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reduced graphene oxide and
aniline based redox additive electrolyte for
a flexible supercapacitor†

K. Vijaya Sankar,a R. Kalai Selvan,*a R. Hari Vigneshb and Y. S. Lee*b

Nitrogen-doped reduced graphene oxide (N-rGO) with a layered structure was prepared by a simple

hydrothermal method. Structural and elemental analysis revealed the successful doping of N atoms into the

carbon sites of graphene. The presence of wrinkles and folds in the transmission electron microscope

images provided evidence for the excellent flexibility of the prepared N-rGO. Additionally, the curved edges

further illustrated the implantation of N atoms in the carbon sites of graphene. The unreduced oxygen

functional groups and N atoms provided additional pseudocapacitance to the N-rGO. The flexible N-rGO

fiber supercapacitor exhibited a 5.7 times higher specific capacitance with the aniline additive than without

the additive. The maximum specific capacitance was 2.02 F m�1 at 5 mV s�1. Finally, a serially connected

device was integrated with a commercially available solar cell and used to power a light emitting diode in

different flexible modes, after charging up to 2.2 V. All these results demonstrate that the fabricated device

can be a suitable energy storage device for various flexible energy storage applications.
1. Introduction

Flexible electronic devices, including displays, implantable
medical devices, and bendable smart phones, have created new
revolutions in the electronic industry. However, their exibility
depends on the energy storage device. Thus, the research
community is under pressure to fabricate exible energy storage
devices. The device exibility is determined by the appropriate
choice of current collector and electrolyte. Fiber-based current
collectors are better than planar electrodes because of their
high exibility and small size. Polymer gel electrolytes have
many advantages over aqueous electrolytes: there are no pack-
aging problems, they do not leak, and they do not require
separators. Polymer gel electrolytes also offer improved safety,
a reduction of the internal resistance, exibility, easy device
integration, environmental stability, and a low weight.1–4

Batteries, supercapacitors (SCs), and conventional capacitors
(CCs) are the existing energy storage devices on the market for
multifunctional applications. In the near future, SCs will likely
occupy a foremost place in energy storage devices due to their
excellent cycling stability, higher power density than batteries,
higher energy density thanCCs, good safety record, lack ofmemory
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effects, low cost, and good rate capability. However, SCs store only
a nite quantity of energy compared to batteries. The challenge is
to improve the energy density of SCs without losing their excellent
power density (the energy density mainly depends on the specic
capacitance and the square of the working potential window).

SCs can be categorized into three types based on their charge
storage mechanism and electrode conguration: (i) pseudocapa-
citor (PC), (ii) electric double-layer capacitor (EDLC), and (iii)
hybrid supercapacitor (HC). The charge storagemechanism of PCs
occurs by a surface redox reaction or by a charge transfer reaction.
PCs deliver a high energy density and a high specic capacitance
but have less cycling life due to the irreversibility of the redox
reaction, material degradation, volume expansion, and phase
transformation. So far, conducting polymers and transition metal
oxides (suldes, hydroxides) have been explored as electrode
materials in PCs. EDLCs store the charges through non-faradaic
reactions or by the formation of an electric double layer at the
electrode/electrolyte interface. They show an excellent life cycle,
high power density, good electronic conductivity, ideal capacitive
behavior, no phase change, and are easy to fabricate. However,
EDLCs lack energy density. Various carbon-based nanostructured
electrode materials were investigated for use in EDLCs. Similarly,
the HC stores the charge by both faradaic and non-faradaic elec-
trochemical reactions at the electrode/electrolyte interface. HCs
possess a high energy density, high potential window, good cycle
life, and good specic capacitance. However, the mass and charge
balance between the positive and negative electrodes is important
to achieve excellent electrochemical performances from HCs.

EDLCs are considered as ideal energy storage devices for
futuristic applications.5–7 The energy density of EDLCs may be
This journal is © The Royal Society of Chemistry 2016
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improved by using carbonaceous electrode materials, e.g.,
activated carbon, carbon nanotubes, carbon aerogels, and gra-
phene.7 Among these, graphene is one of the best electrode
materials due to its many fascinating properties (e.g., high
electronic conductivity, high tensile strength, good exibility,
optical transparency, chemical stability, high surface area, and
high theoretical specic capacitance).8–10 However, the main
drawback of graphene sheets is the re-stacking problem that
occurs from strong van der Waals attractions. One solution is to
use pseudocapacitive and electric double layer materials as
spacers to reduce the re-stacking problem.9,11–13

Recently, the doping of heteroatoms (N, B, S, and P) has
emerged as a remedy to overcome the re-stacking problem
because it also improves the wettability and provides an addi-
tional pseudocapacitance. Among the reported heteroatoms, N is
superior due to its electron donor properties (the presence of ve
valence electrons attracts more protons and generates a pseudo-
capacitance).14,15 Various methods have been adapted to synthe-
size heteroatom-doped graphene, such as chemical vapor
deposition, thermal treatments, plasma treatments, ball milling,
arc-discharge, and wet chemical methods.12 Of these methods,
the wet chemical method is superior due to its low cost, low
reaction temperature, ease of synthesis, mass sample production
from solution-based precursors, and ease of heteroatom
doping.12 Similarly, the electrochemical performance of the
device can be further improved by using redox additive electro-
lytes. Here, the redox additive is adsorbed on the active electrodes
and undergoes redox reactions at particular potentials, which
provide additional pseudocapacitance to the device. Various
redox additives were used for SCs.9 Aniline was chosen as the
redox additive due to its high electronic conductivity, low cost,
high exibility, and number of oxidation states.13

