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ABSTRACT

A hierarchical graphene/polyaniline hollow microspheres with sandwich

structure (GCS@PANI@RGO) have been successfully synthesized by the in situ

polymerization of PANI on the surface of graphene carbon sphere (GCS) and

then the electrostatic self-assembly of graphene oxide and reduction without

etching templates. The morphologies and microstructures of the microspheres

were characterized by scanning electron microscopy, X-ray diffraction, Fourier

transform infrared spectroscopy, X-ray photoelectron spectroscopy, energy-

dispersive X-ray spectroscopy and nitrogen adsorption measurements. The

results show that the GCS@PANI@RGO composites demonstrate desirably

hierarchical hollow microspheres with sandwich structure and the strong

interactions such as electrostatic interactions, hydrogen bonding and p–p
interactions existed between the layers in hierarchical hollow microspheres. The

electrochemical behaviors of GCS@PANI@RGO as electrode were investigated

by cyclic voltammograms, galvanostatic charge–discharge and electrochemical

impedance spectroscopy. The GCS@PANI-8@RGO showed a high specific

capacitance of 446.19 F g-1 at the scanning rate of 5 mV s-1 in 1 M H2SO4

solution, and exhibit an outstanding long-term cycling stability with capacitance

retentions of 93.4% after 1000 charging–discharging cycles at a current density of

2 A g-1 and even 88.7% after 5000 cycles. The excellent electrochemical per-

formance can be ascribed to the novel sandwiched hollow structure, and the

synergic effect of the three components of GCS, PANI and RGO, which greatly

enhance the electrical conductivity, promote the utilization of active materials

and improve the structural stability. Therefore, such novel hierarchical hollow

materials could be considered as quite suitable and promising electrodes for

high-performance supercapacitors.
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Introduction

With the rapid development of the global economy,

electronic technology has dramatically progressed

during the past few decades. At the same time, the

resource exhaustion and the environmental contam-

ination urgently require to develop new sustainable

and reliable energy storage and conversion tech-

nologies, such as rechargeable batteries, fuel cells,

and supercapacitors [1, 2]. Supercapacitors, also

known as electrochemical capacitors (EC), have

attracted increasing interest owing to their unique

properties including high power density, fast charge–

discharge rates, super rate capability and long life

cycle [3–5]. Generally, energy storage mechanisms

are classified into two categories: faradaic pseudo-

capacitances and electrical double-layer capacitances

(EDLC) [6]. The EDLC derives from reversible ion

adsorption at the electrode interface of the active

materials such as carbon materials, while the capac-

itance of pseudocapacitors arises from the faradic

transformation or reversible redox on the electrode

surface of capacitive materials such as conductive

polymers [7]. Carbon materials such as carbon nan-

otubes, activated carbon and graphene are commonly

used as the attractive electrode materials due to their

good electric conductivity, excellent stability and

large specific surface area [8]. In particular, graphene,

as an intriguing two-dimensional single-atom-thick

carbon material, has attracted tremendous attention

for its theoretical specific surface area up to

2630 m2 g-1, high carrier mobility at room tempera-

ture approaching 10,000 cm2 V-1 S-1, good optical

transmittance about 97.7% and Young’s modulus of

1.0 TPa [9–12]. On the other hand, among the pseu-

docapacitive materials, polyaniline (PANI) is one of

the most promising electrode materials because of its

environmental stability, simple synthesis, low cost,

high electrical conductivity, interesting redox prop-

erties and great capacitance for energy storage

[13, 14]. Unfortunately, due to its swelling, cracks and

shrinkage, PANI exhibits an inferior cycle life and

fast degraded capacitance during high-rate cycling

processes [15, 16]. Therefore, in order to alleviate

these limitations, the combination of PANI with car-

bon materials has been recognized as an effective

way to improve the capacitance value and the cycling

stability with synergistic effects [17, 18]. Various

types of graphene/PANI composite structures have

been designed and synthesized by different methods

to further improve the electrochemical performance

[7–9, 19–25].

