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A novel nanocomposite consisting of p-conjugated 2-aminoterephthalic acid (ATA) coated iron oxide

(Fe3O4) nanoparticles and reduced graphene oxide (RGO) has been synthesized using a facile

combination of wet-chemistry and low-power sonication. The ATA–Fe3O4/RGO nanocomposites

exhibited a high specific capacitance of the order of 576 F g�1; significantly higher than that of pristine

Fe3O4 (132 F g�1) and RGO (60 F g�1) counterparts, indicative of a synergistic effect between the

ATA–Fe3O4 and RGO components. Furthermore, the maximum energy storage density was calculated to

be 75 W h kg�1 (at a current density of 6 A g�1). The charging–discharging analysis showed promising

long-term stability with nearly 86% retention of the capacitance after 5000 cycles. The superior

capacitive behaviour of these ATA–Fe3O4/RGO nanocomposites is attributed to the synergistic effect of

the p-conjugated ATA coating on Fe3O4 which enhances the pseudo-capacitive charge transfer process

of Fe3O4 and works in conjunction with the surface functional groups (such as carboxylic, amino and

amide) present on the RGO surface, providing enhanced double layer capacitance. Thus, the current

system exploits the advantages of both the double layer capacitors and pseudocapacitors in a hybrid

structure.
1. Introduction

Recently, supercapacitors have garnered huge attention as
portable power sources and power storage units. Furthermore,
owing to their high energy density, long cycling life and capa-
bility to provide large power densities, they have been explored
as starting power banks for renewable energy systems such as
electrical vehicles and stationary fuel cells.1–6 The charge storage
mechanism in supercapacitors mainly follows two routes:
electrochemical double layer (EDLC) and pseudocapacitance.7,8

The EDLCs work on the principal of electrostatic charge storage
using reversible adsorption of electrolyte ions onto electro-
chemically stable high surface area carbon materials, while on
the other hand the pseudocapacitors rely on the use of con-
ducting polymers9 and transition metal oxides10 to generate
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high capacitance via fast faradic reactions occurring at or near
the solid electrode surface. In EDLCs, where the charge storage
is non-faradic and electrostatic in nature, electrolyte ions are
adsorbed onto the high surface area carbon-based materials
such as carbon black, mesoporous carbon, carbon nanotubes
(CNTs)11,12 and more recently graphene.13,14 Due to the charge
separation at the electrode–electrolyte interface, the double
layer capacitance is produced which is described by the classic
Helmholtz capacitance leading to the formation of EDLC.15 In
the case of EDLCs, high capacitance can be obtained by
increasing the surface area and electrical conductivity of the
material.5,16 The exotic properties of graphene such as extremely
high surface area, chemical stability, high electrical conduc-
tivity and mechanical strength makes it a prospective and
promising candidate for supercapacitor applications.17,18

Moreover, the use of graphene as electrode material eliminates
the need for separate current collector and where a current
collector is still used, it reduces the contact resistance between
current collector and electrodes owing to an additional advan-
tage of low charge transfer resistance, thereby providing an
additional benet.19,20 The interest in pseudocapacitors arises
from the higher value of capacitance and energy density ob-
tained as compared to the EDLCs.21,22 While pseudocapacitors
provide very high capacitance and power densities, however,
their relatively low electrical conductivity and poor stability
RSC Adv., 2017, 7, 327–335 | 327
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limit their usage.23 In order to increase their conductivity, they
are oen blended with other conductive carbon materials such
as carbon black, CNTs andmore recently, graphene.24 Graphene
based nanocomposites have been used extensively in various
electrochemical applications.25 Among the various transition
metal oxides such as ruthenium oxide (RuO2), manganese oxide
(MnO2),26 nickel oxide (NiO), copper oxide (CuO)27 etc., iron
oxide (Fe3O4) is one of the most suitable and promising mate-
rials owing to its cost effectiveness and environmentally benign
nature.28 In spite of its high pseudo-charge, the overall capaci-
tance value is low because of its poor electrical conductivity
thereby limiting the ion diffusion.29 It has been reported earlier
that the mixing of conductive materials such as carbon nano-
tubes (CNT) and activated carbon etc. with Fe3O4 improves the
overall capacitance of such systems signicantly.30,31

