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Introduction

The combination of carbonaceous nanostructures (such 
as graphene) and conjugated polymers (e.g., emeraldine 
salt) enhances the possibility of exploring novel materials 
offering well-designed mechanical, electrical, optical, ther-
moelectric and electrochromic properties [1]. Graphene/
emeraldine salt nanocomposites have great potentials in 
applications such as rechargeable batteries, supercapaci-
tors, electromagnetic interference (EMI) shielding and sen-
sors [2–4].

Since 2004, that graphene, as a single layer of carbon 
atoms, was discovered by Geim [5], and it has attracted 
a great deal of attention, due to its extraordinary electric, 
thermal and mechanical properties [6] and potentially low 
manufacturing cost [7]. Moreover, graphene nanosheets 
exhibit large surface-to-volume ratio [8] which renders 
them as attractive substrate materials when compounded 
with polymers and inorganic particles for lithium ion bat-
teries [9, 10], electrochemical capacitors [11] or optical 
transparent films [12].

One means of developing the electrochemical properties 
of graphene-based composite materials is the possibility of 
thinning the graphene sheets and properly dispersing them 
in the composite matrix. Therefore, the uniform disper-
sion of graphene nanosheets in the polymer matrix is one 
of the critical factors in enhancing the physical properties 
of nanocomposites [13]. There have been many attempts 
to uniformly incorporate graphene sheets into composite 
materials. For example, a good dispersion of functional-
ized graphene sheets in polymer matrix was achieved, and 
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polymer-based composites showed better mechanical and 
highly increased thermal properties at especially low load-
ing of the graphene [14]. However, because of functionali-
zation of graphene sheets, their electrical conductivity was 
reduced. Among numerous conductive polymers, emeral-
dine salt (ES) is one of the best conjugated conducting pol-
ymers because of its promising electron transport proper-
ties. Emeraldine salt shows promising polymer applications 
because of its unique properties, simple synthesis, low cost, 
controllable electrical conductivity and interesting redox 
properties that are associated with its nitrogen atoms [15]. 
Moreover, emeraldine salt has the highest environmental 
stability and is recognized as the only conducting polymer 
stable in air [16]. Emeraldine salt composites prepared with 
various materials have received great attention because of 
their superior processability, moderately good mechani-
cal properties, good conductivity and unique applications 
in various electrical and chemical devices. The excellent 
properties of graphene and the advantages of emeraldine 
salt have fascinated great research concerns in preparing 
graphene/ES composites.

Many studies have been done to synthesize 
PANI/graphene composites in order to combine the high sta-
bility, high surface area and conductivity of graphene with 
PANI. Both in situ polymerization and solution blending 
methods have been used to prepare the composite in litera-
tures. Many researchers produced PANI/graphene compos-
ites via mixing of graphene sheets and PANI nanowires. Liu 
et al. [17] made graphene/polyaniline film sheets by vacuum 
filtration or precipitation of mixed dispersions of PANI and 
graphene. The highest specific capacitance of these compos-
ites was reached to 301  F/g. Murugan et  al. [18] prepared 
PANI/graphene composites by in situ polymerization method 
using graphene directly reduced from GO. Cyclic voltam-
mogram of this graphene/PANI nanocomposite showed 
a specific capacitance of 408 F/g. Wang et  al. [13] synthe-
sized graphene/polyaniline composite material by an in situ 
polymerization–reduction/dedoping–redoping process which 
showed an improved electrochemical behavior. A specific 
capacitance of 1,126 F/g was obtained for this graphene/pol-
yaniline composite. Moreover, Zhang et al. [19] synthesized 
homogeneous graphene/polyaniline nanofiber composites 
by in situ polymerization of aniline in the presence of well-
dispersed GO in acid solution followed by reduction in GO 
by hydrazine and re-oxidation and re-protonation of reduced 
polyaniline. They achieved a specific capacitance of 480 F/g 
for the prepared composite. Then, Du et al. fabricated PANI/
GR hybrid via covalent grafting polymerization in the pres-
ence of GR and under acidic condition, to avoid free PANI 
particles and phase separation. However, the highest meas-
ured specific capacitance value for these hybrids was lower 
than that of the pure polyaniline (922 vs. 960 F/g) [20]. It 
can say that morphology changes that enhance the π–π 

interaction of graphene sheets and PANI chains may assist 
the electron transfer and consequently improve the electro-
chemical properties of the prepared nanocomposites.

In this work, we introduced well-controlled graphene/
emeraldine salt sandwich-like structure in order to increase 
surface area of PANI/graphene composites and subse-
quently coating of graphene sheets with conductive poly-
mer to avoid free polyaniline particles which led to supe-
rior specific capacitance of the mentioned system. In this 
system, we synthesized a sheet-on-sheet structure with 
a high specific capacitance and no free particles of poly-
aniline. It is expected that the graphene/emeraldine salt 
nanocomposites with good sandwich-like structures would 
be promising in various applications. Since there is a need 
to accomplish graphene-based materials with improving 
electrical characteristic, good mechanical properties, excel-
lent dispersibility in composites and worthy electrochemi-
cal properties, we encouraged to design a new method for 
preparation of the graphene/ES core–shell structure. The 
graphene used in this work has been prepared through the 
oxidation of graphite followed by reduction in the result-
ing graphene oxide. Subsequently, the graphene/emeraldine 
salt (GR/ES) sandwich-like structures were synthesized by 
the in situ inverse microemulsion polymerization of aniline 
in the presence of graphene. In this system, the graphene 
functions as an efficient dopant for the conducting polymer 
and plays a dual role as an electron acceptor and anionic 
counter ion. Morphology, characterization, electrical and 
electrochemical properties of the GR/ES sandwich-like 
structures were investigated, as well.

