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ABSTRACT: We have synthesized a ternary rGO/Fe;O,/PANI
(rGFP) composite for binder-free, semiflexible, thin, all-solid-state
supercapacitor device fabrication. A scalable soft-template technique
has been adopted for the preparation of three-dimensional Fe;O,-
decorated reduced graphene oxide (rGO)-doped polyaniline
(PANI) nanorods that are unambiguously investigated under
electron microscopes (FESEM and HRTEM). The presence of
PANI in the nanocomposite is overwhelmingly supported by the
absorption and vibration studies. Raman spectra convincingly show
the presence of rGO in the nanocomposites, and the formation of
Fe;O, nanoparticles is confirmed by XRD and XPS results. The
specific capacitance value that has been achieved for synthesized
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ternary rGFP nanocomposite is ~283.4 F/g at 1.0 A/g current density and exhibited a maximum energy density of 47.7 W h/kg
at a power density of 550 W/kg. Interestingly, after S000 cycles the composite shows excellent life stability that is a 78% retention
of the electrochemical property. To demonstrate the portable energy storage applicability, a binder-free rGFP-based
supercapacitor device was fabricated, which illustrated the operation of an LED bulb for 30 min when fully charged. These results
indicate that synthesized ternary nanocomposites are worth their potential as an electrode material and would be used in next-

generation high-rate energy storage systems.

B INTRODUCTION

The design and development of sustainable, low-cost, renew-
able, and high-performance energy storage devices have
important issues owing to the tremendous need for energy
consumption at every step in our modern daily lives.' > Among
the different energy storage devices, supercapacitors or
electrochemical capacitors are very promising in terms of
their portability, high efficiency, fast charge—discharge capa-
bility, long lifecycle stability, operational safety, and high power
density,""® with many advantages over batteries.” ” Different
kinds of materials such as metal oxides,'”'' carbon (CNTs/
graphene),'”"? composites,"* and polymers'>'® have been used
to make both symmetric and asymmetric supercapacitor
devices. A supercapacitor is generally operated by electrolytes,
and the choice of electrolyte is one of the important factors for
energy storage performance. Generally, conventional energy
storage devices are operated by a liquid electrolyte; however,
the safety issue limited their importance. Therefore, the
replacement of liquid electrolyte by a solid electrolyte or
separator is necessary for the development of lightweight,
safe,'” " flexible, thin energy storage devices.””*! Importantly,
a solid electrolyte supercapacitor effectively avoids the short-
circuit problem, caused by the leakage of electrolyte, diminishes
the mass loss of active materials, increases the mechanical
strength of devices, and many others. Additionally, packaging or
additive material is not necessary, and there is an effortless
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postprocess for device fabrication. Finally, thin all-solid-state
supercapacitors integrated with a microsensor and micro-
electronic devices are easily utilized as a dominant power
source.””*

Recently, ternary composites have been used as enhance
supercapacitor materials, namely, carbonaceous materials,
transition-metal oxides, and conducting polymers.'”™"° In the
case of carbonaceous material, graphene is well known because
of its unique electrical, mechanical, and chemical properties
with a high specific surface area.”’””" Among all of the metal
oxides/hydroxides, Fe;O, is one of the attractive materials used
for pseudocapacitor materials because its considerably large
operational potential window range (—1.2 to 0.25), high
theoretical capacitance value (2299 F/g), natural abundance,
low cost, and low toxicity make it suitable for use as an
electrode material.”** Additionally, in cyclic voltammetry,
single redox behavior contributing a pseudocapacitor property
to the composite material makes it a hybrid capacitor. The
nanostructure of a ternary composite by the combination of
PANI with graphene oxide and transition-metal oxides should
be an effective material for improving the stability and energy
storage capacity of a solid-state electrode. Although different
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Scheme 1. Schematic Presentation for the rGO/Fe;0, (rGF) and rGO/Fe;0,/PANI (rGFP) Composite Preparation
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ternary composites as electrode materials for electrochemical
capacitors are well known in the literature, the demonstration
of the solid-state binder-free device, which significantly restricts
their practical applications in supercapacitors, is rare. Again in
the conducting polymer families, polyaniline (PANI) is very
popular because of its easy synthesis, low production cost, high
thermal or environmental stability, high-range electrical
conductivity, and so on.'®**7*° Moreover, PANI can store
charges in the electrical double layer as well as by the Faradaic
charge-transfer mechanism. Hence, combining PANI with
graphene-based materials can increase the specific capacitance
of the composites. Apart from these nanostructures of PANI,
nanotubes have received more attention in the electrochemical
capacitor because of the high specific area of the electrode with
the slower diffusion path of the electrolyte.”””* Our group has
successively developed a simple synthesis technique for
polyaniline nanotubes with size and shape control using
graphene oxide.”* Our most recent study demonstrated that
graphene quantum dot-doped polyaniline nanotubes have
greatly improved the specific capacitance of the composite.'®

