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Graphene  nanosheet/polyaniline  nanocomposites  were  synthesized  using  anilium  dodecylsulphate  (DS-
AN) first,  as  the  surfactant  to assist  expanded  graphite  exfoliation,  and then,  as  the  monomer  to synthesize
conductive  polyaniline.  Based  on  this  double  functionality,  DS-AN  is classified  as  a reactive  surfac-
tant.  I(G)/I(2D)  ratios determined  by  Raman  spectroscopy  indicated  nanosheet  flakes  in  the  range  of
20 graphene  layers.  Similarly,  electron  microscopy  gave  also  evidence  of  flakes  consisting  of  layers  of
anocomposite
raphene
olyaniline
urfmer

graphene  in the same  order.  Concerning  composite  morphology,  both  electron  microscopy  and  atomic
force  microscopy  evidenced  the  formation  of  a polyaniline  layer  on  the  flakes,  suggesting  DS-AN  polymer-
ization  occurred  directly  on  the  flake  surface.  Other  composite  characteristics  such  as specific  surface  area,
determined  by  BET method,  and  electrical  conductivity,  determined  by the  four-probe  method,  showed
inverse  dependence  with  respect  to  polyaniline  loading.  By  contrast,  cyclic  voltammetry  showed,  in  all
cases,  increments  of electroactivity  as  function  of  polyaniline  loading.
. Introduction

Graphite has a laminar structure, in which each graphite sheet
s known as graphene, a two-dimensional lattice of carbon only

 single atom thick. Graphene has emerged as one of the most
mportant materials for current and future research, due to its out-
tanding electronic, optical, and mechanical properties [1,2]. On the
earch for the scale up production of graphene, the use of surfac-
ants assisted by ultrasound has been widely reported. The reason
or that is the hydrophobic nature of graphite; consequently, the
se of surfactants is essential to produce stable aqueous dispersions
f graphene. In addition, the economic and environmental advan-
ages of handling aqueous dispersions are obvious. The products
f this method are dispersions formed by mixtures of multilay-
red graphene (<10 layers). Surfactant function during graphite
xfoliation are two: (a) lowering liquid–vapor interfacial energy
f the solution to an optimal range that corresponds to the energy
equired to separate the sheets beyond the range of the van der

aals forces, and (b) adsorbing onto the graphene sheets, creating
 repulsive surface preventing the reaggregation of the exfoli-

ted sheets [3]. On this respect, several surfactants have been
sed; for example, Lotya et al. [4] took advantage of the meth-
ds that were reported to disperse carbon nanotubes in water and
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produced aqueous suspensions of multilayer graphene with the aid
of sodium dodecylbenzenesulfonate. According to characterization,
the product showed a low level of defects and anticipated that its
properties could be improved by surfactant removal. Green and
Hersam [5] produced stable aqueous graphene dispersions using
bile salt sodium cholate as the stabilizer. To isolate graphene as
function of their mean buoyant density (monodisperse thickness)
ultracentrifugation was  used. Fernández-Merino et al. [6] used
series of non-ionic and ionic surfactants to produce stable graphene
aqueous dispersions. Their results showed that non-ionic surfac-
tants allow the production of dispersions with higher graphene
contents. From these dispersions, paper-like films with significant
electrical conductivity were obtained. Sim et al. [7] used sodium
cholate and polyoxyethylene nonylphenol ether to obtain graphene
aqueous dispersions. According to characterization, the dispersion
consisted of a mixture of single, double, and few-layer graphene.
Notley [3] used both non-ionic and ionic surfactants. His  strat-
egy, based on the continuous addition of surfactant that permitted
keeping the liquid–vapor surface tension in the optimal range for
the efficient graphene exfoliation, allowed producing highly con-
centrated graphene aqueous dispersions. Sun et al. [8] used the
surfactant sodium taurodeoxycholate to produce stable aqueous
dispersions with high content of graphene flakes with less than

five layers. Graphene dispersions are potentially applicable in con-
ductive films and in graphene based electrocatalysts. Smith et al.
[9] produced aqueous dispersions of graphene using surfactant
sodium cholate. They adopted sized exclusion chromatography to
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Table 1
Formulations for the synthesis of graphene nanosheet/polyaniline composites.