Here, the objective is to fabricate N-doped rGO-based exible
ber SCs. The N-doped reduced graphene oxide (N-rGO) was
prepared by a simple hydrothermal method and acid-treated
melamine (ATM) was used as the N source. Subsequently, to
improve the electrochemical performance of the device,
different amounts of aniline were used as a redox additive in the
polymer gel (polyvinyl alcohol (PVA) + H2SO4) electrolyte. Here,
for the rst time, aniline used as redox additive and identied
the optimum concentration for the better performance. The
fabricated symmetric (N-rGOkPVA + H2SO4 + anilinekN-rGO)
exible ber SC exhibited an excellent electrochemical perfor-
mances. The aniline used device provided 5.7 times higher
length capacitance than (N-rGO|PVA + H2SO4|N-rGO) device.
Finally, the fabricated device was integrated with commercial
solar cells (CSCs) at different conditions (normal, spiral, zigzag,
and ring modes) to test the real-time applications.
2. Experimental methods and
materials
2.1. Preparation of acid-treated melamine

Melamine (1 g) was dissolved (with stirring) in ethanol (20 mL)
to create a saturated solution. Aer a fewminutes, HNO3 (0.2 M,
60 mL) was added to the solution with vigorous stirring that
This journal is © The Royal Society of Chemistry 2016
continued for 10 min. Finally, the sample (ATM) was washed
with ethanol and dried at 60 �C overnight.

2.2. Preparation of N-doped reduced graphene oxide

The synthesis of graphene oxide (GO) was previously re-
ported.10,11 GO (40 mg) was dispersed in doubly distilled water
(40 mL). Separately, ATM (10 mg) was dissolved in distilled
water (5 mL) and added dropwise into the GO solution with
stirring. Aer a 2 h, the solution was transferred to a Teon-
lined autoclave and placed in a muffle furnace at 180 �C over-
night. When the reaction was complete, the autoclave was
cooled to room temperature. The nal product was washed with
distilled water and dried at 80 �C overnight. The same proce-
dure was used to prepare rGO, but without the use of ATM.

2.3. Characterization of materials

The phase purity and compound formation were examined
using X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu Ka
radiation. Fourier transform infrared spectroscopy (FT-IR,
Bruker Tensor 27) was used to determine the presence of
oxygen functional groups and the doping of N heteroatoms. The
sample defects were characterized using Raman microscopy
(Renishaw inVia Raman Microscope, He–Ne laser: 633 nm, 18
mW). The morphological features of the samples were analyzed
using high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2100). Further, elemental analysis was
performed using X-ray photoelectron spectroscopy (XPS,
Thermo Scientic MultiLab 2000).

2.4. Electrode and exible ber supercapacitor fabrication

N-rGO, carbon black, and polyvinylidene diuoride were mixed
at a ratio of 80 : 15 : 5 using in N-methyl-2-pyrrolidine solution
(0.4 mL). The mixture was ground for one hour to create
homogeneous slurry. Then, stainless steel bers (length¼ 6 cm)
were dipped into the slurry and dried at 60 �C for overnight in
a hot air oven. The measured active material loading was 2 mg.

The device was prepared using a polymer gel electrolyte.
Initially, polyvinyl alcohol (PVA, 0.5 g) was added to 30mL of hot
water with stirring until a clear solution was achieved. Then,
H2SO4 (1 M, 10 mL) was added dropwise with vigorous stirring.
The polymer gel electrolyte was stirred until the solution level
reached 10 mL. This electrolyte was named PAH000. The same
procedure was adopted to prepare a polymer gel electrolyte with
different amounts of the aniline redox additive (0.025 mL, 0.050
mL, 0.075 mL, and 0.100 mL). The electrolytes were named
PAH025, PAH050, PAH075, and PAH100, respectively. Finally,
the ber electrode was dipped into the transparent gel electro-
lyte for 5 min and dried under an air atmosphere for 1 h 30 min.
The polymer gel electrolyte coated two N-rGO ber electrodes
were sandwiched together in symmetric (N-rGOkPVA + H2SO4 +
anilinekN-rGO) congurations. The electrochemical perfor-
mance of the devices were examined by cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD), and electrochemical
impedance analysis using a Bio-Logic VMP3 multi-channel
potentiostat. Finally, the three fabricated devices were serially
connected and integrated with CSCs in different congurations.
RSC Adv., 2016, 6, 67898–67909 | 67899
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3. Results and discussions
3.1. Structural and morphological investigation

The XRD patterns of rGO and N-rGO (Fig. 1(a)) exhibit a broad
peak around 20–30�, which indicates the reduction of GO to
rGO. The calculated interlayer spacing of N-rGO was approxi-
mately 0.39 nm, which is higher than that for graphite (0.34
nm).11 This larger interlayer spacing indicates the reduction of
van der Waals forces of attraction, p–p interactions, and elec-
trostatic interactions between the individual graphene sheets.16

These weak interactions may be due to the reduction of conju-
gated carbon atoms in the basal plane of the rGO and N-rGO
sheets.16 Similarly, the XRD pattern of N-rGO further indicates
that the doping of N atoms did not affect the structure of N-rGO
because there were essentially no differences between the XRD
patterns of rGO and N-rGO. Additionally, the absence of addi-
tional peaks in both samples reveals the phase purity of the rGO
and N-rGO samples.

