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An efficient method for the preparation of benzoxazole and benzimidazole covalently grafted graphene

and their application as high performance electrode materials for supercapacitors is reported. The

synthesis of such covalently functionalized graphene materials first involves a cyclization reaction of

carboxylic groups on graphene oxide with the hydroxyl and aminos groups on o-aminophenol and

o-phenylenediamine, and subsequent reduction by hydrazine. Results of Fourier transformed infrared

spectroscopy (FT-IR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray

diffraction (XRD) and thermogravimetric analysis (TGA) have confirmed that the covalent

functionalization of graphene is achieved through the formation of benzoxazole and benzimidazole on

the graphene sheets. The functionalized graphene materials are revealed to consist of corrugation and

scrolling morphologies with less aggregation, indicating the effectiveness of functionalization in

preventing restacking/aggregation of the graphene sheets. Furthermore, when applied as

supercapacitor electrodes, the functionalized graphene materials exhibit good electrochemical

performances in terms of high specific capacitance (730 and 781 F g�1 for benzoxazole and

benzimidazole grafted graphene, respectively, at a current density of 0.1 A g�1) and good cycling

stability, implying their potential for energy storage applications.
1. Introduction

Development of advanced functional materials for energy

conversion and storage technologies is crucial in addressing the

challenges of global warming and the finite nature of fossil fuels.1

Supercapacitors, also known as ultracapacitors, which store

energy based on either ion adsorption (electrochemical double

layer capacitor, EDLCs) or fast/reversible faradaic reactions

(pseudocapacitors) have attracted intensive attention, mainly

due to their high power density, long cycle life and low mainte-

nance requirements, as well as their safety.2 However, the wide-

spread use of supercapacitors is limited by their low energy
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density and relatively high effective series resistance. As a

consequence, it is clear that the development of various strategies

and techniques for fabricating supercapacitors with high specific

capacitance and high power density is needed to meet the

demand for high-performance devices.3

Graphene, a rapidly rising star on the horizon of materials

science, has been widely explored in energy-related areas,

including organic photovoltaic cells, lithium ion batteries and as

a support for fuel cell catalysts, because of its fascinating physical

and chemical properties.4–6 The high conductivity, low mass

density, high mechanical strength, and large specific surface area

of graphene and its derivatives also make them attractive as

electrode materials for supercapacitors.7–9 It is expected that

graphene with less agglomeration would exhibit higher effective

surface area, and thus better capacitive performance.10 In this

regard, graphene oxide (GO) resulting from solution exfoliation

of graphite is considered to be an exciting precursor for low-cost

and mass production of graphene-based materials with single or

few layer sheets. Unfortunately, the GO sheets tend to either

form irreversible agglomerates or restack during the solution

reduction process, leading to loss of the surface area for super-

capacitor applications.11,12 Many feasible active species, such as

conducting polymers and transition metal oxides, have been

introduced to prevent the restacking of graphene sheets, as well

as to improve the performance of graphene-based supercapacitor
J. Mater. Chem., 2012, 22, 23439–23446 | 23439
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Scheme 1 Synthesis procedure for benzoxazole and benzimidazole-

grafted graphene via heterocyclization reaction.

D
ow

nl
oa

de
d 

by
 N

an
ya

ng
 T

ec
hn

ol
og

ic
al

 U
ni

ve
rs

ity
 o

n 
31

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

8 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2J

M
35

23
4F

View Article Online
electrodes, due to their contribution of additional redox capa-