Composite Expanded graphite (g) DS-AN wt% (mol) APS (mol)

DS-5 1.0 5 (1.73 × 10−4) 1.73 × 10−4
A. Vega-Rios et al. / Synt

eparate graphene dispersion into several fractions in accordance
ith their average lateral size. On the other hand, in the literature

re found other studies that addressed the issue of a very broad
anner [10–12].
However, surfactants are generally nonconductive, producing

harge transfer blocking in the nanomaterial resulting in the dete-
ioration of the graphene properties [13]. Therefore, before a
ubsequent application, further processing is required to remove
he surfactant, which may  be difficult by the strong surface interac-
ion between surfactants and carbon materials. Besides, Brownson
t al. [14] demonstrated that surfactants are a major contribution to
he electrochemical performance of graphene electrodes and may
e detrimental in electrochemical processes; that is, sometimes the
lectrochemical contribution of surfactants has been attributed to
raphene itself.

Herein, we report the use of anilinium dodecylsulfate (DS-AN)
s a reactive surfactant (surfmer); that is, on the one hand, it per-
orms the common functions of a surfactant, and on the other
and, it is the monomer of polyaniline. It is possible to obtain
raphene nanosheet/polyaniline nanocomposites without further
equirement of critical cleaning or chemical reduction by using
S-AN, as after exfoliation it is submitted to an oxidative poly-
erization to obtain conductive polyaniline. We  have reported

ecently the use of this novel concept of surfmer, inverse surfmers,
n the synthesis of polystyrene/polyaniline core–shell composites
ia a two-step methodology: emulsion polymerization–oxidative
olymerization [15] and the evaluation of electrical and electro-
hemical properties of these materials [16]. Consequently, the aim
f this paper is to demonstrate the versatility of DS-AN as reac-
ive surfactant in the synthesis of graphene nanosheet/polyaniline
omposites. First, DS-AN allowed the exfoliation of expanded
raphite and subsequently, performed as the monomer of conduct-
ng polyaniline to produce graphene flakes covered by polyaniline.
onsequently, this paper presents a new route using for the first
ime a molecule with the concept of DS-AN towards the synthe-
is of graphene nanosheet/polyaniline composites. However, we
ust mention that the concept of polymerizable anilinium salts

s not new. Literature shows some reports on anilinium salts of
odecylbenzenesulfonate or dodecylsulfate. Sometimes the salts
ere isolated and polymerized [17–19] and some others were

ormed in situ during PAni polymerization [20–23]. In this report,
e used microscopy techniques as essential tools to demonstrate

he deposition of polyaniline on the graphene flake surface, as well
s determinations of electroactivity and electrical conductivity to
lucidate the effect of this new route on the composites properties,
nd to display possible practical applications.

. Experimental

.1. Materials

Expanded graphite (Grafoil grade GT-679, GrafTech Interna-
ional) was used as the source of graphite nanosheets. DS-AN was
ynthesized as described previously [15]. Ammonium persulfate
Aldrich Co.), the oxidizing agent, was recrystallized from a satu-
ated aqueous solution at 50 ◦C.

.2. Composite synthesis

In the first step, expanded graphite was treated as fol-
ows: 1.0 g of expanded graphite, DS-AN (variable concentra-

ion), and 150 cm−3 of distilled water were mixed in a glass
essel. The mixture was heated at 50 ◦C and left to mix
or 24 h with gentle stirring. Afterwards, the mixture was
eft to cool at laboratory conditions and then put in refrigeration
DS-10 1.0 10 (3.46 × 10−4) 3.46 × 10−4

DS-20 1.0 20 (6.93 × 10−4) 6.93 × 10−4

for 2 h. Finally, the mixture was  sonicated using a sonic dismem-
brator (Model 505, Fisher Scientific) programmed to apply pulses
with 100% of amplitude every 2 s for 60 min. The different studied
mixtures are reported in Table 1.