Hollow micro-/nanostructured materials have

received considerable attention and been recognized

as one type of promising material for high-perfor-

mance electrical energy storage devices [20]. Because

the hollow-structured material with inner cavity and

pore structures can enhance the specific surface area

and shorten diffusion length for both charge and

mass transport [21, 22]. Luo et al. [23] prepared gra-

phene-PANI hybrid hollow spheres by utilizing

polystyrene (PS) spheres as sacrificial template via

electrostatic interaction and layer-by-layer assembly

technique. And after 1000 charging/discharging

cycles, capacitance retentions of 83% were main-

tained. Choi et al. [24] synthesized the novel

Scheme 1 Schematic of

synthetic route of the

hierarchical graphene/PANI

hollow microspheres.
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graphene-PANI hybrid hollow balls. The polymethyl

methacrylate (PMMA) colloidal particles were used

as a template, through the self-assembly of graphene

oxide (GO), the situ polymerization of polyaniline

and removal of the PMMA core by etching in chlo-

roform to obtain the final three-dimensional (3D)

hollow balls of graphene and PANI composites, with

a 14% loss of capacitance after 500 cycles. Liu et al.

[25] fabricated graphene-wrapped polyaniline hollow

spheres using PS spheres as templates by a solution-

based coassembly method and electrochemical

reduction, which retained 90% of its initial capaci-

tance after 500 cycles. Despite these substantial pro-

gresses, actually the above researches used the

polymer as template methods to prepare hollow

spheres, and then the template was etched by corro-

sive solvents such as chloroform or tetrahydrofuran,

which is impractical due to the tedious process, high

cost and high energy consumption [26, 27]. Besides,

the removal of the templates usually brings some bad

effects on the electrochemical performance. To the

best of our knowledge, the synthesis of sandwiched

graphene/PANI hollow microspheres without etch-

ing templates possess has not been reported.

In this paper, a novel hierarchical graphene/PANI

hollow microsphere with sandwich structure was

successfully synthesized without etching templates.

The synthesis route of the novel materials is illus-

trated in Scheme 1. Firstly, graphene carbon sphere

(GCS) as basic scaffold was synthesized using the

GO, resorcinol and formaldehyde (RF) by inverse

suspension polymerization and pyrolysis, which

showed high specific area and long-term cycling

stability as electrode materials. Subsequently, the

GCS was treated by nitric acid to obtain the oxidized

GCS spheres (OGCS), which had negative charge on

the surface. Then, OGCS/PANI composites

(GCS@PANI) were fabricated by electrostatic inter-

actions and in situ polymerization of aniline on the

OGCS. Finally, the GO was wrapped on the surface

of GCS@PANI spheres through electrostatic self-

assembly and reduced to graphene (RGO) by a

reduction reaction and then the hierarchical gra-

phene/PANI hollow microspheres (GCS@PA-

NI@RGO) with sandwich structure were obtained.

The morphologies and microstructures of the micro-

spheres were characterized by scanning electron

microscopy (SEM), X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR), X-ray pho-

toelectron spectroscopy (XPS), energy-dispersive

X-ray spectroscopy (EDX) and nitrogen adsorption

measurements. The electrochemical property of

GCS@PANI@RGO as electrode materials for EC was

investigated by cyclic voltammograms (CV), gal-

vanostatic charge–discharge (GCD) and electro-

chemical impedance spectroscopy (EIS). The results

demonstrate that the capacitance was maintained at

93.4% after 1000 charging–discharging cycles at a

current density of 2 A g-1 and even 88.7% after 5000

cycles, indicating that the novel hierarchical hollow

microsphere could be a promising candidate as

electrode material for high-performance supercapac-

itor applications.

Experimental section

Materials

Natural graphite powder (G, 325 meshes) and aniline

(An, C99.5 wt%) were purchased from Sigma-

Aldrich. Ammonium persulfate (APS, 98.0% purity),

sodium borohydride (NaBH4, C98.0% purity), H2SO4

(95–98 wt%), Cyclohexane(C99.5 wt%) and HCl

(36–38 wt%) were from Beijing Chemical Co., Ltd.

(China). All commercial chemicals were used as

received without further purification. The deionized

(DI) water used throughout all the experiments was

purified by a Pgeneral pure water system in our

laboratory.