Experimental

Materials

Natural graphite was obtained from Ardabil Petrochemi-
cal Co., Iran. Aniline (analytical grade reagent) was pur-
chased from Merck (Germany) and freshly distilled under 
reduced pressure before use. Ammonium persulfate (APS) 
(analytical grade reagent) was used as oxidant and received 
from Merck (Germany). Sodium dodecylbenzenesulfonate 
(SDBS), potassium permanganate (KMnO4) and hydrazine 
monohydrate were supplied from Sigma-Aldrich (USA). 
Sulfuric acid, hydrogen peroxide, n-hexane and butanol 
were of analytical grade and purchased from Merck (Ger-
many). Doubly deionized water was used through all the 
processes.

Synthesis of graphite oxide

The graphite oxide (GO) was first synthesized using Hum-
mer’s method [21] from the natural graphite powder with 
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the size of 120 meshes. Approximately 0.85 g of graphite 
flake was added to 23 mL of concentrated H2SO4 by stir-
ring, and then, it was cooled in an ice bath. Approximately 
3  g of KMnO4 was added gradually by stirring, and the 
temperature of the mixture was maintained at 0  °C. The 
reaction continued for 8 h at 0 °C. In the next step, approxi-
mately 50  mL of distilled water was slowly added to the 
mixture and was maintained at the same temperature for 
30 min. Finally, the reaction was terminated by the addition 
of 140 mL of 10 wt% H2O2 solution. The product was fil-
tered and washed repeatedly with 10 wt% HCl solution and 
then with acetone.

The prepared graphite oxide powder was dispersed in 
200  mL distilled water using ultrasonic 150  % amplitude 
for 5 min. After centrifugation of the stable dispersion, the 
supernatant was filtered to avoid any unexfoliated graphite 
oxide. The yield of reaction was 70 %.

Synthesis of graphene

Graphene (GR) was prepared from the graphene oxide by 
chemical reduction. In order to carry out the reduction, 
synthesized graphene oxide was dispersed in 250  mL of 
deionized water. Then, 10  mL of hydrazine monohydrate 
was added to the mixture and heated at 95 °C for 2 h. After 
the completion of the reaction, the graphene was collected 
by filtration as a black powder. The product thus obtained 
was washed with deionized water several times to remove 
excess hydrazine, and the final product was freeze-dried. 
The yield of reaction was 90 %.

Synthesis of graphene/ES sandwich‑like structures

Preparation of inverse microemulsion system

Typically, 6 g SDBS was added into 5 mL of 0.1 M HCl 
solution, and then, 3mL butanol and 60  mL n-hexane 
were introduced. The mixture was stirred and turned into 
a transparent solution immediately. Thus, a stable, homo-
geneous and transparent inverse microemulsion system was 
acquired.

Polymerization of aniline in microemulsion solution

Various amounts of graphene (GR) were added into the 
samples of the obtained homogeneous inverse microemul-
sion solution and sonicated for 6 h until no trace of carbon 
remained and cooled to 0 °C.

On stirring, 0.33 mL (3.5 mmol) aniline monomer was 
dissolved in the resulting solution by stirring for 30  min. 
A solution of deionized water (5  mL) containing 1.2  g 
(5.3 mmol) ammonium persulfate was added slowly to the 
reaction mixture. After a few minutes, the dark suspension 

changed to dark green color, implies the successful polym-
erization of aniline. The reaction was carried out at 0  °C 
under nitrogen while stirring for 24 h. The polymerization 
was finished by transferring the mixture into acetone, and 
then, the GR/ES composites precipitated. Finally, the mix-
ture was filtered and washed with 0.1 M HCl solution and 
acetone to obtain the GR/ES sandwich-like structure. Then, 
the powder was freeze-dried before characterization.

The weight ratios of graphene in GR/ES samples 
were 1, 10 and 20  wt%, and the resulting nanocompos-
ites were marked as GR/ES-1, GR/ES-10 and GR/ES-20, 
respectively.

Characterization

Zeta potential of aqueous solution of graphene was meas-
ured by Zeta Sizer at 25 °C (Nano ZS, Malvern Instrument, 
UK). The surface morphologies of the graphene and GR/
ES nanocomposites were observed using a scanning elec-
tron microscopy (SEM, S-4160, Hitachi, Tokyo, Japan).The 
sample was placed on an aluminum holder and then coated 
with a thin layer of gold. Further morphological investiga-
tion of materials was performed using a Zeiss LEO 906 
transmission electron microscope (TEM, Oberkochen, Ger-
many). The TEM samples were prepared by dispersing a 
small amount of powder sample in ethanol by ultrasonica-
tion. Then, a drop of suspension was placed on a carbon-
coated grid. The grid was completely dried and used for 
TEM analysis (100 kV). The X-ray diffraction (XRD) pat-
terns of the samples were recorded by a Bruker AXS D8 
advanced diffractometer (Germany) using Cu (Kα) radia-
tion (wavelength: 1.5406  A°) at room temperature in 2θ 
ranges between 10° and 60° at a scanning rate of 2°/min.