Hybrid supercapacitors, utilizing both the faradic and
non-faradic charge storage, potentially offer a solution to obtain
high energy and power densities at the same time. Recently,
graphene–metal oxide nanocomposites have been studied
extensively as electrode materials,32,33 where the fast faradic
reactions occurring on the metal oxide surface in conjunction
with high conductivity of graphene tremendously improved the
overall electrochemical performance of these nano-
composites.34,35 Chemically functionalized graphene increases
its effective electrochemical surface area by enhancing the
number of sites where the electrolyte adsorption can take
place.13,36 Considering the above advantages, it is highly
important to explore various graphene–metal oxide based
advanced nanocomposites with enhanced electrochemical
properties.

In this work, we have implemented an advanced strategy to
enhance the capacitive performance of ATA–Fe3O4/RGO nano-
composites by increasing the double layer as well as pseudo-
capacitive behaviour, simultaneously. The carboxylic (–COOH)
and amino (–NH2) groups of 2-aminoterephthalic acid coated
iron oxide nanoparticles interact synergistically with the
residual functional groups on the partially reduced graphene
oxide to exhibit supercapacitive behaviour as analysed by cyclic
voltammetry, electrochemical impedance and galvanostatic
charging–discharging measurements.
2. Materials and methods
2.1. Materials

Ferrous chloride [Fe(Cl)2$4H2O], ferric chloride [Fe(Cl)3$6H2O],
2-aminoterephthalic acid (ATA), ammonium hydroxide
(NH4OH) and potassium hydroxide (KOH) were purchased from
Fisher Scientic. Graphene oxide (GO) was purchased from
Sigma Aldrich. All the aqueous solutions were prepared with
ultrapure water (Millipore-Q systems: measured electrical
resistivity � 18 MU cm at room temperature (298 K)).
2.2. Synthesis

2.2.1. Synthesis of reduced graphene oxide (RGO). A 20 ml
aqueous dispersion of GO (0.25 mg ml�1) was prepared by
magnetic stirring at 500 rpm at 70 �C for 6 hours. To synthesize
328 | RSC Adv., 2017, 7, 327–335
RGO, 3 ml of NH4OH was added drop wise to the aqueous
solution of GO and le to stir overnight aer which the colour of
the solution became black. The RGO solution was then centri-
fuged at 5000 rpm to exclude large clusters and washed
repeatedly with water and ethanol to eliminate any traces of
residual ammonia. Finally, the wet RGO sample was dried at
60 �C to obtain RGO powders which were then subsequently
used to prepare ATA–Fe3O4/RGO nanocomposites. The conr-
mation of reduction process was carried out using Raman
spectroscopy (Fig. S3, ESI†) as well as X-ray diffraction analysis
(see Fig. S2 inset, ESI†).

2.2.2. Synthesis of p-conjugated ATA–Fe3O4 nanoparticles
and ATA–Fe3O4/RGO nanocomposites. Iron oxide nanoparticles
were synthesized via a chemical-co-precipitation method using
ATA as the capping agent. 1.17 g of FeCl3$6H2O, 0.43 g of
FeCl2$4H2O and 0.82 g of ATA were added together to a 150 ml
round bottom ask containing 22.5 ml of distilled water. The
reaction mixture was magnetically stirred and heated to 80 �C
for 60 minutes under constant N2 gas ow. Then 2.5 ml of 25%
NH4OH (in H2O) was rapidly added to the reaction mixture to
initiate the nucleation of iron oxide nanoparticles. The resul-
tant reaction mixture whose pH was maintained between 10
and 11, was vigorously stirred for next 60 minutes at 80 �C and
then cooled down to room temperature aerwards. The resul-
tant nanoparticles were magnetically separated and washed
with ethanol and distilled water. The molar ratio during the
synthesis ATA–Fe3O4 was kept at ATA : Fe3O4 ¼ 1 : 3, the
complete procedure has been reported previously in the litera-
ture.37 In order to investigate the role of amount of ATA on the
electrochemical performance, themolar ratio was further varied
to ATA : Fe3O4¼ 2 : 3 and ATA : Fe3O4¼ 1 : 6. The samples were
marked as ATA-1 M (1 : 3), ATA-2 M (2 : 3) and ATA-0.5 M (1 : 6).
The ATA coated iron oxide nanoparticles were then used for the
preparation of nanocomposites with reduced graphene oxide.
Uniform aqueous dispersions of partially reduced graphene
oxide and ATA–Fe3O4 at various concentrations were prepared.
Four weight ratios of iron oxide/RGO (ATA–Fe3O4 : RGO ¼ 1 : 2,
1 : 1, 2.5 : 1, 5 : 1) nanocomposites, having different concen-
trations in aqueous solutions (0.1 mg ml�1, 0.5 mg ml�1, 1 mg
ml�1, 2 mg ml�1) were then added and ultrasonicated in a low
power (50 W) bath sonicator at room temperature for 30
minutes to obtain nanocomposites. Low power sonication
method has been reported earlier in the literature38 to produce
RGO based nanocomposites.
2.3. Experimental