citance.13,14 However, the composites usually suffer from rapid

fading of capacity, due to the volume change and ion dissolution

during charge–discharge processes.15,16 Covalent functionaliza-

tion of GO followed by reduction has also proved to be an

effective way of tuning the chemical and electrical structure of

graphene for supercapacitors.17 Additionally, functionalized

graphene-based materials are expected to exhibit better super-

capacitor performances due to the introduction of redox-active

functional groups, which can enhance the charge storage capa-

bility by providing fast redox processes at the electrode

surface.18,19

Based on these considerations, in this work we report an

efficient method for the synthesis of covalently functionalized

graphene materials, with less aggregation and abundant redox-

active azole functional groups, and their application as electrode

materials for supercapacitors. Typically, GO was first treated

with o-aminophenol (OAP) or o-phenylenediamine (OPD) in the

presence of polyphosphoric acid (PPA) as a catalyst. Subsequent

reduction of the functionalized GO by hydrazine results in the

benzoxazole or benzimidazole heterocycle grafted graphene

materials. The introduction of benzoxazole and benzimidazole

onto the graphene sheets could inhibit the aggregation of gra-

phene sheets and consequently form a stable 3D conducting

network. These structural and morphological advantages result

in higher specific capacitance (730 F g�1 for benzoxazole-grafted

graphene and 781 F g�1 for benzimidazole-grafted graphene,

respectively) compared with previously reported graphene

materials at the same current density, as well as good stability

when the as-prepared materials are used as supercapacitor elec-

trode materials in an aqueous electrolyte.20,21 This newly devel-

oped strategy provides a good example of the application of

covalently functionalized graphene in high-performance energy-

storage devices.

2. Experimental section

2.1 Materials

Graphite powder (<20 mm), sulfuric acid (H2SO4), potassium

permanganate (KMnO4), hydrogen peroxide (H2O2), PPA,

OAP, OPD and hydrochloric acid (HCl) were purchased from

Sigma-Aldrich Pte Ltd and used without further purification.

2.2 Synthesis of GO

GO was synthesized from graphite (Aldrich; <20 mm) by a

modified Hummers’ method.22 Graphite powder (1.0 g) was

added into 50 mL of concentrated H2SO4 (95%) under stirring in

an ice bath, and then KMnO4 (6 g) was slowly added to the

suspension to keep the reaction temperature lower than 20 �C.
The ice bath was then removed and the mixture was stirred at

30 �C for 1 hour. Subsequently, deionized water (80 mL) was

slowly added under vigorous stirring. The diluted suspension was

further stirred at 90 �C for 30 min. Afterwards, deionized water

(200 mL) with 30% H2O2 (6 mL) was added, turning the color of

the solution from dark brown to yellow. The suspension was

stirred for additional 10 min, then centrifugated and washed with

deionized water several times, and finally freeze-dried in a freeze

drying machine.
23440 | J. Mater. Chem., 2012, 22, 23439–23446
2.3 Synthesis of benzoxazole and benzimidazole-grafted

graphene

The syntheses of benzoxazole and benzimidazole covalently

functionalized graphene via a PPA-catalyzed cyclization reac-

tion followed by reduction with hydrazine are shown in Scheme

1. Firstly, GO solution (2 mg mL�1) was prepared by ultrasonic

exfoliation of graphite oxide (160 mg) into deionized water

(80 mL) for 30 min. OAP–OPD (700 mg) was added into the

solution and sonicated for another 5 min. After that PPA (1

mL) was added dropwise under vigorous stirring, and the

solution was refluxed at 80 �C in darkness for 24 hours. The

product was collected by filtration, re-dissolved in 1 : 2 HCl by

sonication and then collected by filtration (this procedure was

repeated 4 times). After washing with deionized water several

times, the obtained product was redispersed into methanol (120

mL) by sonication for 30 min, then hydrazine hydrate (1.4 mL)

was added and refluxed at 65 �C for 24 hours. The obtained

benzoxazole and benzimidazole-grafted graphene, abbreviated

as BO-G and BI-G, respectively, were filtered and washed with

methanol several times, then dried under vacuum condition for

24 hours.
2.4 Characterization

FT-IR spectra were recorded on a NEXUS 670 FT-IR spec-

trometer by using pressed KBr pellets. XPS analysis was per-

formed on an ESCALAB MK II X-ray photoelectron

spectrometer. Field-emission scanning electron microscopy

(FESEM) analysis was conducted with a JEOL JSM-6700F

electron microscope with an accelerating voltage of 10 kV.

Transmission electron microscopy (TEM) measurements were

conducted on a JEOL JEM-2010 transmission electron micro-

scope with an accelerating voltage of 200 kV. XRD analysis was

measured on a D8 Advanced diffractometer with Cu-K radiation

(l ¼ 1.54056 �A). Raman spectra were collected using a WITEC

CRM200 Raman system with 532 nm excitation laser. TGA was

conducted by a Shimadzu DTG-60H under a heating rate of 5 �C
min�1 under nitrogen flow.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 FT-IR spectra of GO (a), BO-G (b) and BI-G (c).

Fig. 2 Thermogravimetric curves of GO (a), BO-G (b) and BI-G (c) at

heating rate 5 �C min�1 under nitrogen atmosphere.

