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Solid-state functionalization of graphene with
amino acids toward water-dispersity: implications
on a composite with polyaniline and its
characteristics as a supercapacitor electrode
material†

Gansukh Erdenedelger,‡a Taemin Lee,‡b Trung Dung Dao,‡a Joon Soo Kim,c

Byeong-Su Kim*b and Han Mo Jeong*a

A new and facile modification method to endow graphene with water-dispersity is reported. The remanent

epoxide group on graphene prepared by the thermal reduction of graphite oxide is effectively utilized for

the modification reaction with the amine group of potassium 6-aminocaproate using a simple process of

heating the well-mixed solid state mixture. The graphene modified to have negatively charged

carboxylate moieties disperses easily and stably in water. A graphene/polyaniline (PANI) composite is

prepared efficiently in an aqueous system by the simple physical mixing of aqueous dispersions of

negatively charged graphene and positively charged micron-size PANI particles, followed by drying. The

composites exhibit higher energy storage capacities as supercapacitor electrodes compared to those of

either graphene or PANI themselves. The synergistic effect is most evident at a graphene/PANI weight

ratio of 20/80. The composite exhibits more than twice the specific capacitance of either PANI or

graphene. This suggests that the scaffold structure of hydrophilic graphene enclosing PANI particles

reduces not only the contact resistance at the electrode/electrolyte interface but also the diffusion

length for effective charge transfer.
Introduction

Graphene, a two-dimensional aromatic carbon monolayer, has
attracted signicant interest in various elds of science and
engineering because of its unique and extraordinary electronic,
optical, thermal and mechanical properties together with a
superior surface area.1 Along with an understanding of the
fundamental physics of graphene, the development of effective
means for the mass production of high quality graphene and
efficient post-functionalization would make graphene versatile
for a range of applications.

Bulk quantities of ake-type graphene can be produced
effectively by rapid heating of highly oxidized graphite oxide
(GO) powders because GO sheets are reduced and exfoliated
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simultaneously upon rapid heating due to thermal decompo-
sition of the oxygen-containing groups of GO, and the pressure
of gas products (mainly CO2) that builds up instantaneously at
the gallery between the sheets.2 This method is economical and
eco-friendly because high-quality graphene can be mass-
produced without the use of a solvent in the reduction process.
These exfoliated graphene sheets are normally a few-layer gra-
phene with a specic surface area, ranging from 400 to 1500 m2

g�1, according to the Brunauer, Emmett, and Teller (BET)
measurements.3–5 These exfoliated sheets are called function-
alized graphene sheets because they contain some oxygen-
containing functional groups, such as epoxide and hydroxyl
groups, even aer thermal reduction.5,6 Therefore, these func-
tionalized graphene sheets can be dispersed nely in polar
solvents and polymer matrices but they are barely dispersed in
water or water-soluble polymers.3,5,7–9

Additional modication or functionalization to endow water-
dispersity to thermally reduced graphene (TRG) can pave the
way toward a range of promising applications because water-
dispersity is a prerequisite for many applications. In addition,
eco-friendly water can be a substitute for unfavorable solvents
in various processes to prepare graphene-based materials. In
previously reported studies, GO was reduced aer the covalent
functionalization of GO with a hydrophilic functional group
This journal is © The Royal Society of Chemistry 2014
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such as a sulfonate group,10 or a hydrophilic molecule such as
poly-L-lysine,11 or a charged moiety such as ionic liquid12 to
impart water-dispersity. In other cases, GO was reduced in the
presence of a dispersing agent, such as poly(sodium-4-styrene
sulfonate),13 pyrenebutyric acid,14 or porphyrin15 for non-cova-
lent functionalization. However, such methods usually disrupt
the p-bond system of graphene or contaminate graphene's
surface with a large amount of macromolecules or surfactants,
causing the deterioration or loss of unique properties of gra-
phene in the functionalized one or the introduction of big
impurities to the nal products.16 In addition, these methods
can barely be applied to graphene prepared by a thermal
reduction process because it does not use any solvent and it
undergoes a high temperature reduction process. Therefore,
challenging endeavors are continuing to develop a convenient
means of post-processing to afford water-dispersible graphene.