In the second step, DS-AN was submitted to an oxidative poly-
merization, by adding ammonium persulfate (APS) in molar ratio,
APS:DS-AN, of 1.0:1.0. The polymerization was allowed for 48 h at
−2 ◦C. After this time, the dark-green dispersion obtained was soni-
cated again under the same conditions as in step one. The solids
were recovered by filtration and washed with distilled water to
remove the co-products. Finally, the solids were redispersed in
200 cm−3 of distilled water by applying ultrasound for 2 min  in a
sonication bath. The final product was centrifuged at 4000 rpm for
15 min. The morphology and surface area of the suspended frac-
tion was  only considered for characterization. For characterization
purposes, pure polyaniline was  synthetized from DS-AN under the
same conditions as in composite synthesis.

2.3. Characterization

Treated graphite and graphene nanosheet/polyaniline compos-
ites were characterized using a field emission scanning electron
microscope (FE-SEM, JSM-7401F, JEOL Ltd.) and a field emission
gun transmission electron microscope (JEM 2200FS, JEOL Ltd.). To
prepare the samples, 0.1 cm−3 of graphite dispersion was  redis-
persed in 20 cm−3 of distilled water. The diluted dispersion was
sonicated for 5 min  in a sonication bath. Then, a droplet of the
dispersion was put on a holey-carbon–cooper grid.

Composite characterization was  complimented using an atomic
force microscope (MultiMode AFM, VEECO SPM) in the tapping
mode, using a system 225 �m probe. Samples were prepared by
dispersing 1 cm−3 of sobrenadant (after centrifugation) in 20 cm−3

of distilled water. Afterwards, a drop of dispersion was deposited
on a fragment of silicon wafer and left to evaporate.

Expanded graphite and the exfoliated graphite were analyzed
using a Micro-Raman spectrometer (LabRAM UV–VIS, Horiba Jobin-
Yvon), at the excitation wavelength of 632.8 nm and 1800 mm−1

filter. The samples were prepared by casting a thin film of the
aqueous dispersion onto Si/SiO2 substrate.

Composites were also characterized by thermogravimetric anal-
ysis (TGA Q500, TA Instruments). Measurements were achieved
using 10 mg  of sample and heated from laboratory temperature
to 950 ◦C, at a heating rate of 10 ◦C min−1.

The conductivity of polyaniline and composites was determined
by the four-probe technique. A homemade device was designed
for this task. Probes of 10 mm (diameter) × 0.2 mm (width) were
obtained by compression at laboratory conditions.

2.4. Cyclic voltammetry

Graphene nanosheet/polyaniline composites were character-
ized by cyclic voltammetry (CV) using a potentiostate analyzer
(model 1260 plus 1287, Solartron). The software CorrView 2 was
used to visualize the graphics. Electrochemical measurements were

performed in a standard three-electrode cell at room tempera-
ture, using Pt wire (area = 0.03 cm2) as the counter electrode, and
Ag/AgCl/saturated KCl as the reference electrode. The working elec-
trode was a polyethylene cylinder packed with carbon paste, with
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Fig. 1. Micrographs of high resolution (HR) TEM. (a) Expanded graphite, (b) treated
graphite (graphene nanosheet) with less than 10 graphene.
4 A. Vega-Rios et al. / Synt

 copper wire inserted through one end of the cylinder. The sample
f dried composite was deposited on the opposite end to cop-
er wire. A sulfuric acid (H2SO4) 2 mol  dm−3 solution was used as
he electrolyte. All cyclic voltammograms were recorded at a scan
ate of 50 mV  s−1 by sweeping the potential between −200 mV  and
1000 mV  against Ag/AgCl reference electrode.