Preparation of GO

GO was prepared from graphite powder using a

modified Hummers method [28]. Typically, the as-

prepared GO particles are negatively charged in

aqueous solutions and the concentration of the GO

solution used here was about 0.5 mg mL-1.

Preparation of GCS

The GCS was prepared according to the method

reported in our previous work [29]. In brief, the GCS

was prepared using the GO and RF by inverse sus-

pension polymerization under ambient pressure

drying and carbonization at 800 �C in a nitrogen

atmosphere for 2 h.

Preparation of OGCS

Then, the as-prepared GCS spheres were dispersed in

60 mL of 4 mol L-1 nitric acid and the oxidation

J Mater Sci (2017) 52:7969–7983 7971



reaction was allowed to take place at 90 �C for 6 h

under refluxing conditions. The OGCS spheres were

finally obtained by centrifugation, rinsed with a large

amount of distilled water and dried for the further

use.

Preparation of GCS@PANI hollow
microspheres

Growth of PANI on the surface of OGCS was per-

formed by a modified in situ polymerization method

according to previous literature [30] to prepare the

GCS@PANI composites. In a typical procedure, 0.3 g

of An was dispersed in the 100-mL HCl (1 M) aque-

ous solution containing 10 mL ethanol solution. A

0.2 g OGCS was added into the above solution, and

the mixture was kept under magnetic stirring for 4 h

at 0–5 �C to allow the swelling process and absorp-

tion of aniline hydrochloride on the surface of the

GCS spheres. An aqueous solution of APS (50 mL

HCl (1 M) aqueous solution containing 5 mL ethanol

solution, 1:1 molar ratio of APS to aniline) was slowly

dropped into the mixture. The polymerization was

allowed to proceed in ice bath for 2, 4, 6, 8 and 10 h

with stirring, and the resulting composites with the

varying reaction time were denoted as GCS@PANI-2,

GCS@PANI-4, GCS@PANI-6, GCS@PANI-8 and

GCS@PANI-10, respectively. The precipitate was

washed with ethanol and distilled water in order to

remove residual reactants and byproducts com-

pletely, and dried at 50 �C under vacuum for 24 h.

Preparation of GCS@PANI@RGO hollow
microspheres

Hundred milligrams of GCS@PANI was dispersed in

100 mL of water, which are positively charged in

aqueous solutions. The GO solution was gradually

added to the above solution under stirring for 2 h to

prepare the GCS@PANI@GO composites (GCS@

PANI/GO 10:1 wt/wt) via electrostatic interactions.

Then, 0.1 g of sodium borohydride (NaBH4) was

added into the mixture solution and stirred at 90 �C
for 2 h. The reduced composite was washed by

rinsing and centrifugation with deionized water for

several times to remove excess NaBH4. The resulting

material was dispersed in 1 M HCl solution con-

taining APS and stirred at room temperature over-

night for the reoxidation and reprotonation of PANI.

Finally, the as-prepared product was washed with

distilled water and dried at 50 �C in an oven. The

products were identified as GCS@PANI-2@RGO,

GCS@PANI-4@RGO, GCS@PANI-6@RGO, GCS@PA

NI-8@RGO and GCS@PANI-10@RGO.

Characterization

The morphologies of the samples were observed

using SEM (Hitachi S-4700, Japan) under the operat-

ing voltage of 20 kV, which equipped with an

energy-dispersive X-ray spectroscopy (EDX) system.

The functional groups and crystal structures of

composites were characterized by FTIR (PerkinElmer

Spectrum RX1, USA) and XRD (BrukerAXS D8

ADVANCE, Germany). The elemental composition

on the sample surface was investigated by XPS

(Thermo Electron Corporation ESCALAB 250, USA).

The surface area and pore volume were measured by

N2 adsorption using an adsorption apparatus (Mi-

cromerities ASAP 2020, USA).

Electrochemical measurements

All electrochemical tests were carried out in N2-sat-

urated 1 M H2SO4 aqueous solution at room tem-

perature. The working electrode was stainless steel

mesh pasted with a homogeneous mixture of the

hybrid hollow microsphere with acetylene black and

binder (polytetrafluoroethylene, PTFE) at a mass ratio

of 80:10:10. CV and EIS were tested using an elec-

trochemical work station (Zahner-Elektrik, Germany)

in a three-electrode system. A square platinum plate

and a saturated calomel electrode (SCE) were used as

the counter and reference electrodes, respectively.