Raman spectra were recorded with a Horiba Jobin–Yvon 
Raman microscope (Japan) at 514 nm with a charge-cou-
pled device detector and graphite, graphene oxide as well 
as graphene powder were used for the test. Fourier trans-
form infrared (FTIR) analysis was performed on a Bruker 
Equinox55 analyzer (Germany) equipped with a DTGS 
detector and a golden gate micro-ATR over a frequency 
range of 600–4,000 cm−1. The thermogravimetric analysis 
(TGA) was carried out on a thermal gravimetric analyzer 
(TGA Q50, TA instruments, USA) from ambient tempera-
ture to 800  °C under nitrogen flow at the heating rate of 
20  °C/min. The thermal behavior was measured with a 
DSC Q100 from the TA instruments (USA) with the heat-
ing and cooling ramp of 10 °C min−1 from room tempera-
ture to 350 °C under argon flow. The amount of each sam-
ples was 2–2.5 mg.

Measurements of electrical conductivities of the pellet 
samples were performed using a Keithley 2000 (Keithley 
Instruments Inc., USA) apparatus. The resistivity of the 
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pressed samples was measured in a four-point probe unit 
using the following equations:

where, t is the thickness of the sample, V is the measured 
voltage and I is the source current.

Cyclic voltammograms of the different samples within a 
potential window from −0.2 to 1.0 V were recorded on the 
Metrohm 757 VA Computrace (Herisau, Switzerland). The 
Pt as the counter electrode, an Ag/AgCl electrode as the 
reference electrode and a composite loaded glassy carbon 
as the working electrode were used in 1 M of H2SO4 (aq.) 
at 5, 10, 30, 50 and 100 mV/s. For composite loading, each 
sample was dispersed in NMP with 0.2 mL of Nafion solu-
tion and sonicated in an ultrasonic bath for 5  min. Then, 
about 40 μL of the mixture was coated on glassy carbon 
electrode and dried in air at 60 °C for 5 min.

X-ray photoelectron spectroscopy (XPS) graphs were 
acquired using a Gammadata-Scienta ESCA 200 hemi-
spherical analyzer equipped with an Al Ka (1,486.6  eV) 
X-ray source. All samples were mounted on standard sam-
ple holders by means of double-sided adhesive tapes.

Results and discussion

Synthesis and characterization of graphene

Graphene oxide was synthesized according to the modified 
Hummer method and then reduced to graphene by hydra-
zine hydrate. The measured zeta potential of graphene was 
−7.59 mV, indicating the presence of negative charges on 
graphene surface. This negatively charged graphene may 
facilitate the growth of emeraldine salt.

Raman spectroscopy is a powerful tool to investigate 
the functionalization and the structural change in gra-
phitic materials. The G band corresponding to the first-
order scattering of the E2  g mode arises primarily from 
in-plane sp2 carbon atoms, while the D band originates 
from sp3 carbon atoms that cause defects to emerge in the 
graphite. The D band is attributed to the reduced in-plane 
sp2 domain sizes in the pristine graphite, possibly due to 
extensive oxidation [22]. As shown in Fig. 1, GO has the 
D band at 1,317.96 cm−1 and the G band at 1,596.49 cm−1, 
while graphene has the D and the G bands at 1,314.56 and 
1,588.11  cm−1, respectively. The relative positions of the 
D and G bands are widened which indicates the aromatic 
restoration in the graphene structure. The intensity ratio of 
the D to the G bands (ID/IG) can be used to indirectly assess 
the relative degree of functionalization or defects in the 

(1)

Resistivity (ρ, ohm.cm) = π t/ ln 2(V/I)

= 4.53 × t × (resistance)

(2)Conductivity (σ , S/cm) = 1/ρ

graphene. The ID/IG values are 2.83 and 2.51 for graphene 
and GO, respectively, which indicates that the average crys-
tallite size of graphene was smaller than that of GO, when 
directly reduced by hydrazine hydrate. The enhanced ratio 
of the D/G intensities resulted from the formation of more 
numerous new graphitic domains, along with a decrease in 
the average size of the sp2 domains upon reduction of the 
graphene oxide [23].

Figure  2 shows FTIR spectra of graphite, graphene 
oxide and graphene. The characteristic vibrations of GO 
are clearly visible, such as for hydroxyl (3,390 cm−1), car-
boxylic acid (1,729 cm−1), C = O (1,618 cm−1) and C–O 
(1,054, 829  cm−1). In graphene spectrum, the carboxylic 
acid signal remained unchanged, while the other signals 
were reduced due to restoration of the most aromatic struc-
ture during chemical reduction, indicating that graphene 
still retained some defects or active sites which can help to 
the polymerization.

Synthesis and characterization of GR/ES sandwich‑like 
structures

In situ inverse microemulsion synthesis was the main 
technique for the synthesis of GR/ES nanocomposites. 
Scheme 1 shows the proposed mechanism for this synthe-
sis. Initially, in the inverse microemulsion, the hydrophilic 
head groups of SDBS solvated in the water phase owing to 
their polarity; the hydrophobic groups extended into the oil 
phase and thus formed the SDBS inversed micelles. Some 
of SDBS micelles were adsorbed onto the outside surface 
of the well-dispersed graphene. The other micelles were 
dispersed in hexane, and a dynamic equilibrium was set 

Fig. 1   Raman spectra of graphite (a), graphene oxide (b) and gra-
phene (c)
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up between the two phases. Once the aniline hydrochlo-
ride was added into the inverse microemulsion, they would 
reside in the SDBS micelles [24].

When initiator were added into the graphene dispersion, 
the aniline molecules absorbed on the graphene sheets were 
started to polymerize just from the absorbed sites on the 
surfaces [25]. When aniline hydrochloride encapsulated in 
adsorbed micelles had been oxidized, the residual aniline 
hydrochloride would be expected to diffuse toward the sur-
face of the graphenes and be further oxidized until all the 
aniline dissolved in the solution was reacted. It is expected 
that π–π stackings were formed between the polymer 
backbone and the graphene sheets [25]. The formation of 
the ES directly coated on the graphene nanosheets could 
arise from the strong interaction between the aniline mono-
mer and graphene in the presence of SDBS. This interac-
tion could be made up as a result of two reasons: (i) the 

π–π electron interaction between the graphene and the 
aniline monomer and (ii) formation of the hydrogen bond 
between the carboxyl groups of the graphene and amine 
groups of the aniline monomers [25].