2.3.1. Morphology analysis. To examine the morphology of
the samples, the TEM and high resolution TEM (HRTEM)
images were taken using a Field-emission gun transmission
electron microscopy (FEG-TEM) (Tecnai G2, F30, FEI). Scanning
electron microscopy images were recorded using a scanning
electron microscope (Zeiss EVO40). Fourier transformed
infrared (FTIR) spectra were collected on a Thermo Fisher
Scientic instrument between 4000 to 650 cm�1 at ambient
condition, with a resolution of �4 cm�1 utilizing the trans-
mission mode. The spectra were analyzed using vendor
This journal is © The Royal Society of Chemistry 2017
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provided Thermo Insight soware. The absorbance was
collected using UV-Vis-NIR spectrophotometer (Shimadzu, Sol-
idspec 3700) in the wavelength range of 200–900 nm utilizing
a unpolarized light. The X-ray diffraction (XRD) analysis was
performed using Bruker D8-Discover with Cu-Ka radiation (l ¼
0.154 nm). The Raman measurements were carried out using
STR Micro Raman Spectrometer (Model STR 500) with 532 nm
laser source.

2.3.2. Electrochemical measurement. The cyclic voltam-
metry (CV), galvanostatic charge–discharge and electrochemical
impedance spectroscopy measurements were performed on an
Autolab Potentiostat Galvanostat PGSTAT302N (Metrhom,
Netherlands). For the CV measurements, a three electrode set
up consisting of Ag/AgCl as the reference electrode, platinum
wire as the counter electrode and glassy carbon electrode (GCE)
with drop-dried ATA–Fe3O4/RGO as the working electrode, was
utilized. The CV scans were carried out between �0.4 V to 0.8 V
using 1 M KOH as the supporting electrolyte.39 The galvano-
static charge–discharge measurements were carried out in the
chrono-potentiometery mode with a similar 3 electrode set up
as used in the CVmeasurements. The cut-off voltages set during
thesemeasurements were obtained from the CVmeasurements.
The impedance measurements were carried out in the FRA
potential scan mode with a two-electrode set up. A 5 mm
diameter GCE coated with the ATA–Fe3O4/RGO active material
was used as the working electrode along with platinum wire as
the counter electrode. The EIS measurements were carried out
at room temperature in 1 M KOH. For measurements, a sinu-
soidal alternating current (a.c) perturbation voltage with root
mean square (r.m.s) value of 10 mV was applied while the
frequency was varied from 0.1 to 100 kHz. The spectrum was
tted using NOVA soware.

3. Results and discussions
3.1. Morphology analysis

For direct morphological visualization, SEM images were taken
for ATA–Fe3O4/RGO nanocomposites and is represented in the
Fig. S1 (ESI†), wherein the gures show the decoration of iron
oxide nanoparticles on RGO akes. TEM analysis was carried
out to analyse the morphology and microstructural properties
of the pristine components and the ATA–Fe3O4/RGO nano-
composites. The TEM images of nanocomposite samples are
shown in Fig. 1. It can be clearly seen from the image (Fig. 1a)
that the sample consists of spherical ATA–Fe3O4 nanoparticles,
with a size range of 4–10 nm. The selected area electron
diffraction (SAED) pattern further conrms high crystallinity of
the sample (Fig. 1b). The TEM image (Fig. 1d and e) of the
ATA–Fe3O4/RGO nanocomposites at a weight ratio of 1 : 1
clearly shows the attachment of ATA–Fe3O4 onto the RGO sheet
surface.