Raman spectroscopy was performed to analyze the presence
of defects in the rGO and N-rGO samples (Fig. 1(b)). Raman
spectroscopy is a non-destructive technique for the investiga-
tion of carbon-based materials. The spectra for rGO and N-rGO
contain two well dened D and G bands, which are located at
1353 cm�1 and 1590 cm�1, respectively. The D band is associ-
ated with the presence of defects in the graphene sheets and is
a combination of edge and structural changes (A1g symmetry
mode of vibration). Similarly, the G band illustrates the emis-
sion phonon from the rst-order zone midpoint and is related
to sp2 carbon vibrations in graphene domains (E2g mode of the
sp2 carbon atoms).11,16–18 The peak intensity of the D band (ID)
was higher than the intensity of the G band (IG), which indicated
the presence of defects in both samples. Generally, the degrees
of defects and disorder were derived from the intensity ratio, ID/
IG. The calculated ID/IG ratios were 1 and 1.091 for rGO and N-
rGO, respectively. The higher ID/IG value for N-rGO indicated
that the nitrogen atom doping increased the small sp2

domains.19 In other words, the increasing ID/IG ratio reveals the
conversion of sp3-hybridized carbons to sp2-hybridized carbons
or an increased defect density for N-rGO.19 The shi of the D
and G bands of N-rGO to higher wavenumbers indicated doping
of the nitrogen atoms in the graphene sheets or bonding
between N and C.16,20 This indicated that the N atoms were
Fig. 1 (a) X-ray diffraction patterns, (b) Raman spectra, and (c) FT-IR spe

67900 | RSC Adv., 2016, 6, 67898–67909
successfully doped into the graphene sheets by using melamine
as N source.17

Fig. 1(c) shows the FT-IR spectra of the rGO and N-rGO
samples. The spectrum of rGO contained three different
bands located at 1260 cm�1 (C]O), 1576 cm�1 (sp2-hybridized
C]C), and 1735 cm�1 (C]O). It also revealed the presence of
some oxygen functional groups even aer the hydrothermal
reduction. Similarly, N-rGO also showed the same functional
groups. Compared to rGO, the peak observed at 1265 cm�1 was
broader for N-rGO. This may be due to the presence of the C–N
stretching vibration at 1250 cm�1. The spectrum also
conrmed the doping of nitrogen atoms in the carbon sites of
graphene. This result further substantiates the XRD and
Raman results.

XPS was performed for the rGO and N-rGO samples to
identify the different functionalities (Fig. 2). Fig. 2(a) shows the
XPS survey spectra for both samples. Two prominent peaks were
observed at binding energies of 284.6 and 531.94 eV, which
correspond to C1s and O1s, respectively. The intensity of the
C1s peak was higher than the O1s peak, which revealed the
partial reduction of functional groups (e.g., C]O and C–O/C–O–
C). Interestingly, a small N1s peak was observed at 400 eV in N-
rGO. It further conrmed that rGO was doped with N atoms.
The calculated atomic amounts of C, O, and N in N-rGO were
80.36 wt%, 16.87 wt%, and 2.77 wt%, respectively. Similarly,
rGO contained 83.98 wt% C and 16.02 wt% O. The deconvoluted
high-resolution spectra of C1s (Fig. 2(b and c)) suggested the
presence of C–C, sp2 carbon, C]O, and p–p* shake-up features
corresponding to the binding energies of 284.6, 286.02, 287.98,
and 290.92 eV, respectively. Among these, the observed prom-
inent peak at 284.6 eV conrms the presence of graphitic
carbon.21 Similarly, the deconvoluted high-resolution O1s
spectra (Fig. 2(d and e)) corroborated the existence of C]O (at
531.34 eV) and C–O/C–O–C (at 533.15 eV) functional groups.
The atomic percentages of the C]O and C–O/C–O–C functional
groups in N-rGO were 5.56 wt% and 10.35 wt%, respectively; the
atomic percentages of the same functional groups in rGO were
3.16 wt% and 10.03 wt%, respectively. N-rGO contains more
active oxygen functional groups than rGO. Yang et al. reported
a similar result for N-rGO prepared by a microwave-assisted
hydrothermal method.22 Additionally, the deconvoluted N1s
spectrum (Fig. 2(f)) indicated the presence of pyrrolic N (2.28
ctra of the rGO and N-rGO samples.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) XPS survey spectra for rGO and N-rGO samples, (b and c) high-resolution XPS spectra of C1s in rGO and N-rGO, (d and e) high-
resolution XPS spectra of O1s in rGO and N-rGO, respectively, and (f) high-resolution XPS spectrum of N1s in N-rGO.
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wt%) and oxidized N (0.68 wt%) with corresponding binding
energies of 399.64 and 402.92 eV, respectively. The pyrrolic
nitrogen reduced the charge transfer resistance, improved the
electrochemical performance, and provided a good electro-
chemical reversibility for the devices in aqueous
electrolytes.22–25