The resulting GR/ES nanostructures were stabilized by 
SDBS, as well. The product was precipitated in acetone 
to eliminate surfactants and initiators. The amount of ES 
coated on the surface of graphene is directly correlated to 
the initial concentration of aniline monomer in the solution. 
In particular, a higher concentration of aniline in the sur-
rounding media of graphene led to the formation of more 
ES nuclei and a coarse shell.

Investigation of GR/ES sandwich‑like morphology

Figure 3 shows the SEM micrographs of the graphite, gra-
phene and GR/ES sandwich-like structures with different 
graphene ratios. Unlike the bulk synthesized ES (Fig.  3c, 
d), graphene (Fig.  3b) provided a smooth template for 
adhesion of as-synthesized ES in the case of sandwich-like 
GR/ES samples. The graphene coated with emeraldine salt 
(GR/ES-1) exhibited a coarse surface (Fig. 3e, f), whereas 
only the aniline monomers next to the graphene particles 
would be absorbed on the surface of graphene sheet. Con-
sequently, the remained monomers in the surrounding 
medium endured homogeneous nucleation and growth in 
the solution. The SEM micrographs of the (GR/ES-1) and 
(GR/ES-10) samples showed that there were still emeral-
dine salt nanoparticles on the graphene sheets (Fig. 3e, g, 
respectively). However, when the sample with 20 wt% of 
graphene was coated with emeraldine salt, the surface of 
the GR/ES was smooth due to the absence of deposited 
emeraldine salt nanoparticles on the surface as shown in 
Fig. 3i, j.

It can be seen that the thickness of the GR/ES nano-
composites (Fig.  3e–j) increased in comparison with gra-
phene (Fig. 3b) represented a successful coating of the gra-
phene by emeraldine salt via oxidation polymerization. As 
shown in Fig. 3e, g and i, the layer structure that is a few 

Fig. 2   FTIR spectra of graphite (a), graphene oxide (b) and graphene 
(c)

Scheme 1   Proposed mecha-
nism of formation of GR/ES 
sandwich-like structures
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Fig. 3   SEM micrographs of 
natural graphite (a), graphene 
(b), ES (c, d), GR/ES-1 (e, f), 
GR/ES-10 (g, h) and GR/ES-20 
(i, j)
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micrometers in length and approximately less than 50 nm 
in diameter indicated the graphene coated by polyaniline. 
In the GR/ES-20 sample (Fig. 3i), the emeraldine salt coat-
ings were thinner compared to the emeraldine salt coatings 
in GR/ES-10 (Fig. 3g) and GR/ES-1 (Fig. 3e) samples. It 
is observed that the thin GR/ES layered structure can be 
obtained by increasing the graphene content.

It is well known that graphene is a good electron accep-
tor and aniline, on the other hand, is a very good electron 
donor [26]. When HCl is used as a dopant, therefore, the 
aniline monomer is expected to be absorbed onto the sur-
face of graphene through electrostatic attraction and by 
the formation of weak charge-transfer complexes between 
aniline monomer and the graphitic structure of graphene. 
Hence, it is no doubt to say that the graphene can be con-
sidered as a falt template for emeraldine salt growth provid-
ing a large number of active nucleation sites. The thin ES 
coating on the surface of the graphene sheet as a template 
minimizes the distance between the dopant counter ion gra-
phene and emeraldine salt chains rendering the ideal dis-
tance for an effective doping of emeraldine salt.

The morphology and structure of graphene, emeral-
dine salt and GR/ES-20 were further studied by TEM and 
SAED diffraction patterns (Fig. 4). It is obvious that GR/
ES-20 is thicker in comparison with graphene, indicating 
ES coat on the surface of graphene and the graphene sheet 
retains its original layer-like structure.

For further investigation, the selected area electron dif-
fraction (SAED) patterns are shown as insets in Fig.  4. 
Spot pattern in the inset of Fig.  4a shows typical sixfold 

rotational symmetry, which confirms the benzene-ring pat-
tern of the graphene sheet [27]. The several sharp concen-
tric rings observed in the pattern of ES suggest polycrys-
talline nature of this sample (Fig. 4b). Figure 4c, d shows 
particle-on-sheet and sheet-on sheet morphology for GR/
ES-10 and GR/ES-20 samples, respectively. A compari-
son of the SAED patterns of GR/ES-20 and emeraldine 
salt discloses that with the addition of graphene to ES, the 
composite shows the new crystalline structures. This is due 
to charge-transfer processes, which happens at the contact 
interface between graphene and ES.

FTIR analysis

Figure  5 demonstrates FTIR spectra of graphene, emeral-
dine salt and their composites. The spectrum of emeraldine 
salt exhibits the bands at about 1,590 and 1,499 cm−1 cor-
respond to C–C stretching of quinoid and benzoid rings 
vibrations, respectively, indicating the oxidation state of 
emeraldine salt (ES). As commonly observed for emer-
aldine salts, the benzenoid band at 1,499  cm−1 is more 
intense than that of the quinoid band at 1,590  cm−1. The 
strong characteristic band appearing at 1,146  cm−1 was 
expressed by MacDiarmid and co-workers as the “elec-
tron-like band” and is considered to be a measure of the 
delocalization of the electrons which is indicative of the 
conductivity of emeraldine salt [28]. The peaks at 1,304 
and 1,273  cm−1 correspond to the C–N stretching vibra-
tions. The peak at 804 cm−1 is attributed to the out-of-plane 
bending of C–H. The weak shoulders at 2,980–3,050 cm−1 

Fig. 4   TEM micrographs of 
graphene (a), ES (b), GR/
ES-10 (c) and GR/ES-20 (d) 
(Insets show their correspond-
ing electron diffraction patterns 
by SAED)
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correspond to aromatic sp2 CH stretchings. These bands 
suggest that emeraldine salt was formed in the emulsion 
during polymerization.