To further investigate the crystal structure of the nano-
composites, XRD analysis was performed (Fig. S2, ESI†). XRD
peaks were found to be in close proximity with the standard
peaks for inverse spinel phase of Fe3O4 (JCPDS card no.
19-0629). The broad hump between the 2q values of 20–30�

correspond to the relatively short range ordering of RGO (inset
This journal is © The Royal Society of Chemistry 2017
of Fig. S2†). This hump is also present in the XRD pattern of the
ATA–Fe3O4–RGO nanocomposites. For GO, the diffraction peak
appearing around 10.7� (inset Fig. S2†) became broader and less
prominent for the case of RGO. From XRD spectra, the d spacing
of GO was found to be 0.825 nm. This high d-spacing indicates
the intercalation of water molecules as well as the formation of
oxygen containing functional groups in between graphitic
layers. For RGO samples, the low angle broad peak indicates the
residual oxygen containing functional groups still present in
RGO. The inter-planer spacing of RGO was also evaluated to be
0.378 nm (from the higher angle peak of RGO), thereby con-
rming the reduction of GO to RGO.

Reduction of GO to RGO was also monitored and conrmed
using Raman spectroscopy (Fig. S3, ESI†). The intensity ratio of
the D to the G band (ID/IG) for GO was found to be 0.911, which
increased to 1.04 in the case of RGO. This increase in the ID/IG
ratio for RGO suggests that the reduction process has altered
the structure of GO with more structural defects.40,41 This was
accompanied by the movement of the G band to lower peak
position (1588 cm�1 for RGO) as compared to GO (1592 cm�1)
with a reduction in the FWHM as well (from 62 cm�1 to 54
cm�1), further conrming the reduction of GO. This change in
the peak position, suggests a decrease in the average size of the
sp2 domains upon reduction of the GO,42 whereas the decrease
in the FWHM indicates enhanced sp2 carbon atoms.43 Apart
from the increase in the ID/IG ratio, a comparatively more
prominent 2D peak in the Raman spectrum of RGO was also
observed.

The possible mode of attachment of the ATA–Fe3O4 on the
RGO sheet is described by the schematic shown in Fig. 2. There
are mainly three possible ways of attachments: (i) attachment of
–NH2 (amino) group of ATA with –COOH (carboxylic) group of
RGO to form –CONH (amide) linkage; (ii) physical adsorption of
nanoparticles over RGO and (iii) attachment of nanoparticles at
the defect sites of the RGO. The presence of amino and
carboxylic groups on the surface of nanocomposites is
conrmed by FTIR analysis (1470 cm�1 (–NH bending), 1725
cm�1 (C]O stretching) and 3210 cm�1 (O–H stretching))
(Fig. S4, ESI†). The study also reveals the –CONH linkage
between the particles (1570 cm�1) which is in accordance to our
proposed interaction scheme (marked 1 in Fig. 2). From the
inset of Fig. S4 (ESI†), it is quite evident that the peak corre-
sponds to hydroxyl group for RGO decreases signicantly than
that of GO (3210 cm�1). Also, previously proposed mechanism
for the reduction of GO to RGO suggested that the hydride
transfer to epoxide is one of the key step in the reduction
process. From the gure, it is also evident that the area under
the curve for the epoxide region 870–1170 cm�1 decreased
signicantly in case of RGO implying the reduction of GO.