The CV tests were performed in the potential range of

-0.2–0.8 V (vs. SCE). The EIS measurements were

recorded at 10 mHz to 100 kHz and an alternating

current (ac) voltage amplitude of 5 mV peak-to-peak.

GCD experiments were measured by the Arbin BT-4

battery tester (USA) with the voltage range of 0–0.8 V

in a two-electrode system.

Results and discussion

SEM images analysis

Figure 1 exhibits the SEM images of GCS,

GCS@PANI-8 and GCS@PANI-8@RGO. As shown in

Fig. 1a, d, the surface of GCS is clean and slight
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wrinkle, caused by the pleated graphene sheets. After

the in situ polymerization of PANI, the surface of the

GCS@PANI-8 microspheres (Fig. 1b) obviously

becomes rougher and the size is larger than that of

the GCS. Ordered nanofiber morphology can be

clearly observed in the GCS@PANI-8 (Fig. 1e), indi-

cating that the PANI has successfully grown on the

surface of the GCS. The combination of porous GCS

with PANI has been formed, which are beneficial to

the electrolyte infiltration and ion transmission. After

the introduction of GO via electrostatic interactions

into the GCS@PANI-8, the GCS@PANI-8@RGO

microspheres (Fig. 1c) become much larger than

GCS@PANI-8, with diameters about 20 lm. The

flexible graphene layer can be obviously seen in

Fig. 1f, wrapping on the GCS@PANI spheres.

In addition, the lateral views of microspheres are

observed in Fig. 1g, h, which further clearly confirms

they are hierarchical hollow structures. According to

the side view of the GCS shells (Fig. 1g), the outer

layer of microsphere is wrinkled graphene sheets,

and the inner layer consists of RF particles. As shown

in Fig. 1h, the PANI layers with nanofiber morphol-

ogy and the well-defined graphene layers are

observed and they are tightly adhered on the GCS

substrate. The thickness of GCS@PANI-8@RGO

microsphere shell is about 4 lm. The result shows

that the hierarchical graphene/PANI hollow micro-

sphere with sandwich structure has been successfully

synthesized. Figure 1i shows the EDX mapping taken

from the GCS@PANI-8@RGO microsphere. The N

element from PANI can be clearly observed in the

EDX mapping, further confirming that the hierar-

chical structure of GCS@PANI@RGO, which is in

agreement with the results of the SEM.

The SEM images of PANI and GCS@PANI com-

posites with varying reaction time of PANI are

shown in Fig. 2. The pure PANI (Fig. 2a) shows

Figure 1 SEM images of a GCS, b GCS@PANI-8,

c GCS@PANI-8@RGO; the surface of d GCS, e GCS@PANI-

8, f GCS@PANI-8@RGO in high magnification; the lateral view

of the g GCS shell, h GCS@PANI-8@RGO shell, i EDX mapping

for GCS@PANI-8@RGO.
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disorderly stacking nanofiber morphology, while all

GCS@PANI samples exhibit relatively regular mor-

phology than pure PANI. For the GCS@PANI-2

(Fig. 2b), PANI nanofibers with the length smaller

than 100 nm are formed. With the increase in reaction

time, the length of the nanofibers also increases. From

the SEM image of GCS@PANI-8 (Fig. 2e), it can be

seen that the length of PANI nanofibers is about

250 nm. For GCS@PANI-10 (Fig. 2f), the nanofiber

structure becomes compact and nonuniform, due to

the occurrence of excessive oxidation can lead to a

breakdown of the polymer chain [31], which is dis-

advantage to the electrolyte infiltration and diffusion.

Consequently, a suitable polymerization time of

PANI is important to achieve a uniform PANI

structure.