Here, we have reported the synthesis of ternary nanostruc-
ture materials for the fabrication of a high-energy-density
binder-free all-solid-state supercapacitor device. A facile,
scalable soft-template-based method has been developed to
make the ternary nanostructure. The synthesized ternary rGO/
Fe;0,/PANI (rGFP) composite shows nanorod-like morphol-
ogy, which has been directly used as the electrode material for
fabricating the binder-free solid-state hybrid supercapacitor
devices. The rGFP ternary composites have showed a relatively
high capacitance of ~283.4 F/g at 1.0 A/g current density in a
solid-state two-electrode system, rather than rGF and GO only.
The ternary rGFP composites have also exhibited a maximum
energy density of 47.7 W h/kg at a power density of 550 W/kg
with good lifecycle stability that includes a 78% retention of the
electrochemical property after 5000 cycles. Furthermore, an
rGFP-based supercapacitor device has been fabricated to
demonstrate the practical application of the materials by LED
illumination for up to 30 min.

B EXPERIMENTAL SECTION

Materials. Powdered graphite (12 500, 500 mesh), poly-
(vinyl alcohol) (PVA), iron(1I) chloride tetrahydrate (FeCl,:
4H,0), and iron(III) chloride (FeCl;) were purchased from
Sigma-Aldrich and used in the experiment without further
purification. Aniline (distilled under reduced pressure and
stored at S °C in the dark prior to use), hydrogen peroxide
(H,0,, 30% v/v), potassium permanganate (KMnOy,), sodium
nitrate (NaNOj), sulfuric acid (H,SO,, 98%), and phosphoric
acid (H;PO,, 85%) were supplied by Merck Chemicals. LED
bulbs (~1.5 V) were purchased from the local market. All
solutions were made in and all reactions were carried out in
water (18 MQ cm, Millipore Milli-Q water system).
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Characterization and Instrumentation. The surface
morphology of synthesized GO, rGO/Fe;O, (rGF), and
rGO/Fe;0,/PANI (rGFP) composites was characterized by
an FESEM (JEOL, JSM 6700F) instrument operating at S kV.
TEM imaging of all composites was carried out on an HRTEM
(JEOL, 2010EX) instrument at an accelerating voltage of 200
kV. UV—vis spectroscopy was performed with an Agilent
(model 8453) UV—vis spectrophotometer. FTIR spectroscopy
was carried out with an FTIR-8400S instrument (Shimadzu)
using KBr pellets. Powered XRD analysis was performed with a
Bruker AXS diffractometer (D8 advance) using Cu Ka
radiation (4 = 1.54 A), a generator voltage of 40 kV, and a
current of 40 mA. Thermogravimetric analyses (TGA) were
done with a TA thermal analysis system from 25 to 550 °C with
a heating rate of 10 °C/min under an N, atmosphere. An XPS
experiment on a synthesized rGFP composite was performed
by using a focused monochromatized Al Ka X-ray source
(1486.8 eV) in an Omicron Nano-Technology 0571 XPS
instrument. A Raman study was carried out with a Raman
spectrometer (model T-64000, Horiba-Jobin Yvon) excited
with a 514.5 nm laser. All electrochemical experiments such as
cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS)
were carried out using a CHI6087E electrochemical work-
station (CHIL, USA) with a two-electrode system as well as a
three-electrode system. CV and GCD studies were carried out
over the potential range of —0.2 to 0.9 V, and EIS studies were
performed in the 0.1 Hz to 100 kHz frequency range.

Preparation of the rGO/Fe;0, (rGF) Composite.
Synthesized GO (10 mg) was dispersed in 10 mL of water
by sonication to make a well-distributed GO solution. FeCl,-
4H,0 (100 mg) was added to a dispersed solution of GO with
a 1:10 w/w ratio of GO to FeCl,-4H,0O at room temperature
(25 °C) with vigorous stirring for 12 h. A color change of the
reaction from yellow to dark black was observed. Synthesized
rGF was washed several times with water by centrifugation.
Finally, the product was purified by a dialysis membrane (M,, =
10 000) for 24 h and dried overnight in vacuum at 60 °C.

Preparation of the rGO/Fe;0,/PANI (rGFP) Composite.
The rGFP composite was prepared according to Scheme 1. A
presynthesized rGF composite was dispersed in water (1.0 mg/
mL) with vigorous stirring. Aniline (1.0 mmol) was added to
the rGF suspension with continuous stirring for 8 h at 25 °C.
An aqueous FeCl; (5.0 mL, 1.0 mmol) solution was added
dropwise to the resulting mixture with stirring at the same
temperature for 30 min. The homogeneous reaction mixture
was kept at 0—5 °C for 24 h with mechanical stirring. Finally,
the green precipitate was washed with water and methanol
several times and dried under vacuum at 60 °C to get greenish-
black rGFP in powdered form.