The FTIR spectra of the GR/ES nanocomposites match 
with that of the emeraldine salt. The peak appearing at 
1,711 cm−1 in spectrum of GR/ES samples arises from the 
graphene, which can be confidently assigned to the car-
bonyl stretching vibration. The ratio of intensity between 
quinoid and benzenoid rings has significant change for GR/
ES nanocomposites at different graphene contents. The 
calculated ratio for the absorption intensity of quinoid to 
benzenoid ring modes (I1590/I1499) in the emeraldine salt is 
0.71, which suggests that the percentage of benzoid units 
was much higher than that of the quinoid units. However, 
the ratio of I1590 to I1499 increased to 1.20, 1.97, 3.67 for 
GR/ES-1, GR/ES-10, GR/ES-20 samples, respectively, 
which indicated that the relative amount of quinoid units 
increased in the GR/ES samples polymerized in the pres-
ence of graphene. The π-bonded surface of graphene inter-
acted with the conjugated structure of emeraldine salt, 
and as a result, the intensity ratio of quinoid to benzoid 
increased. The benzoid and quinoid peaks of emeraldine 
nanocomposites presented a red shift (Table 1), indicating 
that the π-bonded surface of graphene interacts with the 
conjugated structure of emeraldine salt.

Adsorption of the polymer onto the graphene surface 
and growth around the graphene will restrict vibrations 

modes of polyaniline, which will lead to the differences in 
the FTIR spectra. This pronounced decrease suggests that 
an interaction between the quinoid ring of the doped emer-
aldine salt and the graphene may occur as a consequence of 
the in situ polymerization. This interaction then may facili-
tate charge-transfer processes between the components of 
the system and thus influene the transport properties. At 
first, addition of graphene to emeraldine salt resulted in the 
increment of H-bonding and consequently leading to reduc-
tion of the N–H stretching intensity (GR/ES-1). Then, after 
further addition of graphene, the interaction between the 
graphene and emeraldine salt may result in “charge trans-
fer,” whereby the sp2 carbons of the graphene competed 
with dopant ions [Cl−] and perturbed the H-bond, resulted 
in an increase in the N–H stretching intensity (GR/ES-20).

XRD analysis

Figure  6 shows the X-ray diffraction patterns of the ES, 
graphene and GR/ES sandwich-like structure samples. 
There are three peaks at 15.2°, 20.4° and 25.4° in the 
XRD pattern of the emeraldine salt [corresponding to 
(011), (020) and (200) amine salt crystals, respectively] 
[29] (Fig.  6, pattern b). The broad peak at 2θ =  15.2° is 
assigned to the repeating unit of the emeraldine salt chain. 

Fig. 5   FTIR spectra of ES, GR/ES-1, GR/ES-10 and GR/ES-20 sam-
ples

Table 1   Changes in the vibration modes of GR/ES nanocomposites 
in comparison with ES

Vibration mode ES GR/ES-1 GR/ES-10 GR/ES-20

C = C benzoid ring  
(cm−1)

1,490 1,491 1,488 1,481

C = C quinoid ring  
(cm−1)

1,590 1,587 1,582 1,581

Fig. 6   X-ray diffractograms of graphene (a), ES (b), GR/ES-1 (c), 
GR/ES-10 (d) and GR/ES-20 (e)
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The peak centered at 2θ  =  20.4° is ascribed to perio-
dicity perpendicular to the polymer chain. The peak at 
2θ  =  25.4° is due to periodicity parallel to the polymer 
chain [assigned to (200) reflections] corresponding to the 
face-to-face interchain stacking between benzene rings 
[30]. It can be seen that the peak of 2θ = 25.4° is stronger 
than that of 2θ =  20.4°, due to highly doped emeraldine 
salt [31]. The graphene exhibits peaks at 2θ = 24.5° and 
43.5°, which correspond to the diffraction of the graphite 
(002) and (100), respectively. These peaks correspond to 
the few layer structures present in the sample [32]. The 
peak at 2θ = 24.5° can be correlated to an interlayer spac-
ing of 0.36 nm in the graphene sample.

The XRD pattern of the GR/ES displays the features 
of both the graphene and ES due to a hybrid of the gra-
phene and emeraldine salt. For GR/ES nanocomposites, 
the peaks at 2θ =  15° and 20.4° are similar to those of 
the pure emeraldine salt, indicating the unit structures 
of the emeraldine salt chain are unchanged after being 
loaded on the graphene, whereas the loading graphene 
changed the intensity of peak at 2θ = 25.4°. A complete 
disappearance of graphene peak at 2θ  =  24.5° is obvi-
ous in GR/ES sandwich-like structure due to the insertion 
of emeraldine salt, which is embedded on the surface of 
graphene.