The TEM images (Fig. 3(a and b)) show that the prepared N-
rGO was optically transparent, which revealed that it contained
few layered graphene sheets than rGO. The observed curved
Fig. 3 (a and b) TEM and (c) HRTEM image (inset: SAED pattern) of prep
electrolyte coated N-rGO electrode and (f) N-rGO electrode after 20 cy

This journal is © The Royal Society of Chemistry 2016
edges, wrinkles, and folds in the N-rGO may be due to the
doping of nitrogen atoms in the carbon sites, creating defects in
the sheets.19 These wrinkles and folds on the surface of the N-
rGO indicated good exibility of the material and conrm the
suitability of N-rGO for the fabrication of exible ber SCs.
Additionally, the curved edges of the N-rGO inhibit the re-
stacking of individual graphene sheets, which supports the
XRD results. The inhibition of stacking favors the easy acces-
sibility of electrolyte ions and enhances the specic capacitance
ared N-rGO, (d) SEM images of N-rGO coated electrode, (e) polymer
cles.

RSC Adv., 2016, 6, 67898–67909 | 67901
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Fig. 4 Comparative (a) CV curves of the fiber rGO supercapacitor at 5
mV s�1, (b and c) representative CV curves of PAH075 at different
cycles and different scan rates, and (d) the scan rate dependence of
length capacitance.
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of the material. The HRTEM image of N-rGO (Fig. 3(c)) shows
the presence of a few layered graphene sheets. There were no
clear diffraction fringes due to the low crystallinity, the presence
of oxygen functional groups on the graphene sheets, and the N-
doping of the sample. Further, the selected area electron
diffraction pattern (inset of Fig. 3(c)) shows diffraction rings
with low intensity spots, indicating the non-crystalline nature of
N-rGO.26

The SEM images envisaged the coating of N-rGO (Fig. 3(d))
on ber substrate and polymer gel electrolyte (PVA + H2SO4 +
aniline) coated N-rGO electrode (Fig. 3(e)). It can be seen that
the N-rGO slurry was evenly coated on the surface of the ber
substrate. Similarly, Fig. 3(e) reveals that the active material was
uniformly wrapped by the polymer gel electrolyte without any
defects or cracks. It is believed that this uniform smooth surface
of the electrode will provide good exibility for fabricated
device. In addition, this gel electrolyte coating strictly prevents
the detachment of active material from ber substrate. Fig. 3(f)
shows the SEM images of the N-rGO single electrode aer 20th
Fig. 5 (a) CV curves of N-rGO electrode at 5 mV s�1, photographic image
(e) FT-IR spectrum of the N-rGO after 25th cycle (inset: photograph of t

67902 | RSC Adv., 2016, 6, 67898–67909
cycles in aqueous 1MH2SO4 + 0.075mL aniline. It can be clearly
seen that the formation of thin PANI layer over the fabricated
electrode aer cycling. It clearly evidenced that the N-rGO ber
electrode had smooth surface and also N-rGO completely
wrapped with PANI. Hence, the N-rGO acts as conductive
substrate and also enhances the electrochemical activity.
3.2. Electrochemical analysis of the fabricated symmetric
device

The exible ber SC was designed by sandwiching a polymer gel
electrolyte (PVA + H2SO4 + aniline) between two N-rGO-based
electrodes.25,27 Cyclic voltammetry was performed to deter-
mine the nature of the charge storage mechanism, to optimize
the operating potential window, and to understand the effect of
the aniline concentration on the electrochemical performance
of exible ber N-rGO-based SCs. Fig. 4(a) shows the compar-
ative CV curves (at 5 mV s�1) of the symmetric device with and
without the addition of aniline. A rectangular CV curve with
a small broad hump was observed for the device without
aniline, which indicated that the device stored the charge based
on an ideal capacitive mechanism by the adsorption of elec-
trolyte ions at the electrode/electrolyte interface and a fast
surface redox reaction.2 The presence of oxygen functional
groups improved the surface wettability, electroactive surface
area, and favoured the easy accessibility of electrolyte ions.28

The partially unreduced oxygen functional groups provided
additional pseudocapacitance to the material and offered a new
path to oxidize aniline to polyaniline.14,29,30 The atomic
percentage of N1s may be more favorable for enhancing the
electrochemical performance of the material. Recently, Li et al.
reported that the optimum atomic weight percentage of N1s was
2.97 wt%; above this value, the specic capacitance, rate capa-
bility, and coulombic efficiency deteriorated.31 The observed
redox properties originated from the unreduced oxygen func-
tional groups (eqn (1)–(3)) and the available N-heteroatoms (eqn
(4)).10,32,33

pC–OH 4 pC]O + H+ + e� (1)

–COOH 4 –COO� + H+ + e� (2)
s of the fabricated device after (b) 10th, (c) 20th, and (d) 30th cycles, and
he scratched material dispersed in distilled water).

This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra11521g


Paper RSC Advances

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 V
an

de
rb

ilt
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

19
/0

7/
20

16
 0

7:
15

:2
7.

 
View Article Online
pC]O + e� 4 pC–O� (3)

–CH–NH2 + H2O 4 –CH–NHOH + 2e� + 2H+ (4)

The presence of oxygen functional groups and N atoms
provided a supplementary pseudocapacitance to the device.
Furthermore, a pair of oxidation and reduction waves was
realized by adding aniline as a redox additive. The peak currents
and area under the CV curves increased with the concentration
of aniline from 0.025 mL to 0.1 mL, which indicated improved
charge storage for the devices. The amount of charge stored in
the device is given by the area under the CV curve. The exible
ber N-rGO SC covers more current area in PAH025, PAH050,
PAH075, and PAH100 than PAH000 because of the conversion of
aniline to polyaniline.