This paper reports the facile synthesis of water-dispersible
graphene through a solid-state reaction between the remanent
epoxide group on TRG and the amine group of 6-aminocaproic
acid to introduce negatively charged carboxylate groups to the
graphene sheet (Scheme 1a). The reaction process is simple
because the reaction is carried out effectively in the solid state
by simple heating of a reactant mixture. No solvent is necessary
at the reaction stage, but solvents for intimate mixing of TRG
and 6-aminocaproic acid are necessary only at the preparatory
stage. Furthermore, the damage to the intrinsic properties of
TRG by covalent modication is minimized because the
inherent defect, the remanent epoxide group on graphene, is
used as an anchoring site for modication without altering the
intact basal plane of graphene.17,18

In addition, the stable aqueous dispersity allows the inte-
gration of graphene with aqueous polymers to prepare gra-
phene/polymer composites conveniently by the simple physical
mixing of aqueous dispersions.9,18 In this process, the charges
on the graphene (or GO) sheets and the counter charges on the
polymer particles can promote intimate mixing because elec-
trostatic attractions between the graphene sheets and polymer
particles cause the sheets to cover the polymer particle, which
also prevents the aggregation of graphene sheets during
drying.19,20

Polyaniline (PANI) has attracted considerable attention as a
supercapacitor electrode material because it has high
Scheme 1 Schematic diagram of the process to prepare (a) water-
dispersible graphene and (b) water-based graphene/PANI composite.

This journal is © The Royal Society of Chemistry 2014
pseudocapacitance by a redox reaction and the electrode can be
fabricated in an aqueous system.21 Graphene has not only
excellent electrical conductivity and mechanical strength, but
also a high surface area for the electrical double-layer capaci-
tance that comes from charge accumulation at the electrode/
electrolyte interface. Therefore, an appropriately designed gra-
phene/PANI composite can have a synergistic effect on both
energy storage mechanisms. Many studies have examined the
availability and synergistic effect of graphene/PANI composites
as active electrode materials for supercapacitors.22–28

In this study, the availability of negatively charged graphene
for facile composite preparation in aqueous systems was
assessed using a graphene/PANI composite. The negatively
charged graphene was mixed simply in water with positively
charged micron-sized PANI particles to prepare the composite,
where the PANI particles are enclosed in a graphene scaffold, as
shown in Scheme 1b, to examine the synergistic effects on the
supercapacitor performance.
Experimental
Materials

Expandable graphite (ES350 F5, mean particle size of 280 mm)
was purchased from Qingdao Kropfmuehl Graphite Co., Ltd.
(China) and used for the preparation of graphene. PANI emer-
aldine salt powder (average molecular weight: >15 000, particle
size: 3–100 mm, surface area: 5–20 m2 g�1, and density: 1.38 g
mL�1), Naon (peruorinated ion-exchange resin, 5 wt% solu-
tion in lower aliphatic alcohols and water), 6-aminocaproic
acid, acetone, and KOH were obtained from Aldrich and used as
received.

GO was prepared using the Brodie method, as described
elsewhere.29 Briey, a reaction ask with 200 mL fuming nitric
acid was cooled in an ice bath to 0 �C, and 10 g of graphite
powder was added under stirring. Over a 1 h period, 85 g of
potassium chlorate was then added slowly under stirring at
25 �C. Aer 24 h, the mixture was poured into 3 L of distilled
water. GO was then ltered and washed with distilled water
until the pH of the ltrate was neutral. The mixture was then
dried in a vacuum oven at 100 �C. The as-prepared GO
composition based on elemental analysis was determined to be
C10O3.45H1.58.

To obtain TRG, the dried GO was charged in a quartz tube
and ushed with nitrogen for 5 min. The quartz tube was then
inserted rapidly into a furnace preheated to 1100 �C and kept for
1 min for the simultaneous thermal exfoliation and reduction of
GO.2,6 Elemental analysis showed that the composition of TRG
was C10O0.78H0.38. The specic surface area was 428 m2 g�1

according to the BETmeasurement from nitrogen adsorption in
the dry state.
Modication of graphene with 6-aminocaproic acid