According to Table  2, by addition of graphene to 
emeraldine salt up to 1  wt%, the intensity of the peak at 
2θ  =  25.4° decreased (GR/ES-1) at first, and then after 
further addition of graphene, the intensity of this peak 
enhanced by increasing graphene amount (i.e., GR/ES-10 
and GR/ES-20). Crystallite size of emeraldine salt and GR/
ES nanocomposites were calculated by Scherrer formula 
and listed in Table 2. As shown in Table 2, crystallite size 
of GR/ES-1 is reduced in comparison with emeraldine salt, 
but crystallite size of GR/ES-10 and GR/ES-20 increased 
in comparison with GR/ES-1 sample. The increase in peak 
intensity of nanocomposites with addition of graphene 
indicated an increase in the extension of microcrystalline 
domains in the sheet-on-sheet morphology in comparison 
with particle-on-sheet morphology, which is in agreement 
with the electrical conductivity of GR/ES-20. This is pro-
posed that when less graphene was added, emeraldine salt 
crystals were disturbed; however, with further addition 

of graphene, new crystals were formed around graphene 
sheets.

UV–Visible analysis

UV–Vis spectrum of emeraldine salt shows an intense 
absorption peak at 249  nm, a weak peak at 319  nm and 
a broad one at 450 nm (Fig. 7, spectrum a). The first and 
second absorption bands are related to the molecular con-
jugation (π–π* transition), while the third absorption peak 
is assigned to the polaron state of emeraldine salt, i.e., 
charged cationic species. The GR/ES-1 sample showed 
peaks located at 249, 334 and 590 nm (Fig. 7, spectrum b). 
Emeraldine salt bands at 319 and 450 nm were moved to 
higher wavelengths (red shift) in GR/ES-1 sample due to 
the interaction of polymer chain and graphene structure. 
The UV–Vis absorption results confirmed the strong inter-
action between the ES polymer and graphene sheets, which 
were in agreement with other analysis.

TGA analysis

Figure 8a shows the TGA thermogram of the graphene, ES 
and GR/ES samples. Graphene showed a low weight loss 
(approximately 15 %) up to 800 °C [33].

According to the DTG curves, the thermal degrada-
tion of the emeraldine salt and GR/ES showed a three-step 
weight loss process, as can be seen in Fig. 8b. In particular, 
the weight loss before 100 °C is due to some volatile spe-
cies and the moisture adsorbed on emeraldine salt, while 
the weight loss within 200–300 °C could originate from the 
elimination of HCl as a dopant and bound water molecules 
acting as secondary dopant in emeraldine salt since synthe-
sis was carried out in an aqueous medium.

Table 2   Data extracted from XRD patterns

a  Full width at half maximum of the diffraction

Sample code 2θ FWHMa Crystallite size (nm)

ES 25.44 4.41 3.22

GR/ES-1 25.28 6.37 2.23

GR/ES-10 25.34 5.13 2.77

GR/ES-20 25.4 4.21 3.37

Fig. 7   UV spectra of ES (a) and GR/ES-1 (b)
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The major weight loss started from 300 °C corresponds 
to the thermal decomposition of the emeraldine salt [34] 
with a maximum thermal decomposition at approximately 
394.50  °C for emeraldine salt. It was observed that the 
addition of graphene to the emeraldine salt could increase 
the thermal stability of related nanocomposites. For GR/
ES-1 sample, maximum decomposition occurred at around 
439.74 °C, which was 45 °C higher than the neat emeral-
dine salt, attributed to the high thermal properties of gra-
phene composites. After 300  °C, mass loss of the GR/ES 
is relatively higher than that of the pure graphene based on 
the decomposition of the emeraldine salt component of the 
nanocomposites. These temperatures are listed in Table 3.

The increase in Tmax3 was due to the interaction between 
polymer (ES) chains and graphene which inhibited the deg-
radation rate of polymer. These results provide additional 
evidence that ES interacted with the surface of the gra-
phene sheets, leading to an enhanced thermal stability. This 
interfacial interaction reduced the mobility of the emeral-
dine salt around the graphene layers and led to an increase 

in thermal stability. Thus, the PANI nanocomposites with 
graphene component showed better thermal stability with 
less mass loss compared with the polyaniline.

DSC analysis

The study of the thermal behavior of GR/ES nanocompos-
ites is of immense importance for interpreting the effect 
of graphene on emeraldine salt in these nanocomposites. 
The decomposition temperature of emeraldine salt before 
and after mixing with different amounts of graphene were 
investigated through DSC (Fig. 9).

Two endothermic peaks in DSC thermogram of pure ES 
and ES nanocomposites were observed; these peaks were 
most likely due to the evaporation of water (T1), evapora-
tion of dopant (T2), respectively. These temperatures are 
listed in Table 4.

Emeraldine salt is known to be a hygroscopic poly-
mer. Some authors assigned the endothermic effect regis-
tered by DSC in the range from ambient temperature up 
to approximately 120 °C to the evaporation of water [35]. 
With further addition of graphene to GR/ES samples, the 
ratio of emeraldine salt in nanocomposites was decreased 
and the temperature of evaporation of water decreased, as 
well. The restricted mobility of the polymer chains around 
the graphene sheets and the interfacial π–π bond interac-
tions between them in GR/ES nanocomposites also explain 
the increase in the T2 decomposition temperature and their 
thermostability in comparison with emeraldine salt.