To identify the activity of the aniline redox additive in the
electrolyte, a CV cycling stability test was performed. The
representative CV curves for the N-rGO device prepared using
0.075 mL of aniline are shown in Fig. 4(b) at various cycles. No
signicant current increase was observed due to the redox
properties during the initial 10 cycles. This conrmed that the
exible ber SC stored the maximum amount of charge by
double layer capacitance rather than pseudocapacitance up to
10 cycles. Aer 10 cycles, an outstanding pair of redox waves
clearly indicated that the aniline monomers were adsorbed on
the surface of the electrodes and were completely converted to
polyaniline. The oxidation potential of aniline was lower than
the rst cycle, due to the self-catalytic effect of polyaniline
(PANI).34

In Fig. 4(b), the rst oxidation wave at 0.65 V (25th cycle)
suggested the conversion of the fully reduced state of leucoe-
meraldine to the half-oxidized polaronicemeraldine salt form of
PANI. In contrast, the oxidation peak recorded at 0.88 V implied
the transition of the half-oxidized emeraldine state to the fully
oxidized dipolaronic pernigraniline state. The corresponding
reduction waves were observed at 0.75 V and 0.31 V. This
conrms the good electrochemical reversibility of PANI during
the charge–discharge process. Here, the N atoms were present
in the amines of leucoemeraldine and in the imines of perni-
graniline. The amine to imine ratio was approximately 1 for
Fig. 6 (a) Nyquist, (b) Bode, and (c) admittance plots of the N-rGO fiber

This journal is © The Royal Society of Chemistry 2016
emeraldine.34 The absence of any additional peaks between the
above-mentioned peaks indicated that there was no degrada-
tion of PANI.35

Fig. 4(c) explains the effect of the scan rate on the CV curves
for the optimized PAH075. The peak current values increased
with increasing scan rates because the peak current is directly
proportional to the scan rate. Similarly, the oxidation peak
shied towards a higher positive potential, and the reduction
peaks dried toward a lower potential. At a higher scan rate, the
peaks broadened due to the electrode resistance. A pair of redox
peaks occurred even at a higher scan rate of 50 mV s�1, sug-
gesting the fast electron transfer from PANI to the current
collector via N-rGO. Irrespective of the scan rate, the two pair of
redox regions with potential independent current regions vali-
dated the co-existence of pseudocapacitive and electric double-
layer (EDL) capacitive properties.10 Similar observations were
noted for the other electrodes (Fig. S2(b–d)†). However, at high
aniline concentrations (PAH100), these peaks disappeared and
a new peak emerged that indicated the degradation of PANI into
soluble and insoluble products at a high scan rate (such as
benzoquinone, quinoemine end-groups, and ortho-coupled
polymers).35 In addition, the redox peaks were largely broad-
ened compared to PAH025, PAH050, and PAH075 because of the
high electrode resistance. This led to a drastic loss of the
specic capacitance in PAH100. The length specic capacitance
of the device was calculated from the CV results using the
following equation:

Cl ¼

ð
idt

l � V � n
F cm�1 (5)

here,
ð
idt refers to the current area under the CV curve, l is total

length of the device (cm), V is the potential window of the device
(V), and n is the scan rate (mV s�1). Fig. 4(d) compares the effect
of the scan rate on the length capacitance of the devices. The
calculated length capacitances of the device were 0.36, 0.77,
1.33, 2.02, and 2.05 F m�1 in PAH000, PAH025, PAH050,
PAH075, and PAH100 electrolytes, respectively. This demon-
strates that the length capacitance increased with respect to the
aniline concentrations. The length capacitance improved by 5.7-
fold, when aniline was used as a redox additive. This improved
supercapacitor (PAH075) at various cycles.

RSC Adv., 2016, 6, 67898–67909 | 67903
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length capacitance may be ascribed to the fast faradaic reaction
of polyaniline. Similarly, the hydrophilic property of polyaniline
also improved the wettability of the electrode and supported the
fast accessibility of the electrolyte ions into the electrode.36

However, the loss of the length capacitance was considerable at
high aniline concentrations due to the increase of the electrode
resistance, irreversibility of the redox reactions, and increased
degradation of PANI. The length capacitance losses were 39%,
43%, 47%, 47%, and 72% for PAH000, PAH025, PAH050,
PAH075, and PAH100, respectively. A small length capacitance
loss implied a good rate capability for the device. In all cases,
the devices delivered a high length capacitance at a low scan
rate that decreased when the scan rate increased. The shorter
time for electrolyte ion use with the active electrode material led
to a reduced length capacitance.37

To validate the self-catalytic effect, electrochemical analysis
was performed in a three-electrode system in the presence of
aniline as a redox additive (Fig. 5(a)). The rst oxidation peak
was at 0.75 V vs. Ag/AgCl during the 1st cycle, which shied to
a lower oxidation potential of 0.45 V vs. Ag/AgCl for the 2nd cycle.
This was due to the self-catalytic effect of PANI. Subsequently,
the peak current increased with successive cycles.34,38 These
results further suggested the co-existence of pseudocapacitive
and double-layer capacitive mechanisms. Aer 25 cycles, the
peak current diminished, which indicated the irreversibility of
the PANI electrochemical reaction and complete conversion of
PANI.34 The conversion of the aniline monomer to polyaniline
was explained elsewhere.34–36 During the electrochemical
oxidation, the aniline in the polymer electrolyte was adsorbed
on the surface of the N-rGO electrode through the electrostatic
interaction between the negatively charged unreduced oxygen
Fig. 7 GCD curves of the N-rGO fiber supercapacitor at different curren
gel electrolytes.