FTIR spectra analysis

The FTIR spectra of OGCS, PANI, RGO, GCS@PANI

and GCS@PANI@RGO are shown in Fig. 3. For RGO,

peak at 1580 cm-1 reflects the skeletal vibration of

graphene sheets [32]. From the spectrum of the

OGCS, the absorption bands at 1720 cm-1 reflect the

C=O stretching vibrations in carboxylic acid [33],

indicating that the negative charge has existed in the

GCS. The bands centered at 1537 and 1225 cm-1 are

attributed to the aromatic C=C and epoxy functional

groups, respectively [34, 35]. For GCS@PANI-8, the

absorption peaks at 796, 1135, 1296, 1492 and

1569 cm-1 are ascribed to the aromatic C–H inside

and outside bending vibration of the 1,4-disubsti-

tuted aromatic ring, C–N stretching of the second

amine, C=C stretching of the benzenoid rings and

C=C stretching of the quinoid ring, respectively [36],

which is similar to characteristic bands of pure PANI.

The disappearance of peak at 1720 cm-1 of the OGCS

is due to that the carboxyl groups on the surface of

OGCS can be connected to N atoms in PANI as a

proton doping agent electrostatic interactions [37].

The result suggests the aniline has successfully

Figure 2 SEM images of a PANI, b GCS@PANI-2, c GCS@PANI-4, d GCS@PANI-6, e GCS@PANI-8, f GCS@PANI-10 surface.

Figure 3 FTIR spectra of OGCS, PANI, RGO, GCS@PANI-8,

GCS@PANI-8@RGO.
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adsorbed and polymerized on the surface of the GCS

by electrostatic interactions. After electrostatic self-

assembly of GO and a reduction reaction, the peaks at

826, 1140, 1298, 1501 and 1590 cm-1 that belong to

PANI are still observed in the GCS@PANI-8@RGO,

demonstrating the PANI exists in the composite.

Furthermore, comparing the GCS@PANI-8 with

RGO, the peaks for GCS@PANI-8@RGO composite

are shifted slightly to higher frequencies, resulting

from the strong multiple interactions between the

GCS@PANI and RGO, such as electrostatic interac-

tions, hydrogen bonding and p–p interactions

[35, 38, 39], which means that RGO layers are well

wrapped the GCS@PANI sphere.

XRD analysis

Figure 4a presents the XRD patterns of GO, RGO,

GCS, GCS@PANI-8 and GCS@PANI-8@RGO com-

posites. It can be observed that GO shows a typical

peak at 2h = 10.76�, corresponding to the diffraction

of (001) pattern [40]. After NaBH4 reduction, a broad

peak with peak (002) at 2h = 24.22� and a narrow

peak (100) at 2h = 42.98� were detected, indicating

the successful preparation of RGO [41]. The diffrac-

tion peaks of GCS are similar to those of RGO, but it

is broader than that of RGO. For the GCS@PANI-8

sample, 8.94�, 14.96�, 20.84� and 25.3� correspond to

(001), (011), (020) and (200) characteristic crystal

planes of doping PANI, respectively [42, 43]. The

peak at 43.28� can be attributed to (100) graphite-like

structure caused by GCS [44]. The result means that

the PANI has grown on the surface of GCS. The XRD

patterns of GCS@PANI composites with varying

reaction time are shown in Fig. 4b. Diffraction peaks

of all samples are similar, and the intensities gradu-

ally increase from GCS@PANI-2 to GCS@PANI-8.

The GCS@PANI-8 has strongest diffraction peak,

indicating more regular crystalline structures [45],

which is consistent with the SEM investigations.

Interestingly, the GCS@PANI-8@RGO shows a broad

and intense diffraction peak from 10� to 35� corre-

sponding to the (020) planes of PANI and some weak

reflections. The broad peak results from the overlap

with the diffractions from RGO and GCS@PANI-8

[46], indicating the strong interactions and conjuga-

tion between the GCS@PANI-8 and RGO. Therefore,

the XRD result further confirms the strong interac-

tions between the layers in hierarchical hollow

microspheres.