To further investigate the attachment of ATA on Fe3O4 and
the interaction between ATA–Fe3O4 and RGO, UV-Visible
spectra was recorded in absorbance mode in the wavelength
range of 200–900 nm (Fig. S5, ESI†). The uncoated Fe3O4 does
not exhibit any considerable strong absorption peaks and
matches with the literature. ATA samples show two character-
istic peaks around �355 nm and �245 nm. The strong
absorption around�355 nm is attributed to the p–p* transition
RSC Adv., 2017, 7, 327–335 | 329
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Fig. 1 (a and c) correspond to TEM images of ATA coated iron oxide and RGO ((b) represents the SAED pattern of Fe3O4). (d and e) correspond to
TEM images of ATA–Fe3O4/RGO nanocomposite of weight ratio ATA–Fe3O4 : RGO ¼ 1 : 1 at different resolutions.

Fig. 2 Three distinct possibilities of attachment of ATA coated iron oxide nanoparticles over RGO are shown in the schematic.
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of lone pair of amino group.44 Whereas the ATA coated sample
clearly displays two sharp peaks at 330 nm and 220 nm which
are in agreement with the reported values.45 The blue shi in
case of the coated sample could be ascribed as the perturbation
330 | RSC Adv., 2017, 7, 327–335
by the metallic centre46,47 of Fe3O4. In case of ATA–Fe3O4:RGO
nanocomposite sample, the peaks become sharper indicating
a strong attachment.
This journal is © The Royal Society of Chemistry 2017
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3.2. Electrochemical analysis

3.2.1. Cyclic voltammetry (CV). Detailed CV studies were
carried out to optimize the weight ratio of nanoparticles and RGO
in order to achieve the maximum supercapacitor behaviour. It
was observed that 1 : 1 loading at a concentration of 1mgml�1 of
ATA–Fe3O4 and RGO shows the highest specic capacitance value
at a scan rate 50 mV s�1 (Fig. S6 and Table S1, ESI†). It has
previously been reported that at higher loadings, the agglomer-
ation and formation of clusters of Fe3O4 nanoparticles leads to
a lower electrochemical surface area thereby leading to a reduc-
tion in the specic capacitance of the samples.48 The CV scans
(Fig. 3a) carried out for incremental scan rates of 10–100 mV s�1

for the 1 : 1 ratio of ATA–Fe3O4 : RGO nanocomposite between
�0.4 to 0.8 V look relatively featureless and exhibit a nearly
rectangular shape, representative of the supercapacitor behav-
iour.49 A small peak corresponding to the Fe(III)–Fe(II) transition is
observed at around �0.1 V (Fig. S7, ESI†). It is to be mentioned
that for uncoated iron oxide the corresponding peak lies in more
negative voltage (#�0.25 V) and is reported in literature.33 In the
present study, the CV of uncoated and ATA coated iron oxide is
plotted in Fig. S8 (ESI†) wherein the shi in the reduction peak
can be attributed to the ATA attachment. This quasi-rectangular
shape of the CV curve is suggestive of the ideal double layer
capacitance with fast charge transport.50 In fact, the currents
obtained for the ATA–Fe3O4/RGO composites are signicantly
higher than that of pristine ATA–Fe3O4 and pristine RGO
samples, indicating enhanced electrochemical charge storage
capabilities of the nanocomposites. The specic-capacitance is
calculated from the cyclic voltammetry curve using the following
equation:

Cs ¼ 0:5�
þ
½di=fðdV=dtÞ=mg�

where Cs is the specic capacitance, dV/dt represents the scan
rate and m is the active mass of the material on the GCE. The
factor 0.5 is multiplied to get either cathodic or anodic current.
Fig. 3 (a) Cyclic voltammogram of ATA–Fe3O4/RGO nanocomposite (AT
of specific capacitance with scan rate for ATA–Fe3O4/RGO nanocompo

This journal is © The Royal Society of Chemistry 2017
Once it had been established that the 1 : 1 loading of ATA–
Fe3O4 and RGO shows the highest specic capacitance, the
concentration of the nanocomposites (ATA–Fe3O4 : RGO ¼
1 : 1) in aqueous solution was varied, wherein the maximum
capacitance is observed at a concentration of 1 mgml�1 (Fig. S7,
ESI†). The specic capacitance of the nanocomposites as
a function of scan rate is plotted in Fig. 3b, wherein at the lowest
scan rate of 10 mV s�1 the capacitance of ATA–Fe3O4/RGO
nanocomposites is found to be 576 F g�1 (132 F g�1 and 60 F g�1