DC electrical conductivity

The DC electrical conductivities of graphene/ES were 
determined on pressed pellets from powder using a four-
probe resistivity measurement system, and the average con-
ductivities were collected. The electrical conductivities of 
emeraldine salt and (GR/ES) samples are shown in Fig. 10. 
For GR/ES-20 sample, the value of electrical conductiv-
ity was found to be as high as 5.4 S/cm, which was stable 
and reproducible over a period of time, indicating that the 
conductive networks in the system were well established. 
This discrepancy may arise due to the increased π–π 

Fig. 8   TGA thermograms of ES, GR/ES-1, GR/ES-10 and GR/
ES-20 (a) and derivatives of weight loss vs. temperature for ES, GR/
ES-1, GR/ES-10 and GR/ES-20 (b)

Table 3   Values of temperatures of weight losses obtained by DTG

a  Temperature with a loss of 50 % of the initial mass
b  Residual weight at 800 °C

Sample code Tmax 1 Tmax 2 Tmax 3 Ta
50 % Char yield (%)b

ES 56.81 251.60 394.50 435.58 24.81 %

GR/ES-1 66.27 257.74 439.74 467.33 31.13 %

GR/ES-10 67.83 263.43 410.36 469.34 33.79 %

GR/ES-20 69.11 292.82 514.62 588.34 44.77 %
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interactions between emeraldine salt and graphene in the 
nanocomposite with sheet-on-sheet morphology in com-
parison with particle-on-sheet morphology.

In these sandwich-like structures, both components (poly-
aniline in emeraldine salt state and graphene) are electrically 
conducting materials. The graphene can bridge to transport 
the carrier by means of the π–π interactions with emeral-
dine salt, which can improve the carrier mobility and thus 
increase the electrical conductivity of GR/ES nanocompos-
ites. In comparison with ES, conductivity was decreased for 

the samples with low amount (i.e., small fraction) of gra-
phene and then increased with further addition of graphene.

At first, addition of graphene prevented the growth of 
crystallization and formed barriers to carrier transport in 
the emeraldine salt chains, which was consistent with the 
XRD results in Fig. 6. It is shown that the crystallite size 
of emeraldine salt was affected by the variation in the con-
tent of graphene in the resulting nanocomposites, and the 
changes in measured electrical conductivity should be then 
corresponded to changes in morphology of nanocomposites 
and crystallite size of emeraldine salt. Long et al. [36] have 
reported that bulk conductivity of nanostructured conduct-
ing emeraldine salt was based on the contact resistance 
between particles and generally was not representative of 
the real conductivity of the emeraldine salt. They estimated 
that inter-tubular contact resistance between two-crossed 
polyaniline/nanotubes can reach 500  kΩ, i.e., about 16 
times superior than the intra-tube resistance of an individ-
ual PANI nanotube. Hence, it was found straightforwardly 
that the measured conductivity of the material was strongly 
influenced by crystallite size. Therefore, electrical conduc-
tivity of emeraldine salts with low amount of graphene (up 
to 10  wt%) descended and ascended with the addition of 
graphene (i.e., GR/ES-15 and GR/ES-20 samples).

The PANI/graphene composites prepared by the in situ 
polymerization have a graphene-like layered structure with 
PANI nanofibers intercalated between the layers and have 
showed conductivity of 231.2  S/m [19]. The maximum 
conductivity of chemically modified polyaniline nanocom-
posites by poly (2-acrylamido-2-methyl-1-propanesulfon-
icacid)/graphene nanoplatelet which was prepared via in 
situ deposition was 0.86 S cm−1 [37].

The conductivity of the sulfonated polyaniline/graphene 
composite film prepared by filtration method was measured 
to be 0.3 S  cm−1. The content of SPANI in this film was 

Fig. 9   DSC thermograms of ES and GR/ES nanocomposites

Table 4   Obtained decomposition temperatures of ES and GR/ESs by 
DSC

Sample code T1 T2

ES 106.65 272.3

GR/ES-1 95.91 270.94

GR/ES-10 97.07 272.72

GR/ES-20 88.27 296.97

Table 5   Specific capacitances of various samples at different scan 
rates

Sample 5  
(mV/s)

10  
(mV/s)

30  
(mV/s)

50  
(mV/s)

100  
(mV/s)

Graphene 137.17 104.96 86.76 63.06 41.37

ES 129.88 125.63 88.27 71.08 54.77

GR/ES-1 262.58 297.37 200.79 157.81 106.44

GR/ES-10 71.72 61.54 41.63 34.19 25.24

GR/ES-20 1,615.42 1,504.48 1,312.72 1,176.60 982.35

Fig. 10   Four-point conductivity values for pressed pellets of ES and 
GR/ES nanocomposites
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low, because a large amount of SPANI was passed through 
the filtration membrane during filtration [38]. The conduc-
tivity of SPANI/graphene composite film prepared by drop 
casting was 0.03 S cm−1 [38].

This improved electrical conductivity property in GR/
ES-20 can be ascribed to the charge-transfer effect of the 
graphene and emeraldine salt in nanocomposites with 
sheet-on-sheet morphology.

Fig. 11   Cyclic voltagrams of graphene, ES, GR/ES-1, GR/ES-10, GR/ES-20 electrodes at a scan rate of 5 mV/s in 1 M H2SO4 (a) and of gra-
phene (b), ES (c), GR/ES-1 (d), GR/ES-10 (e) and GR/ES-20 (f) electrodes at different scan rates of 5, 10, 30, 50 and 100 mV/s
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Electrochemical analysis

The electrochemical performances of the graphene/emeraldine 
salt nanocomposites were studied, and the results are shown in 
Fig. 11. The CV curves of ES, graphene, GR/ES-1, GR/ES-10 
and GR/ES-20 samples which are shown in Fig.  11a were 
obtained at the scan rate of 5 mV/s in 1 M sulfuric acid aque-
ous solution in the potential range from −0.2 to 1.0 V.