Fig. 3 The C 1s XPS spectra of GO (a), BO-G (b) and BI-G (c).
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2.5 Electrochemical measurements

A three-electrode cell system was used to evaluate the electro-

chemical performance of the functionalized graphene materials

on a CHI 760D electrochemistry workstation with 1 mol L�1

H2SO4 aqueous solution as the electrolyte. The working elec-

trode was prepared by casting a Nafion-impregnated sample

onto a glassy carbon electrode with diameter of 5 mm.23 Typi-

cally, 5 mg of active material was dispersed in 1 mL of ethanol

solution containing 5 mL of Nafion solution (5 wt% in water) by

sonication for 30 min to form a catalyst ink. 20 mL of the as-

prepared ink was then dropped onto the glassy carbon electrode

and baked at 80 �C for 10 min before the electrochemical test.

Platinum foil (1 cm � 1 cm) and a Ag/AgCl electrode were used

as the counter and reference electrodes, respectively. Cyclic vol-

tammetry (CV) studies were performed with a potential window

from�0.3 to 0.7 V for benzoxazole-grafted graphene and�0.5 to

0.5 V for benzimidazole-grafted graphene at scan rates of 100, 50,

20, 10 and 5 mV s�1. The specific capacitance (SC) is calculated

by using the integrated area of the CV curve to obtain the charge

(Q), and dividing by the mass of the active material (m) and the

scanning rate (V):
This journal is ª The Royal Society of Chemistry 2012
C ¼ Q/2mV

Galvanostatic charge–discharge curves were measured at

different constant current densities. The SC can also be calcu-

lated using galvanostatic charge–discharge curves by the

following equation:

C ¼ IDt/mDV

Where m is also the mass of electrode material, DV is the

potential window, I is the discharge current applied and Dt is the

discharge time.
3. Results and discussion

3.1 Materials characterization

The FT-IR spectra of GO, BO-G and BI-G materials are shown

in Fig. 1. The most characteristic adsorption band of GO at

1730 cm�1 corresponds to the C]O stretching mode of carboxyl
J. Mater. Chem., 2012, 22, 23439–23446 | 23441
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Fig. 4 The N 1s XPS spectra of BO-G (a) and BI-G (b).

Fig. 5 XRD patterns of GO (a), BO-G (b) and BI-G (c).

Fig. 6 FESEM images of the GO (a and b), BO-G (c and d) and BI-G

(e and f) powder.
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groups on the GO sheets. However, after functionalization and

reduction, the peak at 1730 cm�1 disappeared. In the spectrum of

BO-G, the new peaks at 1574, 1526 and 1458 cm�1 are attributed

to the skeletal vibration modes of the benzene ring.24 The other

two peaks at 1380 and 1174 cm�1 can be assigned to the

stretching mode of C–N and C–O from benzoxazole heterocycle,

respectively.25 In the spectrum of BI-G, the skeletal vibration

modes of the benzene ring appear at 1580 and 1500 cm�1.

However, another two typical peaks at 1645 cm�1 and 1354 cm�1

are also observed, which can be attributed to the stretching mode

of C]N and C–N from benzimidazole heterocycle, respec-

tively.26 Raman spectroscopy was also used to confirm the

presence of benzoxazole and benzimidazole heterocycle grafted

onto the graphene sheets (Fig. S1†). The Raman bands of oxa-

zole and imidazole heterocycles can be clearly observed in the

Raman spectra of BO-G and BI-G, which is consistent with

previous results.27,28

TGA thermogram also clearly supports the cyclization reac-

tion of graphene, as shown in Fig. 2. GO shows �15% mass loss

near 100 �C due to the removal of adsorbed water molecules

trapped between the sheets (Fig. 2a).29 A relatively large loss of

mass in the range of 150–260 �C is also observed, which is
23442 | J. Mater. Chem., 2012, 22, 23439–23446
ascribed to the decomposition of the labile oxygen-contained

groups in GO-based materials.30 However, compared to GO,

both the benzoxazole and benzimidazole grafted graphene show

a significantly smaller mass loss around 100 �C owing to the

removal of oxygen-containing functional groups (Fig. 2b and c).