. Results and discussion

.1. Morphology

In this study, DS-AN was used first, to exfoliate expanded
raphite performing as a surfactant, and second, to obtain graphene
anosheet/polyaniline composites performing as the monomer of
olyaniline. During exfoliation DS-AN performed in the same way
s the common surfactants; that is, adsorbing on the surface of the
raphite flakes creating a repulsive ionic layer avoiding reaggre-
ation. Exfoliation, of course, was induced by ultrasound that is a
undamental factor in exfoliation [24]. Consequently, it is important
o say that in this study all experiments were performed under the
ame sonication conditions. Micrographs of expanded graphite are
ortrayed in Fig. 1(a). As noted, expanded graphite consists of pla-
ar micrometric thick flakes formed, in turn, by a large number of
raphene layers. On the other hand, after treatment, wrinkled flakes
f graphene nanosheet of some few nanometers are obtained. High-
esolution (HR) TEM, Fig. 1(b) showed that the flakes consist of a
ixture of some few nanometric orderly arranged stacks that may

e classified as few-layer-graphene (flakes with less than 10 indi-
idual layers of graphene). However, as the thickness of the flakes is
ighly variable we preferred to designate the material as graphene
anosheet.

To produce the graphene nanosheet/polyaniline composites,
S-AN was submitted to an oxidative polymerization using
mmonium persulfate (APS) as the oxidizing agent. The prod-
cts of this second stage were dark-green fluid dispersions,
howing the presence of polyaniline in the conductive form
emeraldine base salt). Morphology of pure polyaniline and
raphene nanosheet/polyaniline composites was  observed by
TEM, Fig. 2(a–d). As observed, PAni particles obtained from the
hemical polymerization of DS-AN are in the range of 10–30 nm,
ots of them of elongated shape (nanofibers). In the case of the
omposites, the exfoliation gained in the first step was  kept; that is,
ake reagglomeration was not evident. Such finding was  attributed
o the strong interaction between DS-AN and the flake surface. Fig-
re 1S (see Supplementary Material) illustrates DS-AN molecular
tructure, as noted, the molecule contains the typical constituents
f conventional anionic surfactants; that is, a hydrophobic hydro-
arbon chain (dodecyl radical) and a hydrophilic head group with
he anilinium group as the counterion. DS-AN critical micellar con-
entration and Krafft temperature have been reported previously
15]. This way, after treatment, the flakes were covered by DS-AN.
hanks to that, it is very probable that the thin PAni layer formed are
he result of direct DS-AN polymerization on the flakes surface, and
ot the mere deposition of PAni particles produced in the aqueous
hase.

To deepen in the composites microstructure, HRTEM and atomic
orce microscopy (AFM) were performed. Fig. 3(a) portraits images
f the composite synthesized with 10 wt% DS-AN and of a clean
raphene flake, Fig. 3(b). As observed, the composite surface
hows roughness associated with PAni deposition. Whereas the
lean flake surface shows the carbon atomic network typical of

raphene. Complementarily, for tell apart between graphene and
Ani, phase-contrast analysis was performed, Fig. 4. First, the con-
rast between the PAni particles (lighter phase) and the grid carbon
upport (darker phase) is clearly noted; the optical difference
between materials is related to material density. In the case of the
composites, the presence of PAni (lighter phase) increased with DS-
AN initial loading that indicates higher PAni content. Besides, it is
evident that PAni is deposited in the form of nanometric particles;
that is, definitely PAni is not forming a continuous film. Zooming on
one flake exhibited clearly the presence of the PAni layer as shown
by STEM and HRTEM. As a result, flake thickness in the range of
1 nm can be deduced; that is, an important population of graphene
flakes can be classified as single-layer graphene. Finally, Fig. 3(a,b)
gave clear evidence of the particulate nature of PAni; it is also noted
that PAni is apparently deposited as layers or strata, since a sub-
layer of PAni particles, apparently of smaller size, is observed in a
first plane; whereas in a superior plane a layer of larger PAni parti-
cles is observed. On the other hand, AFM images of the composite
synthesized with 10 wt% DS-AN, are portrayed in Fig. 5. As noted,
fragments of different size and shape are present. Thickness of ca.

3.5 nm was  determined from series of flakes with similar texture,
as seen in Fig. 5(b).



A. Vega-Rios et al. / Synthetic Metals 184 (2013) 52– 60 55

ites sy

3

i
c
a
2
s
g
s
t
w
t
I
t
c
D
i

g
a
d
a
p
r
o
e
s
g
s
t
t
m
i
s
t
r
i
p

Fig. 7 shows TGA traces of expanded graphite, graphene
nanosheet, polyaniline, and the composites. As observed, graphene
nanosheet was stable up to 637 ◦C to then degrade continuously

Table 2
Specific surface area of graphene nanosheet/polyaniline composites and conversion
of  DS-AN to polyaniline determined, respectively, by BET and TGA.