for pristine ATA coated Fe3O4 and partially reduced graphene
oxide, respectively at the same scan rates). It is important to
mention that at the scan rate of 50 mV s�1, the capacitance for
pristine ATA coated Fe3O4 and partially reduced graphene oxide
is found to be 30 F g�1 and 17 F g�1, respectively. Thus, the
signicant increase in capacitance value of the composites (245
F g�1 at scan rate 50 mV s�1) can be credited to the synergistic
effect of both the materials.51 The p-conjugation path favours
the effectual spin-transfer from the metallic core of iron oxides
to the external surfaces that are in contact with the bulk, for
instance, the surrounding electrolyte environment. Thus, the p-
conjugation of ATA coating with Fe3O4 nanoparticles enhances
the fast charge transfer kinetics and consequently the faradic
capacitance52 of the nanocomposite system. The specic
amount of ATA would provide the uniform coating of Fe3O4. The
amount of ATA is important to form an optimal colloidal
suspension which would lead to minimal agglomeration of
Fe3O4 nanoparticles. To study the effect of mass of ATA on
capacitance performance cyclic voltammetry analysis was
carried by varying the molar ratio between ATA and Fe3O4

(Fig. S9, ESI†). From the gure, it is clear that the ATA-1 M
sample exhibit the highest specic capacitance amongst all the
samples as at this molar ratio, the Fe3O4 nanoparticles are
uniformly coated with least agglomeration. Due to the optimal
coating, the ATA–Fe3O4 samples present the highest surface
area and enhanced wettability leading to enhanced electro-
chemical performance.
A–Fe3O4 : RGO¼ 1 : 1) in 1 M aqueous KOH solution. (b) is the variation
site (ATA–Fe3O4 : RGO ¼ 1 : 1) in 1 M aqueous KOH solution.

RSC Adv., 2017, 7, 327–335 | 331
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3.2.2. Galvanostatic charge discharge. The specic capaci-
tance values were also calculated from the galvanostatic charge
discharge analysis by employing the following equation:

Cs ¼ �[i/{(dV/dt) � m}]

where Cs is the specic capacitance, m is the effective mass and
dV/dt is the average slope of the discharge cycle. The near
symmetric charge–discharge cycles (Fig. 4a) are representative
of the good capacitive behaviour of the composite materials,53

while the curvature in the discharge cycle indicates the presence
of pseudocapacitance54 which can be attributed to the presence
of Fe3O4 nanoparticles. Also, the charge–discharge duration of
the nanocomposites is much higher than that of the individual
RGO and Fe3O4 components indicating a higher specic
capacitance value,32 consistent with the corresponding CV
measurements. The specic capacitance value of 375 F g�1 at
a specic current of 6 A g�1 was calculated for the nano-
composites. The areal capacitance, also calculated from the
charge discharge curve (Fig. S10, ESI†) is found to be 0.68 F
cm�2 at a specic current of 5 mA cm�2. The variation of the
specic capacitance as a function of specic current is also
plotted and represented in Fig. S11 (ESI†) and shows the typical
behaviour, wherein the specic capacitance decreases with an
increase in the specic current density. It is pertinent to
mention here that the higher effective surface area makes it
more favourable for the electrolyte to wet the surface thereby
increasing the effective double layer length and consequently
the capacitance. In our case, functionalized Fe3O4 and RGO
serves the purpose of enhancing the surface area and
Fig. 4 (a) Galvanostatic charge/discharge curve of ATA coated Fe3O4, RG
1 M KOH solution at sp. current 6 A g�1. (b) The cycling performance of AT
solution at sp. current 6 A g�1 (up to 5000 cycle). The cycling performance
KOH solution at sp. current 6 A g�1 (up to 5000 cycle).

332 | RSC Adv., 2017, 7, 327–335
consequently the capacitance.39,55 Partially reduced graphene
oxide contains many defects and also carboxylic groups apart
from the other oxygen containing groups. These defect sites
provide more accessible area for the attachment of ATA coated
iron oxide with RGO56,57 and the carboxylic groups of RGO may
interact with the amino groups of ATA molecule to form amide
linkage. The main problem in pseudocapacitance is high
diffusion resistance which hinders the ion transport process.58

In our case this problem is mitigated in two ways: (i) by intro-
ducing defect induced RGO and (ii) the p conjugated ATA
coating. These two factors provide enhanced charge transfer
kinetics which further enhance the ion transport59,60 and
thereby increasing the specic capacitance values.