XPS analysis

The chemical composition of GCS@PANI-8 and

GCS@PANI-8@RGO was further determined by XPS

analysis (see Fig. 5). The predominant elements

(Fig. 5a) are detected in the GCS@PANI-8 and

GCS@PANI-8@RGO samples with peaks at about

285 eV (C 1s), 400 eV (N 1s) and 532 eV (O 1s),

respectively [47], suggesting the presence of PANI in

the GCS@PANI-8 and GCS@PANI-8@RGO. Accord-

ing to the XPS data, the surface nitrogen content

decreases from 3.2% of GCS@PANI-8 to 1.62% of

GCS@PANI-8@RGO, which indicates the surface of

Figure 4 XRD patterns of a GO, RGO, GCS, GCS@PANI-8 and GCS@PANI-8@RGO, b GCS@PANI composites.
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GCS@PANI-8 has been covered by the RGO. In the

XPS of GCS@PANI-8 (Fig. 5b), the N 1s spectra are

split into three peaks at 398.2, 399.5 and 401.2 eV,

corresponding to quinonoid amine (=N–), benzenoid

amine (–NH–) and nitrogen cationic radical (–NH?–),

respectively [48, 49]. For GCS@PANI-8@RGO

(Fig. 5c), the N 1s spectrum can be deconvoluted into

three peaks with binding energies of 397.7, 398.8 and

400.7 eV, which is slightly decreasing than that of

GCS@PANI-8. The small decrease in electronic

binding energies can be attributed to the hydrogen

bond and p–p interaction between graphene and

PANI chains [47, 50], which may facilitate the charge

transfer and bring a synergistic effect to the electro-

chemical performance of the microspheres.

Nitrogen adsorption measurements analysis

The texture of the GCS and GCS@PANI-8@RGO was

investigated by the N2 adsorption. From the shape of

the N2 adsorption–desorption isotherm (Fig. 6a) and

the pore size distribution plot (Fig. 6b), it can be

deduced that the GCS predominantly represents the

mesopores and micropores [51]. The specific surface

area of GCS is calculated to be 536.7 m2 g-1 by the

Brunauer–Emmett–Teller (BET) measurement. For

the GCS@PANI-8@RGO (Fig. 6c), a linear increase in

the lower pressure range is due to the monolayer

adsorption of N2 molecules in the micro- and meso-

pores. An obvious hysteresis loop appears in the

pressure range of P/P0 = 0.4–0.9, indicating the

existence of mesopores. The sharp uptakes in

P/P0 = 0.9–1.0 can be ascribed to the macroporous

structure [52]. The macropores are formed by the

inter-particle voids and the gaps from PANI fibers

and graphene at outer layer. Figure 6d exhibits the

pore size distribution of GCS@PANI-8@RGO cen-

tered from 1.4 to 32 nm. The specific surface area of

GCS@PANI-8@RGO is decreased to 113.8 m2 g-1,

which is due to some pore blockage after wrapping

PANI and graphene. Similar results also have been

reported in previous researches [8, 53]. The hierar-

chical microsphere of GCS@PANI-8@RGO integrat-

ing micropores, mesopores and macropores is

beneficial for the fast transport of electrolyte ions and

enhances the electrochemical properties.

Figure 5 a XPS spectra of GCS@PANI-8 and GCS@PANI-

8@RGO, b the N 1s XPS spectra of GCS@PANI-8, c the N

1s XPS spectra of GCS@PANI-8@RGO.
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Electrochemical performance analysis

The electrochemical performances of all the

GCS@PANI@RGO are analyzed by CV, EIS and GCD

tests. The corresponding CV curves at the scanning

rate of 5 mV s-1 are shown in Fig. 7a. All curves

exhibit two couples of redox peaks (0.24 V/0 V,

0.50 V/0.42 V), which are caused, respectively, by the

redox transitions of leucoemeraldine form and fara-

dic transformation of emeraldine or from its emer-

aldine and pernigraniline [54]. The CV curve of

GCS@PANI-8@RGO shows a largest encircling area

than other samples, indicating a higher specific

capacitance. The high capacitance of the GCS@PANI-

8@RGO can be attributed to its novel hierarchical

hollow structure, regular PANI nanofiber morphol-

ogy and the synergistic effect between graphene and

PANI nanofibers, which can ensure a good charge

propagation, a high utilization of PANI and effective

ion adsorption in the electrode materials. The specific

capacitances based on the CV tests (CCV) can be cal-

culated from Eq. (1).