TRG and potassium 6-aminocaproate were reacted in the solid
state to prepare graphene with negatively charged carboxylate
moieties, as shown in Scheme 1a. In particular, 13.1 g (0.1 mol)
of 6-aminocaproic acid and 5.6 g (0.1 mol) of KOH were
J. Mater. Chem. A, 2014, 2, 12526–12534 | 12527
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dissolved in 20 g water. The aqueous solution was mixed with
TRG (0.5 g) dispersion in acetone (150 mL) for 30 min with an
agitator and then sonicated for 45 min. Water and acetone were
evaporated, and the remaining well-mixed solid mixture was
heated in an oven for 2 days at 90 �C to induce a reaction
between the epoxide group on TRG and the amine group of
potassium 6-aminocaproate. The resulting reacted mixture was
dispersed in a 20-fold volume of hot water and ltered aer
sonication for 15 min. The ltered solid was washed with hot
water and acetone, and dried in a vacuum oven at 50 �C for 1 day
to obtain negatively charged, 6-aminocaproic acid-functional-
ized thermally reduced graphene (C-TRG). In a separate exper-
iment, a control sample (C-TRGM) was prepared using a
procedure designed so that potassium 6-aminocaproate can
only be absorbed physically on TRG with a marginal reaction.
That is, the mixture was ltered before evaporating water and
acetone, and the ltered solid was then dried in an oven at 50 �C
for 1 day without additional heating at higher temperatures. For
comparison, the TRGsmodied with other amino acids, such as
glycerine (G-TRG) and 11-aminoundecanoic acid (U-TRG),
were also prepared using an identical procedure, as described
for C-TRG.
Preparation of the graphene/PANI composite

C-TRG was dispersed in 150-fold of water and sonicated for 1 h.
PANI was also dispersed in 150-fold of water and sonicated for
10 h. The two dispersions were mixed for 30 min and dried in a
vacuum at 60 �C for one day to obtain a graphene/PANI
composite (Scheme 1b). In the preparation of composites for
electrochemical characterization, a Naon solution was mixed
together as a polymer binder to fabricate the supercapacitor
electrode. The solid weight ratio of composite/Naon was
adjusted to 85/15. The sample designation codes of the
composites in Fig. 7–9 provide information on the weight ratio
of C-TRG/PANI. For example, the weight ratio of C-TRG/PANI in
G15/P85 was 15/85.
Preparation of supercapacitor electrodes and electrochemical
measurements

The electrochemical measurements were carried out using a
standard three-electrode test cell. The C-TRG/PANI composite
dispersion mixed with a Naon solution was drop-cast on a
glass carbon electrode (total solid: 60 mg) and dried in a
vacuum at room temperature. The electrochemical perfor-
mance of the electrode was examined using a VMP3 electro-
chemical potentiostat (BioLogic Inc.). A platinum wire
electrode and saturated calomel electrode (SCE) were used as
the counter and reference electrodes, respectively. Cyclic vol-
tammetry (CV) was performed and the galvanostatic charge–
discharge process was carried out with a potential window
from�0.2 to 0.8 V vs. SCE in a 0.1 M H2SO4 aqueous electrolyte
with wide scan rates from 10 to 200 mV s�1 and a discharge
current density from 0.5 to 3 A g�1.30 Electrical impedance
spectroscopy (EIS) was performed over the frequency range 0.1
Hz�200 kHz.
12528 | J. Mater. Chem. A, 2014, 2, 12526–12534
Characterization

The morphology of the samples was observed using a eld-
emission scanning electron microscope (FE-SEM, JEOL JSM-
6500F) and a transmission electron microscope (TEM, Hitachi
H-8100). An atomic force microscopy (AFM) image of graphene
was taken using a Veeco Dimension 3100 SPM with a silicon
cantilever operated in the tapping mode.

The Fourier transform infrared (FTIR, FTS 2000 FTIR, Var-
ian) spectra were recorded using a KBr tablet that was made by
compression molding of KBr powder mixed with a small
amount of sample. Elemental analysis of carbon, hydrogen,
oxygen, and nitrogen was carried out using a Thermo Scientic
Flash 2000 CHNS/O analyzer. X-ray photoelectron spectroscopy
(XPS, Thermo Fisher K-Alpha) was performed on a spectrometer
using Al Ka X-ray radiation. The Raman spectra of graphene
paper were recorded using a Raman spectrometer (WITec,
Alpha 300R) equipped with a microscope (50� objective) and a
Nd-YAG laser with an excitation wavelength of 532 nm. Ther-
mogravimetric analysis (TGA, Q50 TA Instrument) was per-
formed at a heating rate of 10 �C min�1 with a 2 mg sample in a
platinum crucible under a N2 atmosphere. The electrical
conductivity of the pressed graphene powder (density z 0.6 g
cm�3) was measured using a two-probe method on a Keithley
237 source-measure unit at room temperature.
Results and discussion
Analysis of 6-aminocaproic acid-functionalized, thermally
reduced graphene (C-TRG)

