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Abstract
The p-phenylenediamine (PPD) modified graphene oxide (GO)/reduced graphene oxide (rGO)
composite materials were synthesized by a facile solution processing with two different routes:
‘Reaction first then Reduction’ and ‘Reduction first then Reaction’, which are referred to as
GPPDH and GHPPD, respectively. The two composites were employed as active supercapacitor
electrode materials, their electrochemical properties were studied, and the mechanism how
PPD improves the electrochemical performance is investigated systematically. GPPDH with the
PPD molecules incorporated between the graphene sheets demonstrated a loose and crumpled
microstructure. However, for GHPPD, the graphene sheets were stacked and cross-linked
through PPD molecules. Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) also provided quantitative information about the newly formed chemical
constituents in the synthesized materials. The specific capacitance values of GPPDH and GHPPD
are 316.54 and 249.24 F g�1 at 10 mV s�1, respectively. The synthesized materials also
exhibited an excellent cycling stability as 93.66% (GPPDH) and 87.14% (GHPPD) retentions
after 4000 cycles at current density of 2 A g�1.The results revealed the role of amine-based
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organic additives in graphene supercapacitor materials and validated the GPPDH as the
electrodes of supercapacitor with an excellent electrochemical performance.
& 2015 Published by Elsevier Ltd.

Introduction

Energy storage has become one of the greatest challenges
all over the world. As a new promising energy storage
device, supercapacitors (SCs) have attracted considerable
attention in recent years because of their high power
density, long cycle life, short charging time and reversibility
[1–3]. Energy storage in SCs is achieved by two different
types of capacitive behavior: the electrical double layer
(EDL) capacitance through polarization and adsorption of
ionic charges on the surface of electrode materials [4,5],
and the pseudo-capacitance resulted from fast and rever-
sible surface faradaic redox reactions under certain poten-
tials [6,7]. The performance of the SCs highly depends on
the properties of electrode materials, and the surface area
of the material plays an important role.

Nano-scale carbon materials with high specific surface
area and good electrical conductivity are promising electrode
materials for SCs [8]. Graphene, the two-dimensional single-
layer sheet of sp2-hybridized carbon material, is an excellent
conductor of both heat and electricity. And it has been
intensively studied for SCs applications [9,10] due to its
fascinating properties of high specific surface area, good
electrical conductivity, light weight and chemical stability
[11]. However, the individual graphene oxide (GO) sheets
would easily get agglomerated or restacked during the
preparing process because of the π–π stacking, which would
lead to a dramatic decrease in the accessible surface area of
graphene sheets, thus hinder electrolyte ions transport and
affect the electrochemical performance of SCs adversely.

A large number of methods have been developed to
prevent the aggregation of GO sheets [12,13] and to
improve the performance of graphene-based SCs [14,15].
These techniques modulate graphene properties by intro-
duction of fillers or dopants to GO sheets covalently or non-
covalently [16–18]. For example, carbon nanotubes [19,20],
transition metal oxides [21], heteroatoms [22] and conduct-
ing polymers [23,24] were investigated and adopted for
surface modification of GO, which would prevent the
restacking of graphene sheets and increase the capacitance
by serving as spacers and/or adding additional redox-active
functional groups. However, the non-covalent approaches
have some disadvantages, such as slippage of the molecules,
and they are hard to control and unstable compared to the
covalent approach [25]. Therefore, the covalent modifica-
tion strategy is a more promising way for this purpose.

Phenylenediamine has been reported to be a good mole-
cule for GO functionalization and it is effective to improve
the performance improvement of SCs [26,27]. It is known
that GO has abundant highly reactive groups, which provide
the possibility of covalently grafting active small organic
molecules onto GO sheets by various reactions [28]. The
p-phenylenediamine (PPD) with two amine groups

(–NH2) on the para-position of benzene rings may react with
the functional group of GO layers in certain conditions [29],
thus occupying the space between the graphene sheets and
prevents the restacking and aggregation. However, many
researchers believe that PPD is a good redox mediator and it
increases pseudocapacitance of SCs by quick reversible
faradaic reactions. Additionally, PPD is also regarded as the
precursor of nitrogen doping for capacitance improvement
[30]. Herein, we report the PPD modified GO/rGO composite
materials using the solution processing and the investigation
of the mechanism of graphene functionalizaiton with amine
group. PPD functionalizd GO/rGO composite materials were
used as the electrodes materials of SCs, exhibiting excellent
electrochemical performance.

Experimental

Materials preparation

Natural graphite flakes (99.8%) were obtained from Asbury
Company. The p-phenylenediamine (PPD), hydrazine mono-
hydrate, nafion solution (5 wt% in ethanol), sulphuric acid
(H2SO4) and other solvents were purchased from VWR
International.

GO synthesis

GO was prepared by the modified Hummers method typi-
cally [31]: 1 g of graphite flake (230U from Asbury) was put
into a NaNO3 (1 g)/concentrated H2SO4 (100 mL) solution in
an ice bath. Then 6 g of KMnO4 was slowly added to the
solution while maintaining the temperature below 20 1C.
The mixture was stirred in the ice bath for 2 h and for
another 0.5 h at 35 1C water bath. Next, about 46 mL of
70 1C water was added dropwise into the flask. The
reaction-generated exothermic heat raised the solution
temperature up to 98 1C. A 140 mL of 70 1C water was then
added, followed by a 20 mL of 30 wt% hydrogen peroxide
solution to terminate the reaction. The mixture was fil-
trated and washed with water to remove the excessive acid
and inorganic salts. The resulting GO was dried overnight at
55 1C to produce the GO powder.

GO/rGO functionalization using PPD

In a typical surface modification process, �100 mg of GO was
dispersed in 50 mL deionized (DI) water by a water bath
sonication for 0.5 h. Then a stable brown GO dispersion (one
equivalent) was used for the surface modification. About
100 mg of PPD was dissolved in 50 mL DI water and then
added to the GO dispersion slowly in a 250 mL round bottom
(RB) flask. After one-hour sonication, the RB flask was placed
in an oil bath preheated at �80 1C and stirred for around
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