymeriza-

Figure 2. SEM images of PANI�GO nanocomposites at different concentration of aniline: (a,b) 0.05 M; (c,d) 0.06 M. Other
conditions: aniline/APS � 1.5 (molar ratio), HClO4 � 1 M, GO � 0.36 mg/mL, and the reaction was carried out at �10 °C for
24 h.
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tion. However, after a reaction time of 3 h, some protu-

berances appeared on the surface of GO sheets (Figure

4b), which indicated that a large number of PANI nuclei

were produced. GO has two-dimensional sheets that

have various oxygen functional groups (e.g., hydroxyl,

epoxy, and carbonyl groups) on their basal planes and
edges. These functional groups act as anchor sites and
enable the subsequent in situ polymerization of PANI at-
taching on the surfaces and edges of GO sheets.31 Be-
sides, the ��� stacking force between the phenyl and
basal planes of GO was also beneficial to in situ polym-
erization occurring on the surface of GO. Therefore, the
PANI would gradually grow along the initial nuclei of
PANI and form long nanowire arrays (Figure 4c,d) at a
dilute solution and a low reaction temperature.

Structural Characterization of Hierarchical Nanocomposites.
The structures of pristine GO, PANI�GO nanocompos-
ite, and random connected PANI nanowires (prepared
at 0.05 M of aniline) were characterized by the Fourier
transformed infrared (FTIR) spectra, UV�vis spectra, el-
emental analysis, and X-ray diffraction (XRD). Elemental
analysis was used to examine the components of the
PANI�GO nanocomposite. The results revealed that the
weight ratio of C, N, and Cl elements were 47.96, 8.04,
and 10.66%, respectively. From the weight ratio of N
and Cl elements, it can be calculated that the molar ra-
tio of N and ClO4

� groups was ca. 0.5, indicating the
doping degree of PANI was ca. 50%. In addition, the
weight ratio of C and N in the nanocomposite (5.96) is
higher than that in doped PANI (5.14), from which we
calculated that the weight content of GO was ca. 8.7%
in the PANI�GO nanocomposite. The measured con-
tent of GO was higher than the feeding amount (7.2%)
in the reactants. This was mainly due to oligomers of
aniline produced in the polymerization, and these oli-
gomers can be washed away by methanol in the post-
treatment process.

The composite structure was further proved by
spectroscopy measurement. In the FTIR spectrum of
GO, the peaks around 3385, 1727, 1635, and
1405�1057 cm�1 are attributed to the O�H, CAO in
COOH, intercalated water, and C�O in C�OH/C�O�C
functional groups, respectively.32,33 Compared with GO,

Figure 3. Schematic illustration of nucleation and growth mechanism of
PANI nanowires: (a) heterogeneous nucleation on GO nanosheets; (b) ho-
mogeneous nucleation in bulk solution.

Figure 4. SEM images of PANI�GO samples obtained at different reaction intervals: (a) 2.5 h, (b) 3 h, (c) 8 h, and (d) 24 h.
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several new peaks attributed to PANI appeared in the

spectrum of PANI�GO (Figure 5a). The new peaks at

1575, 1490, 1307, and 800 cm�1 are attributed to the vi-

bration of CAN, CAC, C�N, and C�H,

respectively.34�36 Moreover, in the UV spectra of the

PANI�GO nanocomposite displayed in Figure 5b, be-

sides the absorption at 250 nm from GO, there are two

new absorption bands at 450 and 800 nm with a free-

tail extended to the IR region, respectively. They are at-

tributed to the absorption of PANI and could be as-

signed to the polaron transition, which is a typical

characterization of conducting state PANI.37,38 There-
fore, PANI in the nanocomposite is highly doped, which
will be beneficial to the supercapacitor properties.

The PANI nanowire loaded on the GO nanosheet
could be further confirmed by X-ray diffraction (XRD),
as shown in Figure 5c. XRD patterns of the pristine GO
revealed an intense, sharp peak centered at 2� �

10.04°, corresponding to the interplanar spacing of
0.88 nm of GO sheets.39 In the case of PANI�GO, the
peak of GO stacking disappeared, indicating the GO had
almost no aggregation and was fully used as the sub-
strate of PANI nanowires to produce hierarchical nano-
composites. Two new broad peaks of PANI�GO cen-
tered at 2� � 20.12 and 25.26° are almost the same as
that of pure PANI nanowires, which are the characteris-
tic Bragg diffraction peaks of PANI.40