The morphology and topography of TRG and C-TRG were
characterized using SEM, TEM and AFM as shown in the ESI
(Fig. S1†). The SEM and TEM images of TRG and C-TRG show
that the graphenes are ultra-thin graphene sheets with a lateral
size of several micrometers and with a wrinkled morphology
which is typical for thermally reduced graphene.6 The AFM
image was observed on a silicon substrate. Because most of the
fraction of the graphene sheet was not in contact with the
substrate due to the wrinkled morphology of graphene, the
thickness of the sheet has been measured at the edge thereof to
be less than 1 nm, indicating single-layer graphene.2

The superior dispersity and stability of the prepared C-TRG
in water were veried aer the functionalization of thermally
reduced graphene with 6-aminocaproic acid. TRG was difficult
to disperse and it settled immediately when attempts were
made to disperse it in water by sonication. On the other hand,
C-TRG dispersed readily in water and the homogeneous
colloidal dispersion of C-TRG (0.1 mgmL�1) was stable for more
than two months without signicant aggregation (Fig. 1). This
shows that the carboxylate groups on graphene effectively
improved the hydration of the graphene surface. In addition,
the wrinkled nature of graphene2,29 as well as the electrostatic
repulsion between the graphene sheets caused by the ionic sites
of 6-aminocaproate functionalized on the surface of C-TRG
efficiently prevented graphene from restacking and aggrega-
tion.31,32 In comparison, when the modication reaction was
carried out in the mixed solvents of water and acetone (or other
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Photographs of aqueous dispersions of (a) TRG and (b) C-TRG.
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solvents, such as dimethylformamide), instead of in the solid
state, the colloidal stability of the modied TRG was poorer
than that of C-TRG. This can be attributed to the poor solubility
of potassium 6-aminocaproate and/or the poor dispersity of
TRG, which limit complete mixing of the two components,
resulting in inefficient modication reactions. A liquid medium
that is compatible for both TRG and potassium 6-amino-
caproate was difficult to nd. This highlights the utility of a
solid-state reaction during the modication of TRG.

The aqueous colloidal stability of the TRGs modied with
other amino acids, such as glycerin (G-TRG) or 11-amino-
undecanoic acid (U-TRG), was also compared. The colloidal
stability of these modied TRGs was poorer than that of C-TRG.
That is, a considerable amount of U-TRG and an even larger
amount of G-TRG had settled before 1 month. Since the
amounts of amino acids attached to TRG, which was estimated
by TGA, were not signicantly different (see the discussion on
TGA) from that of C-TRG, it was assumed that themolecular size
or the molecular shape of the attached amino acid moiety can
affect the colloidal stability of modied TRG. Nevertheless,
further study will be needed for systematic explanation.

The FTIR spectrum of potassium 6-aminocaproate exhibits
characteristic IR absorption bands for carboxylate groups at
1560 cm�1 and 1435 cm�1 due to asymmetric and symmetric
CO2 stretching, respectively (Fig. 2a). The spectrum also exhibits
a small absorption band for NH2 stretching at 3360 cm�1. The
Fig. 2 FTIR spectra of (a) potassium 6-aminocaproate, (b) TRG, (c) C-
TRG, and (d) C-TRGM.