The thermogram of BO-G illustrates a major mass loss in the

range of 290–410 �C, which is attributed to the decomposition of

benzoxazole groups covalently grafted on the graphene sheets.31

The BI-G thermogram has one significant mass loss starting at

about 400 �C, due to the decomposition of benzimidazole

groups.32 The TGA results indicate the successful functionali-

zation of graphene, resulting in a higher thermal stability.

The covalent grafting of benzoxazole and benzimidazole onto

the graphene sheets via the cyclization reaction was further
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 TEM images of the GO (a and b), BO-G (c and d) and BI-G

(e and f).
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confirmed by XPS. The C 1s XPS spectra of original GO (Fig. 3a)

consists of three peaks arising from C–C (284.6 eV), C–O (286.7)

and O–C]O (288.4 eV). After the functionalization and reduc-

tion, the peak intensity for oxygen-containing groups decreased

remarkably, while the peak of the sp2 carbon increased signifi-

cantly (Fig. 3b and c and S2†). These results indicate that most of

the oxygen functional groups in GO have been successfully

removed after reduction. Furthermore, an additional type of

carbon at about 285.6 eV is observed, which originates from C–

N.33 The obvious N 1s peaks at 399 eV in the XPS spectra of

BO-G and BI-G also confirm the existence of nitrogen-contain-

ing groups on these two functionalized graphene (Fig. S2†), while

no N 1s signal is detected in GO. The total atomic ratios in the

samples, calculated from quantitative analysis of the XPS data,

are shown in Table S1.†

The bonding configurations of N atoms in BO-G and BI-G

were further investigated by high-resolution N 1s XPS spectra

(Fig. 4). The N 1s peaks of both BO-G and BI-G could be fitted

as two peaks, a higher energy peak at about 400.1 eV and a lower

energy peak at about 398.2 eV, which correspond to pyridine-like

N and the pyrrole-like N from the introduced heterocyclic

groups, respectively.34 The N 1s peak of BO-G at 398.2 eV is

generated from the aromatic nitrogen doping during the reduc-

tion, which is consistent with previous reports.35
This journal is ª The Royal Society of Chemistry 2012
Fig. 5 shows the XRD patterns of GO, BO-G and BI-G. The

characteristic diffraction peak of GO appears at 9.98�, corre-
sponding to an interlayer distance of 8.85 �A due to the interca-

lation of oxygen-containing functional groups on the graphite

sheets (Fig. 5a).36 In accordance with previous analyses, after the

functionalization and reduction most of the oxygen-containing

groups are removed. Both the XRD patterns of BO-G and BI-G

exhibit two main peaks. One is in the angle range of 2q¼ 13–16�,
which is due to the presence of benzoxazole and benzimidazole

groups on the graphene sheets resulting in an increased interlayer

distance between the sheets. The other (at 26.3�) is representative
of chemically converted graphene (CCG),37 indicating the

restacking of some unfunctionalized areas on the surface of the

graphene sheets. The XRD results indicate that the introduction

of benzoxazole and benzimidazole groups can partially prevent

the restacking of graphene sheets.

FESEM and TEM were also used to characterize GO, BO-G

and BI-G. The results are shown in Fig. 6 and 7. The synthesized

GO shows a typically crumpled morphology, a layer-like struc-

ture with a lateral dimension up to several micrometers (Fig. 6a

and b and 7a and b), which is consistent with previous reports in

the literature.38 Fig. 6c–f present the SEM images of BO-G and

BI-G, revealing that the layered structure can be maintained in

the functionalized graphene after the treatments. Moreover, less

aggregation was observed, indicating the effectiveness of func-

tionalization for the prevention of restacking/aggregation of

graphene sheets, supporting the above XRD results (Fig. 5).

The TEM images in Fig. 7c–f reveal that the BO-G and BI-G

materials consist of randomly aggregated, thin, crumpled sheets,

interconnected with each other, resembling rippled silk waves.

This structure may favorably improve the electrochemical

performance of the functionalized graphene, as the corrugation

and scrolling dominate the functionalized graphene sheet,

forming a three-dimensional (3D) conducting network for fast

electron transfer between the active materials and the charge

collector.39
3.2 Electrochemical measurements

To explore the advantages of BO-G and BI-G as electrode

materials for supercapacitors, their electrochemical properties

were analyzed by standard CV and galvanostatic charge–

discharge techniques. Fig. 8a and b show the CV curves of BO-G

and BI-G, respectively, at scan rates of 5–100 mV s�1. For BO-G

material, two oxidation peaks at �0.09 (A1) and 0.27 V (A2) are

observed in the anodic process and three reduction peaks at

�0.24 (C1), �0.14 (C2), and 0.15 V (C3) are observed in the

cathodic process.