Sample Specific surface
area (m2 g−1)

PAni (wt%) Conversion (%)

Expanded graphite 93.29 – –
Nanographite 156.96 – –
Fig. 2. FE–SEM images. (a) PAni, and (b–d) compos

.2. Exfoliation

Fig. 6 shows Raman spectra of expanded graphite and compos-
tes synthesized with 5, 10 and 20 wt% DS-AN. In all spectra the
omposites show the three typical peaks of graphite at 1350, 1600,
nd 2700 cm−1. These bands correspond, respectively, to D, G, and
D bands. The D peak is due to A1g mode breathing vibrations of
ix-membered sp2 carbon rings, which are absent in defect-free
raphene. The G band corresponds to zone center phonons of E2g
ymmetry. The significant change in intensity of the 2D peak of the
reated graphite compared to the same peak in expanded graphite,
ere considered an evidence of graphite exfoliation [25]. An impor-

ant factor is the ratio between the intensity of G and 2D line,
(G)/I(2D). The increase in this ratio is related to the increment in
he number of graphene layers. Concerning this, our results indi-
ated a I(G)/I(2D) ratio of 1.2, 1.25 and 1.4 for the composites with
S-AN 5%, 10% and 20%, respectively, suggesting graphene layers

n the range of 20 [26].
The evolution of the 2D band as a function of the number of

raphene layers has been pointed out by several authors, where
 further increase of the number of layers leads to a significant
ecrease of the relative intensity of the 2D peak [27]. Graphene has

 single, sharp 2D peak, roughly four times more intense than the G
eak [28]. The 2D peak in Fig. 6 shows the evolution of the peak 2D
egarding DS-AN concentration indicating, according to the shape
f the peak, graphene layers in the order of 10 or higher [25]. Jorio
t al. [29] also gave a detailed description of how the multipeak
tructure of the 2D band observed for a stacking of two or more
raphene layers is related to the differences between graphene
amples with different thicknesses. In addition to the differences in
he 2D band, the intensity of the G band increases almost linearly as
he graphene thickness increases, this can be readily understood as

ore carbon atoms are detected for multi-layer graphene. Accord-
ng to these results, we can say that the expanded graphite was
uccessfully exfoliated by DS-AN and assistance of ultrasound, and

hat polyaniline polymerized onto the graphene nanosheet avoided
estacking. Complementarily, the exfoliation of expanded graphite
n the composites was studied by X-ray diffraction, where the 002
eak, characteristic of graphite, decreased in intensity and width,
nthesized with 5, 10, 20 wt% DS-AN, respectively.

which has been reported as evidence of exfoliation (see Figure 2S
and Table 1S, Supplementary material section) [30,31].

3.3. Surface area

The specific surface area of 156.96 m2g−1 was determined for
the graphene nanosheet by BET. The larger surface area shown
with respect to the expanded graphite was attributed to exfoliation.
However, this value decreased after DS-AN polymerization; that is,
as the nanographite flakes were coated by a layer of PAni the surface
porosity was  blocked, reducing the surface area as a consequence.
Nevertheless, the surface area of the composites was much larger
than that of the pure PAni. This enhancement was  attributed to
graphite exfoliation since in the composites the PAni is as a coating
and in the pure form as an agglomeration of particles. The detailed
surface areas are listed in Table 2. Literature reports, for instance,
specific surface areas of pristine graphene and graphene/PAni com-
posite, respectively, of 186.6 m2 g−1 and 40.5 m2 g−1 [32]. In this
case, graphene surface area decreased also with PAni coating. Con-
cerning other similar systems, the specific surface area for CNT
composites with 66 wt%  PAni was  found to be 54.3 m2 g−1 [33].