This journal is © The Royal Society of Chemistry 2014
doublet band at 2925 cm�1 and 2853 cm�1 was assigned to the
asymmetric and symmetric stretching bands, respectively, of
the CH2 group.33 The FTIR spectrum of TRG has broad IR
absorption bands at approximately 1541 cm�1 and 1187 cm�1,
which were attributed to the C]C bond and C–O bond,
respectively (Fig. 2b). The graphene-modied with potassium 6-
aminocaproate, C-TRG, has additional peaks from the potas-
sium 6-aminocaproate moiety (Fig. 2c). For example, CH2

doublet bands at 2925 cm�1 and 2853 cm�1 and an NH
absorption band at 3360 cm�1 were observed. In addition, the
peak of TRG at approximately 1541 cm�1 was shied to a
slightly higher wavenumber to 1567 cm�1 due to the contribu-
tion of a carboxylate group peak of potassium 6-aminocaproate
attached to graphene. On the other hand, the control sample, C-
TRGM (Fig. 2d), exhibited a weak CH2 doublet band only in
addition to those bands for TRG. The FTIR spectra showed that
potassium 6-aminocaproate has attached effectively by a reac-
tion on C-TRG, as shown in Scheme 1a, whereas a much smaller
amount of potassium 6-aminocaproate was attached to C-
TRGM.

Elemental analysis showed that the elemental ratio of C/O/H/
N was C10O0.78H0.38 for TRG and C10O1.47H4.45N0.31 for C-TRG.
This shows that TRG consists of carbon, oxygen, and hydrogen,
suggesting that some oxygen-containing functional groups,
such as epoxide or hydroxyl groups, remained even aer
thermal reduction.2,6 On the other hand, an analysis of C-TRG
revealed the presence of nitrogen and an increase in the relative
amounts of oxygen and hydrogen compared to those of TRG,
which conrmed the attachment of potassium 6-aminocaproate
to graphene (Scheme 1a).

Fig. 3 shows the C1s core level photoemission spectra of
graphene. The asymmetric photoelectron peak could be
deconvoluted into ve components, as shown in Fig. 3; the
peaks attributed to C–C, C–N, C–O, C]O, and O]C–O carbon.34

Table 1 lists the results of peak deconvolution, including the
peak position and percentage of each peak area. An additional
contribution of C–N carbon was observed in C-TRG, which is
not in TRG. In addition, the number of carbon atoms bonded to
the heteroatoms increased, whereas that of the C–C bond
decreased in C-TRG compared to that of TRG by the reaction
with potassium 6-aminocaproate. These results show that
potassium 6-aminocaproate is indeed attached to C-TRG.

Fig. 4 shows the O1s core level photoemission spectra of
graphene. Because the oxygen that is doubly bonded to carbon
Fig. 3 XPS spectra at the C1s region of (a) TRG and (b) C-TRG.

J. Mater. Chem. A, 2014, 2, 12526–12534 | 12529
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Table 1 XPS data analysis of the C1s region for graphene

Sample

C–C carbon C–N carbon C–O carbon C]O carbon O–C]O carbon

Peak (eV) Area (%) Peak (eV) Area (%) Peak (eV) Area (%) Peak (eV) Area (%) Peak (eV) Area (%)

TRG 284.4 68.1 — — 285.6 21.9 287.3 6.6 288.8 3.4
C-TRG 284.4 63.5 285.1 2.2 285.7 22.5 287.3 6.8 288.8 5.0

Fig. 4 XPS spectra at the O1s region of (a) TRG and (b) C-TRG.

Fig. 5 Raman spectra of (a) TRG and (b) C-TRG.
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(C]O oxygen) has a peak at approximately 531 eV and the
oxygen that is singly bonded to carbon (C–O oxygen) has a peak
at approximately 533 eV,35 the asymmetric photoelectron peak
was deconvoluted into two peaks, as shown in Fig. 4. Table 2
summarizes the results of this peak deconvolution. This shows
that C-TRG has a higher amount of C]O oxygen and a lower
amount of C–O oxygen compared to those of TRG. This also
demonstrates that potassium 6-aminocaproate is attached to C-
TRG.

The Raman spectrum of pristine graphene has a character-
istic G band at approximately 1580 cm�1.36 If defects are present
on graphene, the D band at approximately 1350 cm�1 can be
observed. The intensity of the D band is a measure of the
amount of disorder in graphene because activation of the D
band can be attributed to the breaking of the translational
symmetry of the C]C sp2 bond.37 Therefore, an increase in the
number of defects would result in an increase in the D band
intensity and a concomitant drop in the intensity of the intrinsic
G band of graphene.36 Fig. 5 shows that the intensity ratio of the
G band relative to the D band, i.e. IG/ID, is changedmarginally by
the modication reaction. This result demonstrates that the
modication reaction does not damage the conjugated sp2 C]C
network of graphene because the intrinsic defect of graphene,
the remnant epoxide group, was used for the reaction.37