67904 | RSC Adv., 2016, 6, 67898–67909
functional groups of N-rGO and the positively charged amino
group of aniline. Initially, the aniline monomer was converted
into cation radicals by releasing an electron. Then, the lone
electron in the cation radical was delocalized into the para-
position. Subsequently, it reacted with another cation radical to
produce the head to tail addition. The lone electron delocalized
cation radicals reacted with aniline to produce intermediate
products that reacted with another aniline molecule to produce
polyaniline. This process continued until the oxidation of
aniline was complete.35,36

The photographs in Fig. 5(b–e) support the above postulates.
The light green color on the surface of the electrode (Fig. 5(b))
indicated the polymerization of aniline starts at the 10th cycle.
Subsequently, aer the 20th cycle (Fig. 5(c)), the green color was
clearly visible on the surface of the electrode. It indicated that
the concentration of polyaniline increased in the subsequent
cycles. Aer the 30th cycle (Fig. 5(d)), the entire surface of the
electrode was green, which provided evidence for the complete
formation of polyaniline. Surprisingly, there were no short
circuits during the electrochemical reaction due to the insu-
lating property of polyvinyl alcohol. To validate the above
observations, the green material was scratched off the ber
electrode and dispersed in doubly distilled water. The dispersed
solution appeared as green colour (inset: Fig. 5(e)), which
supports the formation of PANI. This supports the formation of
polyaniline.

FT-IR analysis was performed aer the 30th cycle (Fig. 5(e)). It
showed the presence of the characteristic peaks of PANI in
addition to the oxygen functional groups of N-rGO. The C]C
stretching modes of the benzenoid and quinoid rings of PANI
were observed at 1514 and 1573 cm�1, respectively. Further, the
ts in (a) PAH000, (b) PAH025, (c) PAH050, (d) PAH075, and (e) PAH100

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Variation of length capacitancewith applied current, (b) change in energy density with power density, and (c) representative cycle life of
rGO fiber supercapacitor in PAH075 over 15 000 cycles.
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overlapped N-Q–N-Q stretching band at 1134 cm�1 indicated
the existence of covalent bonding between N-rGO and PANI and
revealed the conversion of the aniline redox additive to PANI
during the electrochemical cycling. Additionally, a C–H bending
vibration was observed at 2936 cm�1. Surprisingly, a broad band
was observed around 3250 cm�1, which is related to the
stretching vibration of N–H and O–H bonds. These modes were
not observed for the pristine rGO and N-rGO electrodes. The
presence of N–H bonds supports the fast charge transfer
between N-rGO and PANI.29,39–43

Electrochemical impedance spectroscopy was performed
(frequency range: 0.10 MHz to 10 mHz, perturbation potential:
10 mV) to understand the charge transfer kinetics at the
electrode/electrolyte interface, the internal resistance, the
diffusive resistance, and the capacitive behavior of the device.
The device behaved as a resistor in the high-frequency regions
and as a capacitor in the low-frequency regions. In general, the
Nyquist plot consisted of three different regions. The high
frequency region describes the equivalent serial resistance
(RESR) of the device. RESR is the combination of the interfacial
resistance at the current collector and the active material, the
intrinsic resistance of the active material, and the solution
resistance. A small semicircle was observed in the mid-
frequency region. The diameter of the semicircle indicated the
charge transfer resistance at the electrode/electrolyte interface
Table 1 Summary of the comparative electrochemical performance of

Material Length capacita

rGO 27 mF cm�1

Multi-walled carbon nanotube/ordered mesoporous
carbon

1.91 mF cm�1

Carbon nanotube 29 mF cm�1

Ink pen-based active electrode 0.504 mF cm�1

Activated carbon 0.1 mF cm�1

rGO/CNT 5.3 mF cm�1

Carbon microber bundles coated with MWCNT 6.3 mF cm�1

Ni3S2||pen ink 8.16 mF cm�1

PPy/MnO2/rGO 15.5 mF cm�1

N-rGO 21.25 mF cm�1

This journal is © The Royal Society of Chemistry 2016
(RCT). Similarly, the low-frequency region, a tail, claried the
capacitance of the device. If the tail had a phase angle of 90�

from the real axis, then the device had an ideal capacitive
behavior and a low diffusive resistance. When the tail had
a phase angle of 45� from the real axis, the device had a highly
diffusive resistance and pseudocapacitive properties. A phase
angle from 45� to 90� indicated the coexistence of both prop-
erties.10,11,18 The Nyquist plot (Fig. 6(a)) shows that the inter-
section of a semicircle in the high-frequency region on the real
axis of impedance (or RESR) is almost the same up to the 25th