Hierarchical Nanocomposite for Energy Storage. As with the
well-aligned doping state of PANI nanowires, compos-
ite materials of PANI�GO are expected to show excel-
lent performance as supercapacitor electrode materials.
Above all, the influence of aniline concentration on
the capacitance property was systematically investi-
gated by galvanostatic charge/discharge (0.5 A g1). As
shown in Figure 6, the specific capacitance of PANI�GO
increased with the concentration of aniline from 0.01
to 0.05 M, until as high as 555 F/g at 0.05 M aniline. That
is because aligned PANI nanowires get denser with the
increase of aniline concentration. As the concentration
of aniline further increased to 0.06 M, however, the spe-
cific capacitance of PANI�GO decreased to 392 F/g. It
is noticed that random connected PANI nanowires were
also produced besides aligned PANI nanowires at the
concentration of 0.06 M. Those random connected PANI
nanowires were not fully used for energy storage and
might act as artifacts to lower the capacitance property
of PANI�GO nanocomposite.

To further confirm the merits of PANI�GO nano-
composite as a supercapacitor electrode, the electro-
chemical properties of PANI, GO, and PANI�GO (pre-
pared at 0.05 M of aniline) were fully characterized by
cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), galvanostatic charge/discharge, and
cycling life measurement. In their CV curves (Figure
7a), there was nearly no peaks for GO and two pairs of
redox peaks appeared for PANI�GO and pristine PANI,
which were attributed to two redox transitions of PANI
(i.e., the leucoemeraldine�emeraldine transition and
the emeraldine�pernigraniline transition). Therefore,
the capacitance of PANI�GO mainly comes from Fara-
daic reactions of PANI at the electrode/electrolyte sur-
face, which is different from that of the electric double-
layer capacitance of carbon-based materials.
Galvanostatic charge/discharge plots (at 1 A/g) of PANI
and PANI�GO nanocomposite in Figure 7b showed a
capacitive behavior with almost symmetric
charge�discharge curves. Moreover, the small devia-
tion to linearity is typical of a pseudocapacitive contri-

Figure 5. (a) FTIR, (b) UV�vis, and (c) XRD spectra of pris-
tine GO, random connected PANI nanowires, and PANI�GO
nanocomposite.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 9 ▪ 5019–5026 ▪ 2010 5023



bution, which showed that the capacitances of PANI

and PANI�GO nanocomposite mainly originate from

pseudocapacitance. The specific capacitance of both

samples decreased with increasing discharge current

densities (Figure 7c), but the capacitance of PANI�GO

was always higher than that of PANI in all current den-

sities. The specific capacitance of PANI�GO was 555

F/g at a discharge current of 0.2 A/g and was still kept

as high as 227 F/g even at a discharge current density of

2 A/g. Compared to disordered PANI nanowires (see

Figure S2 in Supporting Information), PANI nanowires

in the nanocomposite have much smaller diameters (ca.

Figure 6. Influence of aniline concentration on the specific capacitance of PANI�GO.

Figure 7. Electrochemical capacitance performance of PANI�GO obtained at 0.05 M of aniline. (a) CV curves of pristine GO, random
connected PANI nanowires, and PANI�GO, nanocomposite within the potential window �0.2 to 0.8 V vs SCE at a scan rate of 20 mV s1;
(b) charge�discharging curves of PANI and PANI�GO; (c) specific capacitance of PANI and PANI�GO at different current densities;
(d) stability of PANI and PANI�GO.
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50 nm) and an optimized ionic transport pathway,

which led to an improved capacitance performance.

The Nyquist plots of both samples (see Figure S3 in Sup-

porting Information) showed almost a straight line in

the low-frequency region that exhibited an ideal capaci-

tive behavior. In the high-frequency region, they

showed an inconspicuous semicircle which was related

to the reduced electrical charge transfer resistance.

From Nyquist plots, it was obvious that PANI�GO

showed low charge transfer resistance and ideal capaci-

tive behavior just like pristine conducted PANI.