CCV ¼ 1

mv Vb � Vað Þ r
Vb

Va

Idv ð1Þ

where CCV (F g-1) is the specific capacitance derived

from CV tests, I (A) is the current response of the

potential, Vb (V) is the maximum voltage and Va

(V) the minimum voltage of the CV tests, v (V s-1) is

the potential scan rate and m (g) is the weight of the

electroactive materials in the electrodes.

According to the above formula, from GCS@PANI-

2@RGO to GCS@PANI-10@RGO, the specific capaci-

tance is 291.32, 328.42, 403.74, 446.19 and

373.72 F g-1, respectively. The lower capacitance of

GCS@PANI-10@RGO is probably due to the existence

Figure 6 a Nitrogen adsorption/desorption isotherm and b pore size distribution of GCS, c Nitrogen adsorption/desorption isotherm and

d pore size distribution of GCS@PANI-8@RGO.
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of compact and disordering PANI nanofibers in the

sample, which is disadvantage to the electrolyte

infiltration and ion transmission. Similar results have

been demonstrated in previous reports [30, 31]. Fig-

ure 7b shows the CV curves of the GCS@PANI-

8@RGO composites at different scan rates. It can be

observed that the CV curves almost maintain the

same shape with the increasing scan rates, indicating

the rapid redox reaction of GCS@PANI-8@RGO. This

implies that the GCS@PANI-8@RGO composite has

excellent electrical conductivity and a quick mass

transfer capability as electrode.

The EIS (Fig. 7c) was used to analyze the electro-

chemical frequency behavior of the capacitor system.

In the high frequency region, the semicircle intercept

with the real axis is the equivalent series resistance

(ESR) of the interfacial charge transport resistance,

the electrolyte solution and the intrinsic resistance of

the active material [55]. All the samples show com-

parable ESR around 1 X. The semicircle size is related

to the interfacial charge transport resistance, the

variation of which is consistent with specific capaci-

tance. At low frequency, the slope of 45� portion of

the curve is related to Warburg resistance resulting

from the electrolyte ion diffusion behavior, while

vertical portion indicates pure capacitive behavior

[56, 57]. It can be seen that the straight line of

GCS@PANI-8@RGO is more perpendicular to X axis,

showing a better capacitor performance and lower

diffusion resistance of ions in electrolyte.

The GCD curves of GCS@PANI@RGO hybrid hol-

low spheres at the current density of 0.1 A g-1 are

shown in Fig. 7d. All of the samples display a bent

triangular shape, and the discharge curves exhibit

two voltage stages in the ranges of 0.8–0.4 and

0.4–0 V, which are associated with the double-layer

capacitance and a combination of double-layer and

pseudocapacitive capacitance, respectively [58, 59]. It

is obvious that discharge time of GCS@PANI-8@RGO

is longer than other samples, which can be indicated

that the material has lower energy consumption from

the internal resistance and higher efficiency of energy

storage. The rate performance of GCS@PANI-8@RGO

is also evaluated by GCD tests at an increasing cur-

rent density, as displayed in Fig. 7e, f. At different

current densities, the curves are still kept linear and

symmetrical and 69% of its initial capacitance is

maintained with the current density increasing from

0.1 to 5 A g-1, suggesting that the electrode material

has excellent electrochemical reversibility and

charge/discharge performance [59].

The cycling performance of materials is another

important parameter used to determine the electrodes

for practical application. The cycling experiment of

GCS@PANI-8@RGO is evaluated at a current density

of 2 A g-1. As shown in Fig. 8a, there is no obvious

bFigure 7 Electrochemical properties for GCS@PANI@RGO

materials a CV curves measured at a scan rate of 5 mV s-1,

b CV curves of GCS@PANI-8@RGO composite electrode

measured at different scan rates, c Nyquist plots of composite

electrodes; d GCD curves measured at a current density of

0.1 A g-1, e GCD curves of GCS@PANI-8@RGO composite

electrode measured at different current densities, f Plots of specific

capacitance for GCS@PANI-8@RGO at different current

densities.

Figure 8 Cycling stability test of GCS@PANI-8@RGO composite electrode: a 1000 cycles, b 5000 cycles.
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decrease after 1000 cycle, and 93.4% of the initial capac-

itance is retained. Even after 5000 cycles (Fig. 8b), 88.7%

of the initial capacitance is still maintained, which is

better than those of previous reports (as listed in Table 1).