cycle (i.e., 6.64, 6.54, 6.46, and 6.94 U for the 1st, 10th, 20th, and
25th cycles, respectively). The RESR value drastically increased
and reached 12.68 U at the 30th cycle, which led to a decrease of
the device capacitance. In contrast, the charge transfer resis-
tance decreased up to the 20th cycle, such as 7.86, 6.51, and 5.28
U for 1st, 10th and 20th cycle respectively. A smaller RCT value
indicated a fast charge transfer rate due to the good electrical
contact between N-rGO and the substrate. Aer that, the charge
transfer resistance increased to 9.027 U and 10.87 U for the 25th

and 30th cycles, respectively. A higher RCT value indicated a slow
charge transfer rate, which may be due to an increase of the
PANI thickness on the surface of the electrode material. In other
words, it may be due to the low percolation threshold because
only the top layer can provide the capacitance.44 In contrast, the
tail was shied toward the real axis of impedance with
N-rGO with previous reports

nce Current density/scan rate Electrolyte References

2 mA PVA/H2SO4 46
10 mA PVA/H3PO4 47

1 � 10�7 A PVA/H3PO4 48
0.083 mA cm�2 PVA/H2SO4 49
40 mA PVA/H3PO4 50
0.1 mA cm�2 PVA/H3PO4 51
2 mV s�1 PVA/H3PO4 52
0.2 A g�1 PVA/KOH 53
11 mA cm�3 PVA/H3PO4 54
5 mA PVA + H2SO4 + aniline Present work
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Fig. 9 (a and b) Schematic representation of charging and discharging
mode of device and (c–f) glowing of an LED with different
configurations.

Table 2 Summary of the comparative cyclic stability of N-rGO with previous reports

Device Capacitance retention (%) Cycles References

PANI/graphene|PVA + H3PO4|PANI/graphene 89 1000 56
Functionalized graphene|6 M KOH|functionalized graphene 88 10 000 57
CNT@PANI|PVA + H2SO4|CNT@PANI 91 800 58
PANI|1 M H2SO4|PANI 78 1000 59
PANI/CSA|0.5 M H2SO4|PANI/CSA 88 500 60
G-PNF|H2SO4|G-PNF 79 800 61
PANI|H2SO4|PANI 73 2000 62
PANI/graphene/PANI|H2SO4|PANI/graphene/PANI 84 1000 63
PANI|PVA + H2SO4|PANI 86 1000 64
GH-PANI/GP|PVA + 1 M H2SO4|GH-PANI/GP 85.6 5000 65
rGO-F/PANI|H2SO4|rGO-F/PANI 80 5000 66
N-rGO|PVA + H2SO4 + aniline|N-rGO 72 15 000 Present work
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increasing cycles, which indicated an increase of the pseudo-
capacitive property of the device in the low-frequency region.
These results revealed that aer the 25th cycle, the equivalent
serial and charge transfer resistance values largely increased
and the tail shied toward the real axis (this supports the CV
results). Fig. 6(b) shows the Bode plot of the device. The phase
angle decreased with cycling, which indicated an increase of the
pseudocapacitive nature of the device, in agreement with the CV
curve. Additionally, the broad peak in the high-frequency region
corresponded to the diffusive resistance of the device. The peak
shied toward the high-frequency region up to the 20th cycle,
which revealed a decrease of the diffusive resistance of the
device. The reduction of the diffusive resistance of the ions into
the device improved the electrochemical accessibility of elec-
trolyte ions and the capacitance of the device.11 Then, the peak
shied to a lower frequency, which was due to the increased
diffusive resistance of the device and reduced the capacitance of
the device.11,18 The knee frequency (calculated from the admit-
tance plot Fig. 6(c)) increased with an increasing number of
cycles (up to the 20th cycle) followed by a small shi toward the
lower frequency region. The knee frequencies were 3.63, 5.38,
7.98, 5.38, and 1.65 Hz. In contrast, the relaxation time
decreased up to the 20th cycle and then increased. The relaxa-
tion time corresponded to the device change from resistive
behavior to capacitive behavior. The calculated relaxation times
were 274, 185, 125, 185, and 602 ms for the 1st, 10th, 20th, 25th,
and 30th cycles, respectively. Overall, the initial cycles were
crucial to enhance the electrochemical performance of the
device, which signicantly enhanced the capacitance behavior
by increasing the pseudocapacitive contribution from the redox
additive, changing the charge transfer, diffusive, and equivalent
serial resistances, and inducing the conversion of aniline to
PANI.

The GCD analysis was performed without aniline and with
various concentrations of aniline to further validate the CV
results. Fig. 7(a–e) shows the GCD curve of devices at different
currents. Fig. 7(a) shows linear charge and discharge behaviors,
with a maximum contribution from the EDLC capacitance
rather than Faradic capacitance. The short discharge time was
due to the dominant ideal capacitive charge storage mecha-
nism. However, when aniline was used as the redox additive
67906 | RSC Adv., 2016, 6, 67898–67909
(Fig. 7(b–e)), the charge/discharge curves were nonlinear and
two redox plateau regions were observed, which demonstrated
the faradaic charge storage mechanism of PANI. The discharge
time increased due to the combination of diffusion-controlled
charge storage mechanisms.34 The GCD curve supported the
data from the CV curves, which demonstrated the coexistence of
both EDL capacitive and pseudocapacitive properties.45 The
operating current of the device was remarkably improved in the
presence of aniline as a redox additive. Hence, aniline played
a dual role of increasing both the capacitance and the current of
the device. The length capacitance values were calculated from
the discharge curve at different currents and the values are
shown in Fig. 8(a). The length capacitance of the device was
found to be higher in the presence of aniline than in its
absence. The maximum length capacitance of 21.25 mF cm�1