Fig. 6a shows that the weight loss of TRG observed by TGA at
700 �C was only 1.8%, whereas the weight loss of potassium 6-
Table 2 XPS data analysis of the O1s region for graphene

Sample

C]O oxygen C–O oxygen

Peak (eV) Area (%) Peak (eV) Area (%)

TRG 531.5 26.5 533.0 73.5
C-TRG 531.3 41.6 533.2 58.4

12530 | J. Mater. Chem. A, 2014, 2, 12526–12534
aminocaproate was as much as 60.6% (Fig. 6d). This shows that
TRG is thermally stable, whereas potassium 6-aminocaproate is
thermally labile at this temperature. Therefore, the amount of
potassium 6-aminocaproate attached to graphene (xt%) can
estimated using eqn (1) if one assumes that the weight loss
increases in C-TRGM (Fig. 6b) and C-TRG (Fig. 6c) compared to
that of TRG (Fig. 6a) are due mainly to the degradation of
thermally labile potassium 6-aminocaproate attached to
graphene.

xt

100
w1 þ 100� xt

100
w2 ¼ w3 (1)

Eqn (1) shows that the weight loss of C-TRGM or C-TRG
(w3%) at 700 �C (Fig. 6b or 6c) is a sum of the weight loss of
potassium 6-aminocaproate on graphene (the rst term of
Fig. 6 TGA thermograms of (a) TRG, (b) C-TRGM, (c) C-TRG, and (d)
potassium 6-aminocaproate.

This journal is © The Royal Society of Chemistry 2014
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eqn (1)) and graphene itself (the second term of eqn (1)) at 700
�C.w1 (%) andw2 (%) in eqn (1) are the weight losses at 700 �C of
potassium 6-aminocaproate (60.6%, Fig. 6d) and TRG (1.8%,
Fig. 6a), respectively. The calculated xt values for C-TRGM and
C-TRG were 12.6% and 29.3%, respectively. These results also
show that potassium 6-aminocaproate is indeed functionalized
on the surface of C-TRG by solid-state modication reaction. In
addition, the xt values for G-TRG and U-TRG were 31.2% and
29.5%, respectively. The calculations based on these xt values
showed that 0.40, 0.25 and 0.18 moles of amino acids for G-
TRG, C-TRG, and U-TRG were attached to 100 g of modied
graphene, respectively. These results show that the number of
attached amino acids does not depend signicantly on the kind
of amino acid.

The electrical conductivity of C-TRG compacts (14.4 S cm�1)
was lower than that of TRG (26.8 S cm�1). Because the conju-
gated sp2 C]C bond system of graphene was not damaged by
the modication reaction (Fig. 5), this decrease in electrical
conductivity might be due to the limited intimate contact
between the graphene sheets in the compact state by the
attached 6-aminocaproate moiety, which is electrically
insulating.
Fig. 7 SEM images of (a) PANI, (b) G15/P85, (c) G20/P80, and (d) G50/
P50.
Analysis of graphene/PANI composite

Fig. 7 shows images of the PANI and the C-TRG/PANI compos-
ites. PANI is a micron-size aggregate of sub-micron PANI
particles (Fig. 7a). For G15/P85 (Fig. 7b), the C-TRG sheets are
well dispersed in the matrix made from the PANI particles,
some of them covering the PANI particles. At a higher C-TRG
content (Fig. 7c), C-TRG forms a continuous network and PANI
particles are enclosed in the scaffold of C-TRG. At an even
higher C-TRG content (Fig. 7d), almost all PANI particles were
encapsulated by C-TRG sheets without any exposed particles.