In general, conducting polymers often suffer from a

limited long-term stability during cycling because the

swelling and shrinking of the polymers may lead to deg-

radation, which restricts these low-cost supercapacitor

electrode materials for commercial application. How-

ever, the composition with GO is able to meliorate this

situation noticeably. The electrochemical stability of

PANI�GO was examined in 1 M H2SO4 aqueous electro-

lyte by consecutive charge�discharge cycles at a cur-

rent density of 1 A/g (Figure 7d). Interestedly, PANI�GO

nanocomposite exhibited a much higher stability than

random connected PANI nanowires. For instance, after

2000 consecutive cycles, the capacitance retention of

PANI�GO nanocomposite still kept 92% of its initial ca-

pacitance, while pristine PANI kept only 74% of its ini-

tial capacitance. The better stability of PANI�GO came

from the synergistic effect of GO and PANI nanowire ar-

rays. GO nanosheets undertook some mechanical de-
formation in the redox process of PANI nanowires,
which avoided destroying the electrode material and
was benefited to a better stability. Besides, the vertical
nanowire arrays were facile to strain relaxation, which
allowed them to decrease the breaking during the dop-
ing/dedoping process of counterions.23,24 Therefore,
the PANI�GO nanocomposite showed an enhanced cy-
clic stability over random connected nanowires as su-
percapacitor electrode materials.

CONCLUSIONS
In summary, aligned PANI nanowires are delicately

synthesized on two-dimensional GO nanosheets by di-
lute polymerization. The morphologies of PANI nanow-
ires can be controlled by adjusting the ratio of aniline to
GO, which are attributed to different nucleation pro-
cesses. At suitable concentration of aniline (0.05 M), het-
erogeneous nucleation on GO nanosheets was domi-
nated, and uniform aligned PANI nanowire arrays on GO
nanosheet was obtained with a high yield. The electro-
chemical studies proved that PANI�GO nanocomposite
possessed a synergistic effect of PANI and GO, which
showed higher electrochemical capacitance and better
stability than each individual component. This study in-
troduces a facile method to construct a hierarchical
nanocomposite using 1D and 2D nanocomponents and
may guide the way for designing new composite mate-
rials at the nanoscale level.

METHODS
Preparation of PANI�GO Nanocomposites. GO was synthesized

from natural flake graphite (100 mesh) by Hummers method.25,26

PANI�GO nanocomposites were synthesized by dilute polymer-
ization in the presence of GO and aniline monomer. In a typical
procedure, aqueous GO solution (containing 9 mg of GO) was
added into 15 mL of 1 mol/L aqueous HClO4 solution, and the
mixture was ultrasonicated until GO was fully dispersed. After-
ward, 5 mL of ethanol was added into the reaction solution in or-
der to avoid the solution being frozen. Then aniline monomer
was added into the above solution and stirred for 30 min at
�10 °C to form a uniform mixture. The oxidant, (NH4)2S2O8 (APS),
was dissolved in 5 mL of aqueous HClO4 solution (the molar ra-
tio of aniline/APS is 1.5) and cooled to �10 °C. The polymeriza-
tion was performed by rapid addition of the precooled oxidant
solution, and the mixture was stirred for 24 h at �10 °C. An em-
erald flocculent precipitate was obtained and filtered and
washed with a large amount of 0.1 mol/L HClO4, methanol, and
ether. The product was dried at 45 °C for 24 h under vacuum. For
comparison, random connected PANI was synthesized chemi-
cally at 0.05 M aniline in the absence of graphene oxide via the
similar procedure above.

Characterization. The as-prepared samples were characterized
by SEM (Hitachi S-4800), TEM (Tecnai G220 S-TWIN TEM operat-
ing at 200 kV), FTIR spectroscopy (Spectrum One), UV�vis spec-
troscopy (PE Lambda 650/850/950), and rotation anode X-ray
powder diffraction (Rigaku D/max-2500) equipped with graph-
ite monochromatized Cu K� radiation.

Electrochemical Performance Measurement. Electrochemical mea-
surements were carried out using two-electrode sandwich-type
construction cells with a glassy fibrous separator between the
two symmetrical working electrodes. A gold grid was used as
current collector. The mixture containing 85 wt % active material,

10 wt % conducting carbon black, and 5 wt % polytetrafluoroet-
hylene (used as a binder, PTFE 60% dispersion in H2O, Sigma Al-
drich) was well mixed and then pressed onto the gold grid (1.0 �
107 Pa). The electrochemical performances of the prepared elec-
trodes were characterized by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) measurements, and gal-
vanostatic charge�discharge tests. The used electrolyte was 1
mol/L aqueous H2SO4 solution. The experiments were performed
using an EG&G Princeton Applied Research VMP3 workstation
controlled by a computer.
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