The graphene electrode exhibited an approximated rec-
tangular shape which is characteristic of an electric double-
layer capacitance (EDLC) behavior [39]. The PANI elec-
trode showed a pair of redox peak that is characteristic of a 
pseudo-capacitance. Two couples of the redox peaks were 
observed from the CV curve of the ES attributed to the 
redox of polyaniline, corresponding to its leucoemeraldine/
emeraldine and emeraldine/pernigraniline structural trans-
formations, respectively [40]. On the other hand, the CV 
curves of GR/ES samples show a behavior characteristic of 
a combination of both EDLC and redox capacitance.

The peak currents and CV loop area of the GR/ES 
nanocomposites were both much larger than that of ES 
and graphene. This may be contributed to the enhanced 
electron transfer efficiency of the sandwich-like structures 
which indicates the electrochemical performances of GR/
ES nanocomposites. The electrochemical performances of 
the nanocomposites were enhanced compared with gra-
phene and ES, due to the synergistic effect between gra-
phene and ES. Among various samples, GR/ES-20 sam-
ple with sheet-on-sheet morphology had the largest area 
surrounded by the CV curve, indicating a higher specific 
capacitance indicating the electrochemical properties of 
this sample was advancing. Graphene, ES, GR/ES-1, GR/
ES-10 and GR/ES-20 samples as the electrode were tested 
at various scan rates, and their voltagrams are shown in 
Fig. 11b–f.

With increasing scan rate, the redox current increased 
clearly, indicating the good rate capability for this elec-
trode. Due to the resistance of the electrode, in the case of 
sandwich-like structure, the oxidation peaks shifted posi-
tively and the reduction peaks shifted negatively [14] with 
the increasing of sweep rates from 5 to 100 mV/s. However, 
the shifting was less than 0.2 V because of the enhanced 
charge transfer between the emeraldine salt and graphene.

To quantitatively evaluate the charge storage capacity 
from CV curve, the specific capacitance of the samples 
was determined by the expression voltammetric charge/
(potential window × composite loading) [41]. The specific 
capacitance was calculated accurately on the basis of the 
following equation:

(3)C =

E2∫

E1

i(E)d(E)/2(E2 − E1)v.

The GR/ES-20 electrode displayed a specific capaci-
tance of 1,615.42 F/g at a scan rate of 5 mV/s, which was 
much higher than that of ES (129.88 F/g) and that of gra-
phene (137.17  F/g) at the same scan rates. It is implied 
that the layered structures with sheet-on-sheet morphol-
ogy shorten the diffusion lengths of the electrolyte ions and 
provide high electroactive regions (Table 5).

The specific capacitance was gradually decreased with 
increasing scan rate, because the diffusion occurred typi-
cally on the surface of the material placed on the elec-
trode, not inside the bulk. With increasing scan rate up to 

Fig. 12   XPS spectra of GR/ES-10 and GR/ES-20 (a) and N1s core-
level XPS spectra of GR/ES-10 and GR/ES-20 samples (b)
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100  mV/s, GR/ES-20 sample still exhibited specific high 
capacitance of 982.35 F/g due to strong absorption of the 
components to each other and performing of an appropriate 
charge-transfer interaction. The specific capacitance of the 
GR/ES-20 electrode (1,615  F/g) at a scan rate of 5  mV/s 
is one of the best reports for capacitance based on carbon 
material and polyaniline [42–44].

Lower conductivity of GR/ES-10 with particle-on-sheet 
morphology resulted in the lower specific capacitance, 
which is in agreement with conductivity results. These pre-
liminary results encouraged us to explore possible applica-
tions of GR/ES sandwich-like structures in various electro-
chemical devices in our future works.

XPS analysis

Figure 12a shows the XPS spectra of GR/ES-10 and GR/
ES-20 samples, where the corresponding N1s, C1s and 
O1s signals were presented. The graphitic carbon (C = C) 
was evident in the C1s spectrum at 284.6 eV. The presence 
of N1s core-level peak confirms the presence of emeral-
dine salt in the samples. The deconvolution of the N1s 
XPS spectra for GR/ES-10 and GR/ES-20 composites is 
depicted in Fig.  12b. Curve fitting of the N1s core-level 
spectrum of the GR–PANI composite in Fig. 12b assigned 
two distinctive peaks which were due to the presence of 
quinoid amine and benzenoid amine discovered at a bind-
ing energy of 397.8 and 399.2 eV. The corresponding ratio 
of quinoid amine to benzenoid amine was calculated from 
the integral area which were 1.83 and 3.35 for GR/ES-10 
and GR/ES-20 samples, respectively. Therefore, the dop-
ing level of the emeraldine salt in sheet-on-sheet morphol-
ogy was increased, which was consistent with the results 
of FTIR. The changes in the benzoid/quinoid ratio may 
have been due to the π–π interactions between graphene 
and emeraldine salt chains, which may cause a synergistic 
effect on electrochemical properties of the composite.

Conclusion

In summary, we have synthesized the graphene/emeral-
dine salt (GR/ES) sandwich-like structures using in situ 
inverse microemulsion polymerization. It was confirmed 
that the strongly conjugated interactions in the composites 
with uniform layered structures should greatly facilitate the 
charge-transfer interactions between the two components, 
thus showed enhanced electrical properties and thermal 
stability. The effect of the graphene ratio on the electrical 
properties of the GR/ES nanocomposites was also investi-
gated. It was found that the sample with a graphene content 
of 20 wt% was uniformly coated with emeraldine salt lead-
ing to nanocomposite with separated layers structure and 

fantastic electrical conductivity. Among the various inves-
tigated GR/ES sandwich-like structures, the GR/ES-20 
sample exhibited a specific capacitance of 1615.42 F/g at a 
scan rate of 5 mV/s which recommended a new material for 
fabricating electrochemical devices.
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