To examine the effects of the C-TRG/PANI composite
morphology on energy storage, CV was conducted at various
weight ratios of C-TRG and PANI (Fig. 8). In addition, pure TRG,
C-TRG, and PANI electrodes were also examined to conrm the
synergistic effect of the graphene/PANI hybrid architecture. All
experiments were conducted over the potential range �0.2–0.8
V (vs. SCE), in 0.1 M aqueous H2SO4 electrolytes. The specic
capacitance (Csp, F g�1) of the electrode can be expressed using
eqn (2):

Csp ¼ 1

mv
�
Vf � Vi

�
ðVf

Vi

IðVÞdV (2)

where I is the response current (A), Vf and Vi are the integration
potential (V) limits of the voltammetry curve, n is the potential
scan rate (V s�1), and m is the total mass of active materials (C-
TRG and PANI) on the electrode (g). Based on the above equa-
tion, the Csp of the active materials was estimated from the
integrated area in the I–V characteristic curves. In Fig. 8a and b,
the TRG and C-TRG with no PANI exhibited a symmetric and
rectangular shape without an obvious redox peak, which
corresponds to the ideal electric double-layer capacitive
behavior. In particular, the water-dispersible C-TRG electrode
showed much higher electrochemical performance than TRG
This journal is © The Royal Society of Chemistry 2014
(85.95 F g�1 vs. 48.57 F g�1 at 10 mV s�1), owing to the effective
ion accessibility in an aqueous electrolyte. In contrast, PANI
itself shows typical pseudocapacitive behavior with two
J. Mater. Chem. A, 2014, 2, 12526–12534 | 12531
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Fig. 8 Cyclic voltammetry curves of (a) TRG, (b) C-TRG, (c) PANI, (d)
G80/P20, (e) G40/P60, and (f) G20/P80 electrodes with a wide range
of scan rates from 10 to 200 mV s�1. All electrochemical properties
were collected in a three-electrode system with potentials from �0.2
to 0.8 V versus a SCE reference in a 0.1 M H2SO4 electrolyte.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
5 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
U

ls
an

 o
n 

23
/0

7/
20

14
 0

2:
57

:1
0.

 
View Article Online
characteristic redox peaks (C1/A1 and C2/A2) related to the redox
transition of PANI (Fig. 8c). The peaks for C1/A1 were assigned to
the redox transition of PANI between a semiconducting state
(leucoemeraldine) and a conducting state (polaronic emer-
aldine), and the additional redox peaks for C2/A2 were associ-
ated with the Faradaic transformation of emeraldine to
pernigraniline.38,39 All the composite electrodes displayed
intermediate capacitive behavior with two characteristic redox
peaks, which appeared remarkably as an increasing portion of
PANI in the composite electrodes (Fig. 8d–f). The Csps of the
composites were mostly higher than those of C-TRG or PANI.
This synergistic effect on energy storage was most evident at the
C-TRG/PANI composition of 20/80 (noted as G20/P80) (Fig. 9c).
Fig. 9 (a) Nyquist plot of the graphene/PANI composite electrode
over the frequency range 0.1 Hz to 200 kHz. The inset shows the
enlarged high-frequency region of the plot. (b) Galvanostatic charge–
discharge curves of the all-prepared electrodes in this study at a
current density of 0.5 A g�1. (c) Specific capacitance from the charge–
discharge curves at a 0.5 A g�1 discharge current density (left bar) and
CV curves at a 10 mV s�1 scan rate (right bar). (d) Comparison of the
cycling stability at a high discharge current density of 3 A g�1.

12532 | J. Mater. Chem. A, 2014, 2, 12526–12534
This suggests that C-TRG enclosing the PANI particles effec-
tively reduces the diffusion length and induces rapid charge
transfer at the interface between the electrodes and the elec-
trolyte. Therefore, the energy storage capability by the pseudo-
capacitive PANI particles is enhanced signicantly.

Electrochemical impedance spectroscopy (EIS) was per-
formed to examine the interfacial resistance of the composite
electrodes (Fig. 9a). From the Nyquist plot, the vertical straight
line observed in the low frequency region indicates ion diffu-
sion at the electrode/electrolyte interfaces, which corresponds
to the representative capacitive behavior.40,41 In addition, the
semi-circle line in the high frequency region corresponds to the
electronic resistance between the electrode and the electrolyte.
This shows that the C-TRG electrode has lower resistance (�10.5
U) than the TRG electrode (�51.5U) and the G20/P80 composite
electrode possesses a much lower resistance (�21.5 U) than the
PANI (�98.5 U) electrodes. This suggests that the resistance of
TRG was reduced by modication with 6-aminocaproate to
endow water-dispersity because of the effective contact with the
aqueous electrolyte. Moreover, this highly conducting C-TRG
nanosheet, which produces a network structure in the
composite, effectively reduces the contact resistance of the C-
TRG/PANI composite.