3.4. Thermal stability and composite composition
PAni 19.67 – –
DS-5 123.28 3.0 60.4
DS-10 111.09 5.1 50.9
DS-20 98.73 11.3 56.4
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Fig. 3. HRTEM images. (a) 10 wt%  DS-AN, (b) clean graphene flake.

ntil 800 ◦C. This behavior has been attributed to carbon oxida-
ion to carbon dioxide [34,35]. On the other hand, in the case of
he expanded graphite, no weight loss is observed until 706 ◦C;
hat is, the expanded graphite is 70 ◦C more thermally stable than
he nanographite. Such difference has been explained in terms of;
.e., decreased van der Waals interaction [34]. Concerning polyani-

ine, a mass loss at ca. 230 ◦C is observed, which was associated
o degradation of the doping agent. Subsequently, another tran-
ition at ca. 350 ◦C is observed; this transition was attributed to
he decomposition of the polyaniline backbone [36,37]. Finally, the

able 3
our-probe electrical conductivity of expanded graphite, graphene nanosheet, PAni, and 

Sample t (cm) R (Ohm) 

Expanded graphite 0.1236 0.005 

(Treated graphite) 0.1236 0.005 

PAni  0.1236 12.323 

CDS-3.0 0.1236 0.009 

CDS-5.1 0.1236 0.010 

CDS-11.3 0.1236 0.011 
etals 184 (2013) 52– 60

composites showed a progressive mass decrement with increment
in PAni content. It is also noticed that the weight loss curve of com-
posites appears above that of pure PAni, showing the enhanced
thermal stability of the composites. This can be ascribed to the bar-
rier character of graphene nanosheet for the degradation of PAni
[38].

Conversion of DS-AN to polyaniline, determined from TGA data,
is reported in Table 2. As noted, the yield of the polymerization
was between 50 and 60%, without evident tendency with respect
to DS-AN loading. Moderated conversion was  attributed to the
strong interaction between DS-AN and the flake, which restricted
apparently the movement of the molecules of DS-AN during poly-
merization.

3.5. Composite electrical conductivity

Usually, polymer/graphene composites present improved prop-
erties which led to a wide variety of applications; i.e., sensors,
catalysis, or energy storage [39]. In a previous report, the
polystyrene/polyaniline core–shell composites using DS-AN as
the polyaniline precursor, exhibited conductivity in the range
6.42 × 10−6 to 0.01 S cm−1 at PAni loadings, respectively, of 3.3
and 26.7 wt%  [16]. Composite electrical conductivity, based on
the PAni content determined by TGA, is reported in Table 3.
As observed, electrical conductivity of expanded graphite and
graphene nanosheet are the same, which is not strange consider-
ing that both materials were compressed to prepare the samples
for characterization. In the case of the composites, conductivity
exhibited progressive decrement with the increase of polyaniline
loading. This result confirmed that PAni is covering the flakes. If
we consider that polyaniline (semiconductor) is less conductive
than graphene nanosheet, conductivity depression with the incre-
ment of PAni is a logical result, suggesting also that is increasingly
thicker the polyaniline layer. It is worth saying that the conductiv-
ities reported in literature for expanded graphite and PAni, are in
the same order of the values showed here [40–42].

In the case of expanded graphite/polyaniline composites
reported by Xiang et al. [40], conductivities of pure expanded
graphite and pure PAni were, respectively, 110.50 and 0.17 S cm−1,
whereas conductivities of the composites increased along with the
increase of expanded graphite content. In this case, the conduction
mechanism of expanded graphite includes two  respects: the elec-
tron directional movement in the expanded graphite layers and the
electron transition between the layers. On the one hand, the PAni
conjugated chains offer lots of conductive paths on the surface of
graphite layers, which activates more electrons to participate in
the directional movement. On the other hand, the embedding of
PAni particles onto expanded graphite layers may cause some inter-
actions between PAni chains and graphite layers. The synergistic
effect of these two  parts leads to the notable increase of the con-

ductivity of graphite/polyaniline composites [43,44]. Our results
showed that conductivity decreased with PAni content; however,
if we consider results inversely, we see that, in fact, the conductiv-
ity improved with the content of graphene nanosheet. Therefore,

graphene nanosheet/PAni composites.

t/s � (Ohm cm) � (S cm−1)

0.4696 0.0028 357.01
0.4696 0.0028 357.01
0.4696 6.9033 0.14
0.4696 0.0050 198.34
0.4696 0.0056 178.50
0.4696 0.0061 162.28
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ig. 4. Phase-contrast analysis. (a) PAni, (c, e, g) composites synthesized with 5, 10, 2

his interpretation can be appropriately applied to describe the
bserved behavior. In the case of composites of polyaniline with
anotubes or graphene, similar interpretation has been given
45,46].