To probe the long-term stability and durability, we per-
formed charging discharging analysis for an extensive number
of cycles and the variation of specic capacitance with each
cycle is plotted in Fig. 4b. The result shows that nearly 86% of
the starting capacitance values are retained even aer 5000
cycles. It has been reported earlier that the agglomeration of the
metal oxide nanoparticles during the electrochemical charging
is the root cause of the decline in cyclic performance.48 In the
literature, it has been reported that the presence of graphene
provides a favourable surface for the adsorption of nano-
particles which avoids their agglomeration.61 However, in our
study it is revealed that in spite of presence of RGO, the
uncoated Fe3O4 nanocomposite shows relatively low capaci-
tance value, thus indicating that the surface functional groups
and coating on the Fe3O4 nanoparticles play a key role in
prevention of agglomeration.
O and ATA–Fe3O4/RGO nanocomposite (ATA–Fe3O4 : RGO ¼ 1 : 1) in
A–Fe3O4/RGO nanocomposite (ATA–Fe3O4 : RGO¼ 1 : 1) in 1 M KOH
of ATA–Fe3O4/RGO nanocomposite (ATA–Fe3O4 : RGO¼ 1 : 1) in 1 M

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25630a


Fig. 6 Nyquist plot of experimental and fitted impedance data for
ATA–Fe3O4/RGO nanocomposite (ATA–Fe3O4 : RGO ¼ 1 : 1). Black
dot represents the experimental data whereas the red line corresponds
to the fitted data (inset shows the equivalent electrical circuit).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 2
:0

0:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The energy density of the nanocomposite is further calcu-
lated by employing the formula:

E ¼ 0.5CsV
2

where E is the energy density, Cs is the obtained specic
capacitance and V is the potential window. In our case the
energy density for Fe3O4/RGO (1 : 1) composite (at 1 mg ml�1) is
found to be 75 W h kg�1 for 6 A g�1 current, which is signi-
cantly higher than previously reported values 67 W h kg�1 for 5
A g�1.33 The power density of the same sample is also calculated
and is found to be 3500 W kg�1. These enhanced values are
observed on account of strong interactions between the ATA–
Fe3O4 and RGO, wherein the surface coating and p-conjugation
of ATA play an important part leading to an enhanced overall
performance of the supercapacitor.

3.2.3. Impedance spectroscopy. Electrochemical imped-
ance spectroscopy (EIS) is a non-destructive, easy and fast tool
to extract the kinetic information of the electrode materials62

wherein the data is obtained in the form of Nyquist plot where
the real part of impedance is plotted against the imaginary part
of the impedance (Z0 vs. �Z00).63 In our experiments, an a.c
perturbation voltage with a r.m.s value of 10 mV was applied
while the frequency was varied from 0.1–100 kHz. In order to
compare all the different electrode materials in a coherent way,
aer obtaining the impedance spectra all the data plots were
normalised by electrode surface area. The Nyquist plots shown
in Fig. 5 clearly indicate three distinct regions. At high
frequency the curves are semi-circular in nature; the bend
indicates the charge transfer resistance within the electrode
materials.64 In the low frequency region, a liner plot which
makes an angle 45� with the real axis is observed. This is known
as Warburg line, and the impedance corresponds to it is the
Warburg impedance49,65 which originates due to the frequency
dependent ion transport/diffusion at electrode electrolyte
interface.66 At very low frequencies, an almost vertical line
parallel to imaginary impedance axis is observed which corre-
sponds to ideal ion diffusion behaviour.67 Fig. 6 shows the
Nyquist plots for pristine RGO, pristine ATA–Fe3O4 and ATA–
Fe3O4/RGO (1 : 1) nanocomposites. The diameter of the
Fig. 5 Nyquist plot of experimental impedance data for ATA–Fe3O4,
RGO and ATA–Fe3O4/RGO nanocomposite (ATA–Fe3O4 : RGO ¼
1 : 1) in the frequency range of 100 kHz to 100 Hz. Inset shows the
zoomed view at high frequencies (>5 kHz).