The better period stability is mainly ascribed to unique

hierarchical hollow architecture. In the sandwiched

material, GCS acts as a basic scaffold for PANI and RGO,

at the same time GCS can offer higher surface area,

providing high electroactive regions, short diffusion

lengths and lower ion-transport resistance. The intro-

duction of PANI into the composites offers highly con-

ductive pathways by bridging between adjacent GCS

and RGO, so significantly facilitates electrolyte ion pen-

etration for fast electron transfer. Finally, the RGO layers

wrapped on the GCS@PANI serves as physical buffering

layers or networks to inhibit the swelling and shrinking

of PANI during the charge–discharge process, which

maintain the structural integrity [7, 30]. As a result, we

believe that GCS@PANI-8@RGO is a quite suitable and

promising electrode material for high-performance

supercapacitors.

Conclusions

In summary, hierarchical GCS@PANI@RGO hollow

microspheres with sandwich structure have been

successfully synthesized by the in situ polymeriza-

tion of PANI on the surface of GCS and then the

electrostatic self-assembly of GO and reduction. From

the SEM images, the GCS@PANI@RGO composites

demonstrate desirably hierarchical hollow micro-

spheres with sandwich structure. The diameter is

about 20 lm, and the wall thickness is about 4 lm.

The FTIR, XRD and XPS spectra confirmed that the

strong interactions such as electrostatic interactions,

hydrogen bonding and p–p interactions existed

between the layers in hierarchical hollow micro-

spheres. The novel sandwiched hollow structure and

the synergic effect of the three components of GCS,

PANI and RGO greatly enhance the electrical con-

ductivity, promote the utilization of active materials

and improve the structural stability, resulting in

excellent electrochemical properties. The GCS@

PANI-8@RGO shows a high specific capacitance of

446.19 F g-1 at the scanning rate of 5 mV s-1 in 1 M

H2SO4 solution. Furthermore, the GCS@PANI-

8@RGO as electrode materials has a good long-term

cycling stability, and the capacitance is maintained at

88.7% after 5000 charging–discharging cycles at a

current density of 2 A g-1. Therefore, it could be

considered as quite suitable and promising electrodes

for high-performance supercapacitors.
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Table 1 Comparison of electrochemical performances of the reported graphene/polyaniline hollow microspheres as supercapacitors and

the present work

Samples Specific capacitances (F g-1) Cycling performance Reference

Nanostructured polystyrene/

polyaniline/reduced graphene oxide

hybrid materials

180 (0.5 A g-1) 74% after 5000 cycles (6 A g-1) 5

Graphene–polyaniline hybrid hollow

spheres (using PS spheres as

templates)

456 (0.5 A g-1) 83% after 1000 cycles (0.5 A g-1) 23

Graphene-PANI hybrid hollow balls

(PMMA as templates)

331 (1 A g-1) 86% after 500 cycle (1 A g-1) 24

Graphene-wrapped polyaniline

hollow (PS spheres as templates)

614 (1 A g-1) 90% after 500 cycle (1 A g-1) 25

Reduced graphene oxide–polyaniline

hollow spheres (PS spheres as

templates)

752 (1 A g-1) 92% after 1000 cycle (1 A g-1) 36

Hierarchical graphene/polyaniline

hollow microsphere (without

etching templates)

446.19 (5 mV s-1) 93.4% after 1000 cycle (2 A g-1) and

88.7% after 5000 cycle

This work
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[45] Pouget JP, Józefowicz ME, Epstein AJ, Tang X, MacDiar-

mid AG (1991) X-ray structure of polyaniline. Macro-

molecules 41:779–789

[46] Liu H, Zhang W, Song H, Chen X, Zhou J, Ma Z (2014)

Tremella-like graphene/polyaniline spherical electrode

material for supercapacitors. Electrochim Acta 146:511–517

[47] Ramana GV, Srikanth VVSS, Padya B, Jain PK (2014)

Carbon nanotube-polyaniline nanotube core-shell structures

for electrochemical applications. Eur Polym J 57:137–142
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