Four-probe conductivity, in the presence of conventional
urfactants (SDS or SDBS) has been reported; i.e., in the
ase of single-walled nanotubes (SWCNT) the conductivity of

Ani/SWCNT/SDBS nanocomposite increased, respectively, from
.58 to 18.20 S cm−1 at 0.3 to 3.8 wt% SWNTs. On the other hand,
anocomposites prepared using SDS exhibited low conductivity up
o 0.6 wt% SWCNT. The conductivity values are in fact lower than
 PAni, respectively and (b, d, f, h) phase-contrast PAni and each of the compositions.

PAni/SDS. This low conductivity was  attributed to lower effective
doping of PAni/SWCNT in the presence of SDS. On further addi-
tion of SWCNT the conductivity started to increase but always,
remained lower compared to SDBS counterparts. The difference
in the conductivity was attributed to the complex interactions
between PAni/surfactant/SWCNT [47].
3.6. Composite electroactivity

Carbon materials have been used for years as electrodes, because
of their properties such as high conductivity, wide potential
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Fig. 5. AFM images of the composite synthesized w

indow, and electrocatalytic activity for various redox reactions
48]. Voltammograms of the composites, in 2 M H2SO4, at a scan
ate of 50 mV s−1 are shown in Fig. 8. As noted, in the potential
egion, between −200 and 1000 mV,  both the response of current
ensity and integrated charge increase as function of PAni con-
ent, demonstrating, in all cases, electroactivity. Clear redox peak
f PAni is observed in all plots. During cycling, the positive range
as swept from the half-doped state, called emeraldine, to fully

oped state, called pernigraniline. On the other hand, the nega-
ive range was swept from half-doped state to fully dedoped state,
alled leucoemeraldine. Both leucoemaraldine and pernigraniline

ig. 6. Raman spectroscopy. (a) Expanded graphite and (b) treated graphite
graphene nanosheet).
 wt%  DS-AN. (a) Image 3 × 3 �m,  (b) amplification.

states are non-conducting in nature, and offer high resistance. At a
high voltage of the cell, PAni does not have sufficient ion exchange
sites to get doped. Hence, there is a decrease in current for the
supercapacitor above 0.6 V. According to literature, voltammetric
response of polyaniline in acidic medium has two couplings redox
potential in the range of −0.2 V < V < 1 V [49]. In the potential range
between −0.2 and 1 V, the compounds show a redox couple that is
manifested as two  voltammetric peaks. These peaks are not sym-
metric with respect to shape or position on the potentials axis.

The cathodic peak is always wider and appears at inferior potential
values.

Fig. 7. TGA traces of expanded graphite (GE), treated graphite (Gt), PAni, and (a–c)
composites with 3, 5.1, 11.3 wt% PAni, respectively.
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ig. 8. Voltammograms of graphene nanosheet/PAni composites. (a) 3, (b) 5.1, (c)
1.3 wt%  PAni.

. Conclusion

We  have demonstrated the application of anilinium dodecylsul-
hate (DS-AN) as a new route toward the production of graphene
anosheet/polyaniline composites, taking advantage of the dou-
le functionality surfactant-monomer of DS-AN. Results showed
hat both surface area and electrical conductivity are function of
olyaniline loading, which confirmed that the graphene flakes are
overed by a polyaniline layer. DS-AN polymerization occurred
irectly on the graphene flake surface because of the strong interac-
ion between both materials. Cyclic voltammetry showed a similar
ehavior to that reported in literature, with increments in elec-
roactivity with respect to PAni loading. Finally, it can be mentioned
hat based on the composite properties, applications in sensors
esign or supercapacitors are evident.
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