This journal is © The Royal Society of Chemistry 2017
semicircle of the Nyquist plot provides the magnitude of the
charge transfer resistance.68 The inset of Fig. 6 shows less
circularity of impedance data corresponding to a smaller
charge-transfer resistance, which is favourable for super-
capacitor materials, thereby suggesting that the electrochemical
performance is enhanced due to the synergistic effect between
the ATA–Fe3O4 and RGO.69,70

The EIS data was further tted using a model equivalent
electrical circuit (inset of Fig. 6). The circuit corresponds to
a resistance (R1), which includes solution resistance and contact
resistance, a charge transfer resistance (R2) (occurring from
faradic redox reactions), a double layer capacitance (C1) at the
interface, a limit capacitance (C2)71 and a Warburg impedance
(W). The tted and the experimental data are plotted in Fig. 6
and it shows a residual c2 value of 0.022 conrming an excellent
tting. The values of each component of the equivalent elec-
trical circuit model was tabulated in Table S2 (ESI†). The small
value of R1 (�12 U) obtained from the tting also conrms
a better electrochemical performance of the supercapacitor
electrode material. The change in the nature of the Nyquist plot
with the increase in the cycling is also plotted (Fig. S12, ESI†),
wherein the X-axis of 2nd and 3rd plots is shied to enable
clarity. The nature and the shape of all the curves remain
similar, which suggests good electrochemical performance and
long term electrode stability.33,54 Only the magnitude of charge
transfer resistance is increased slightly,72 which may obstruct
ion transfer resulting in decrease in overall capacitance. The
increase in R2 values may occur, as discussed earlier, due to the
agglomeration of iron oxide particles during charging.73 This is
consistent with our nding from the charge–discharge analysis
where 14% of capacitance loss is observed aer 5000 cycles.

The long term charging discharging analysis and impedance
spectroscopy reects that there are no substantial morpholog-
ical and/or structural changes in the nanocomposites. However,
RSC Adv., 2017, 7, 327–335 | 333
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for further conrmation FTIR and SEM analysis were performed
before and aer the cycling.

To investigate any alteration in the functional groups, we
have carried out FTIR analysis of the sample before and aer
cycling (Fig. S13, ESI†) we can clearly infer that there is no
signicant change in the transmission spectra; indicative of no
structural alteration. Both spectra contain the identical bands.
The presence of –CONH linkage (�1570 cm�1) aer the cycling
clearly suggest that ATA is still attached to the nanoparticles
surface and the coating is not damaged (Fig. S13†). To spot any
signicant morphological change, SEM analysis was performed
on the ATA–Fe3O4 : RGO ¼ 1 : 1 sample before and aer the
charging/discharging cycling experiment. The SEM images are
shown in Fig. S14 (ESI†). From the gure, it is evident that there
is no substantial change in the microstructure. Apart from
agglomeration in few areas the nanoparticles remain intact,
which further conrms the long-term stability of the
nanocomposites.

4. Conclusions

In summary, a novel ATA–Fe3O4/RGO nanocomposite was
synthesized. The surface coating of Fe3O4 by ATA not only
provides stability to nanoparticles but also endows it with faster
charge transport via anchoring with the residual functional
groups of the RGO. The nanocomposite showed signicantly
higher capacitance values than the pristine Fe3O4 and RGO
components. At the optimized Fe3O4/RGO ratio (1 : 1), concen-
tration (1 mg ml�1) and loading (12 mg), a maximum capaci-
tance of 576 F g�1 was achieved (at 10 mV s�1). Likewise, a high
energy density of 75 W h kg�1 (at 6 A g�1) was also achieved at
the same ratio and concentration. The ATA–Fe3O4/RGO system
displays promising long term stability with the retention of 86%
of the capacitance even aer 5000 cycles. These results reveal
the potential use of ATA–Fe3O4/RGO nanocomposite for high
performance electrochemical energy storage applications.
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