Galvanostatic charge–discharge tests were carried out to
further explore the ability and long-term stability of the C-TRG/
PANI composite for a supercapacitor. To evaluate the charac-
teristics of intrinsic electrodematerials, wemeasured in a three-
electrode system. According to the report of the Ruoff group, a
three-electrode cell is valuable for determining electrochemical-
specic material characteristics, whereas a two-electrode test
cell mimics the physical conguration, internal voltages and
charge transfer that occurs in a packaged cell and thus provides
the best indication of an electrode performance.42 Fig 9b shows
the galvanostatic charge–discharge proles for a supercapacitor
at a constant current density of 0.5 A g�1. All the prepared
electrodes showed ideal capacitive behavior with symmetric
responses and a small internal resistance drop, except for pure
PANI with a large IR drop due to the instability and poor
wettability on the surface of the electrode. The discharge time
increased signicantly on increasing the portion of PANI in the
composite up to 80%, suggesting that C-TRG and the enclosed
PANI particles lead to synergistic capacitive behavior during the
charge–discharge cycles. The Csp based on the galvanostatic
charge–discharge curve was obtained using the following
eqn (3):

Csp ¼ (I � Dt)/(DE � m) (3)

where I is the discharge current (A), Dt is the discharge time (s),
DE is the voltage difference (V), and m is the total active mass of
the electrode (g). The Csps were calculated using eqn (3): 60.58
(TRG), 84.85 (C-TRG), 155.82 (PANI), 118.44 (G80/P20), 237.58
(G40/P60), and 290.17 F g�1 (G20/P80) (Fig. 9c). The Csp values
and its change pattern were similar to those measured using the
CV test.

Finally, the cyclic stability was assessed over 500 cycles at a
constant discharging current density of 3 A g�1 (Fig. 9d). TRG
This journal is © The Royal Society of Chemistry 2014
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and C-TRG exhibited stable performance with �5% capacitance
loss aer 500 cycles, whereas capacitance retention of the pure
PANI particles decreased signicantly to 59.8%. Interestingly,
the capacitance retention of the C-TRG/PANI composite elec-
trodes aer 500 cycles increased steadily from that of PANI
(59.8%) to 87.6% (G80/P20) with increasing C-TRG content in
the composite. This result demonstrates that the continuous
graphene networks can compensate for the instability of PANI
particles, resulting in enhanced long-term stability with excel-
lent electrochemical performance for the supercapacitor.

Recent reports about the electrode based on the graphene/
PANI composite are summarized in the ESI (Table S1†). Even
though our hybrid electrodes do not possess the highest value
of specic capacitance, our amino acid-modied graphene is
homogeneously interconnected with PANI particles, resulting in
effective preservation of electrochemical performance of the
PANI electrode. Thus, continuous networks of the PANI/gra-
phene composite exhibited low internal resistance and highly
improved cycle stability during the charge/discharge process.

Conclusion

FTIR, elemental analysis, and XPS showed that simple heating
of a well-mixed graphene/potassium 6-aminocaproate mixture
in the solid state could effectively induce a reaction between
potassium 6-aminocaproate and the epoxide group on gra-
phene, which had been prepared by the thermal reduction of
GO. The Raman spectra showed that the modication reaction
did not damage the conjugated sp2 C]C bond network of
graphene. The carboxylate groups attached to graphene by a
simple modication reaction with potassium 6-aminocaproate
made graphene easily dispersible in water, which was stable for
more than two months. The negatively charged water-dispers-
ible graphene was efficiently mixed with positively charged,
micron-size PANI particles by simple physical mixing of both
aqueous dispersions. The energy storage capacities of the
composites for supercapacitor applications were mostly higher
than those of modied graphene or PANI themselves. This
synergistic effect on energy storage was most evident at a gra-
phene/PANI composition of 20/80 by weight. At graphene
contents lower than this, the network of the graphene enclosing
PANI particles developed imperfectly, and at higher contents,
almost all PANI particles were completely encapsulated with
graphene sheets. These results suggest that the network struc-
ture of modied graphene embedded with PANI particles, and
the PANI particles which are not encapsulated completely with
graphene but are contactable with the electrolyte are requisites
for promoting the synergistic effect. In addition, the graphene
network effectively compensated for the instability of PANI
particles at repeated charge–discharge cycles.
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