was delivered by the device at a current of 5 mA in the PAH100
electrolyte (this value was predicted from the discharge curve).
However, at higher aniline concentrations, the length capaci-
tance loss was massive with currents. PAH075 was determined
as the optimum electrolyte for the device based on its excellent
electrochemical performance, low electrode resistance, lesser
capacitance loss, and fast charge transport from PANI to the
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 The (a) charging mode of device with CSC and (b and c) powering of green & red LEDs.
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current collector via N-rGO. The length capacitance was higher
than or comparable to previous reports which was given in
Table 1.55 The energy and power density are two essential
parameters for evaluating the electrochemical performance of
a device. From the Ragone plot (Fig. 8(b)), one can see that the
device delivered a high energy density with aniline as a redox
additive. The maximum delivered energy density of the fabri-
cated device was 295 � 10�8 W h cm�1 at a power density of 312
mW cm�1. To demonstrate the suitability of the device for a long
life, the cycling stability of one representative device (PAH075)
was carried over 15 000 cycles at a current of 7 mA (Fig. 8(c)).
The length capacitance decreased initially and maintained 86%
of its initial capacity until the next 6500 cycles. This may be due
to the low wettability of the electrode materials during the
initial charge–discharge. Surprisingly, the length capacitance of
the device increased to its initial value and was maintained for
up to 11 200 cycles. Aer 11 200 cycles, the length capacitance
value decreased gradually to 72% capacity retention. The reason
for the loss of the length capacitance at higher charge discharge
cycles was attributed to the presence of PANI. PANI underwent
a volume expansion and contraction during the charging–dis-
charging cycles. However, the capacitance retention was
comparably higher than that previously reported for function-
alized graphene and PANI-related devices (Table 2). From the
above analysis, PAH075 was found to be an excellent polymer
gel electrolyte for N-rGO exible ber SCs based on the elec-
trochemical performances, e.g., capacitance, capacitance
retention, energy density, and cyclic stability.
3.3. Real time applications

Despite its excellent electrochemical performances, the device
must be tested for practical applications. To address the suit-
ability of the device in real time applications, three exible ber
N-rGO SCs were serially connected to power light emitting
diodes (LEDs). To meet the wider demand of N-rGO SCs, the
devices were charged in different exible modes, e.g., normal,
spiral, zigzag, and ring using a CSC. Each electrode was 6 cm
long with a 1 V potential window. Fig. 9(a) shows the schematic
representation of charge storage mechanism of N-rGO by CSC.
During charge, the H+ and SO4

2� ions from electrolyte were
approached to the oppositely charged electrodes and adsorbed
on the surface of the electrode.

Additionally, the PANI was undergone oxidation reaction.
Subsequently, the stored charge was used to glow the red LED.
This journal is © The Royal Society of Chemistry 2016
In this situation, the ions from electrode are back to diffusive
layer and PANI gets reduced (Fig. 9(b)). The device was charged
(video given in ESI†) up to 2.2 V using a CSC for a few seconds
and was able to power the LED for a few minutes. Fig. 9(c–f)
represents the discharging modes of the device in different
exible congurations. Even in exible modes, the device
powered the red LED. This demonstrates the excellent power-
delivery capability of the device during the exible congura-
tions, e.g., spiral, zigzag, and ring-type. It illustrates that the
fabricated device is reliable for integration with various energy
conversion devices and will be useful for energy storage in
exible displays, bendable mobile phones, and other electronic
goods.

In order to identify the durability and potential of driving
different coloured LEDs (for different voltage), the fabricated
spiral supercapacitors (10 months older), is charged with the
help of CSC. Interestingly, the device was charged within few
seconds (Fig. 10(a)), and it could power both green and red
LEDs for minutes (refer attached videos†). It indicates that the
good power deliverable capability of the device. Even aer
fabricating 10 months later, the device has power greatly both
green and red LEDs (Fig. 10(b and c)).
4. Conclusions

The fabricated exible ber rGO devices showed an excellent
electrochemical performance. The pyrrolic N provided addi-
tional pseudocapacitance and improved the wettability of the
material. Similarly, the presence of the partially unreduced
oxygen functional groups enhanced the pseudocapacitance and
converted the aniline to polyaniline during the electrochemical
reaction. Surprisingly, the capacitance and energy density
improved using aniline as a redox additive in the PVA + H2SO4

gel electrolyte. The conversion of aniline to polyaniline
contributed additional pseudocapacitance to the N-rGO during
cycling. At higher aniline concentrations, the length capaci-
tance loss was higher than for lower concentrations of aniline
(which may be due to the low percolation threshold). In addi-
tion, the exible ber N-rGO devices showed an excellent
capacitance retention over 15 000 cycles. Thus, the polymer gel
electrolyte adds safety and exibility to the device in the process
of fabrication. The N-rGO device can be integrated with CSCs,
which illustrates the reliability of the device to combine with
other energy conversion devices. Finally, the excellent power
RSC Adv., 2016, 6, 67898–67909 | 67907
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delivery of the device in different exible congurations
conrms the suitability of the device for exible/wearable
applications.
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