The oxidation peak A1 and reduction peaks C1 and C2 may

correspond to the electrochemical reaction of the remaining

oxygen-containing functional groups on the functionalized gra-

phene sheets (Scheme 2, eqn (1) and (2)).40 The second redox

couple A2/C2 is probably related to the faradaic reaction of

benzoxazole units grafted on graphene sheets at the electrode/

electrolyte interfaces (Scheme 2, eqn (3)).41,42 While for BI-G

material, a couple of redox peaks at �0.23 (C0
1) and �0.04 V

(A0
1) are observed, resulting from the introduced benzimidazole

groups (Scheme 2, eqn (4)).43
J. Mater. Chem., 2012, 22, 23439–23446 | 23443
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Fig. 8 CVs for the BO-G (a) and BI-G (b) materials at different scan rates; charge–discharge curves of BO-G (c) and BI-G (d) at different galvanostatic

current densities.

Scheme 2 The proposed electrochemical reactions of redox-active

functional groups on BO-G and BI-G.

Fig. 9 SC of BO-G and BI-G materials measured as a function of scan

rate.
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The capacitance values of BO-G and BI-G, calculated from

CV curves, are shown in Fig. 9. The largest SCs for BO-G and

BI-G are 289 and 279 F g�1, respectively, which can both be

reached at a scan rate of 5 mV s�1. The observed phenomenon of

increasing SCs with decreasing scan rate is due to the decreasing

diffusion limitation.44

The electrochemical performances of BO-G and BI-G mate-

rials were further studied by galvanostatic charge–discharge

measurement. Fig. 8c and d show the charge–discharge curves of

BO-G and BI-G at different current densities. The nonlinear

potential profiles were measured, indicating the contribution of

pseudocapacitance due to the faradaic reaction.45 The SCs of
23444 | J. Mater. Chem., 2012, 22, 23439–23446
BO-G derived from the discharging curves are 730 F g�1 at 0.1 A

g�1, 391 F g�1 at 0.4 A g�1, and 296 F g�1 at 0.8 A g�1. For BI-G

material, the SCs are 781 F g�1, 410 F g�1, and 367 F g�1 at

current densities of 0.1 A g�1, 0.4 A g�1, and 0.8 A g�1,

respectively. These values are much higher than those of

CCG,20,21,46 demonstrating the feasibility of improving the SC of

graphene materials by introducing oxazole or imidazole groups.

Cycling stability is one of the most important parameters for

supercapacitors. The BO-G and BI-G materials were tested for
This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Cycle performance of BO-G (a) and BI-G (b) materials measured at a scan rate of 100 mV s�1.
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2000 cycles at a scan rate of 100 mV s�1. The results reveal that

both BO-G and BI-G materials show quite good cycling stability

(Fig. 10). Specifically, the BO-G material exhibits a stable elec-

trochemical performance with no obvious SC drop after 2000

cycles (Fig. 10a). The initial increase of SC during the first 500

cycles is possibly due to the activation process, which allows the

trapped ions to gradually diffuse out.7,39 Moreover, the BI-G

material also presents an excellent long-term stability with 85%

of the original capacitance retained after 2000 cycles (Fig. 10b).

The good electrochemical performance of the BO-G and BI-G

materials can be ascribed to their unique, well-packed, layered

structure, which not only provide easy access of the surfaces to

electrolyte but also prevents the agglomeration of graphene

sheets.

4. Conclusions

In summary, we have demonstrated an efficient method to

prepare benzoxazole and benzimidazole covalently grafted gra-

phene. The structure, surface morphology and electrochemical

behaviors of the functionalized graphene are thoroughly inves-

tigated. The incorporation of benzoxazole and benzimidazole

functional groups on graphene can prevent the restacking of

graphene sheets, and also improve the electrode/electrolyte

interfacial charge transfer process. Thus, high specific capaci-

tance and good cycling stability can be ensured. Further

improvements in tuning the microstructure of the functionalized

graphene sheets, and hence their electrochemical properties, are

in progress.
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