PVA-H;PO, Gel Electrolyte Preparation. The PVA-
H;PO, gel was prepared according to a reported procedure
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Scheme 2. Schematic Presentation of Device Fabrication with Synthesized Ternary Composites
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Figure 1. FESEM morphology with a digital bottle image (inset) of synthesized (a) GO, (b) rGF, (c) rGFP, and (d) EDX patterns for the rGFP

composite.

with some modifcation.””*° Typically, 1.0 g of PVA pellets was
dissolved in 10 mL of water at 90 °C under constant stirring
until the solution became clear. After the solution was cooled to
25 °C, 1 mL of 85% concentrated H;PO, was added, and slow
stirring was continued until a clear solution was obtained. Later
on, a synthesized PVA-H;PO, gel was used as a solid electrolyte
for device preparation.

Electrode Preparation and All-Solid-State Super-
capacitor Device Fabrication. First, a paste of an rGFP
composite was prepared in N-methyl-2-pyrrolidone (NMP)
solvent with constant stirring at 25 °C for 2 h. A prepared rGFP
paste was deposited over a 1.5 X 2.5 cm” electrode surface area.
The uncoated part of the electrodes was used to connect
devices in series. After being coated, the electrodes were dried
in 60 °C under vacuum overnight. To make an all-solid-state
supercapacitor device, two prepared electrode were sandwiched
with the PVA-H;PO, gel electrolyte and dried at 60 °C
(Scheme 2). Three supercapacitor devices were connected in
series to complete the cell that produced a working potential of
~3.0 V and a glowing LED bulb (~1.5 V) for up to 30 min.

The specific capacitance (C; in F/g), energy density (E in W
h/kg), and power density (P in W/kg) were calculated from the
GCD curve based on eqs 1—3, respectively.'>*’

i X At
AV X m (F/g) (1)
_1 2
E= S X AV® x C, (Wh/kg) 2)
E
P= g Whe) ()

where i is the current (A), At is the discharge time (s), AV
represents the voltage windows (V), and m is the mass of the
materials (g).

A conventional three-electrode technique, a modified glassy
carbon electrode (GCE) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode, a Pt wire
electrode as the counter electrode, and 0.5 M H;PO, as a liquid
electrolyte were used. Prior to use, the GCEs (3 mm in
diameter, surface area of 0.07 cm”) were carefully polished with
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Figure 2. (a) TEM image of rGFP and (b) high -resolution image (inset image for SAED-patterned Fe;O, NPs).
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Figure 3. (a) UV—vis spectra of a water-dispersed solution. (b) FTIR spectra through a KBr pellet. (c) Raman spectra and (d) XRD pattern for

synthesized GO (black line), rGF (red line), and rGFP (green line).

1, 0.3, and 0.05 pm alumina powder and sequentially washed
with water and ethanol at room temperature until a mirror
finish was obtained.

B RESULTS AND DISCUSSION

Morphological Study. In this report, we demonstrate a
novel and simple route to the synthesis of PANI nanorods
doped with rGO-Fe;O, nanostructures (Figure 1). The 2D
sheetlike morphology of GO is shown in Figure la. Upon
treatment of GO with FeCl,-4H,O, the tiny Fe;O,-NPs are
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used to decorate GO sheets (Figure 1b). In the final step,
aniline is oxidized to form PANI nanorod-like morphology in
the presence of FeCl; as a mild oxidizing agent (Figure 1c). In
the high-magnification SEM (Figure lc, inset), it is found that
all of the nanorods are quite uniform in shape with ~100 nm
diameter and ~1-2 um length. The EDX pattern of rGFP
confirms that the composite has a high content of Fe (Figure
1d).

The nanorod-like morphology of the rGFP composite has
been further confirmed by the TEM image shown in Figure 2a.

DOI: 10.1021/acs.jpcc.6b10978
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Figure 4. (a) TGA study under an N, atmosphere for synthesized GO (black line), rGF (red line), and rGFP (green line). XPS survey spectra of the
ternary rGFP composite: (b) wide scan, (c) enlarged spectra of Fe2P, (d) N 1s, and (e) C 1s.

It is a surprising result as compared to our previous report,
where GO-doped PANI formed good aspect ratio nanotube-
like morphology.”* The in-situ-synthesized spherically shaped
Fe;0, nanoparticles are quite homogeneously distributed on
the PANI nanorod. Particles are not seen clearly because they
are covered with PANIL The very careful observation of the
Figure 2b fringe was present with a layer-to-layer distance of
~0.25 nm that exactly matches the (311) plane of the Fe;O,
nanoparticle in the XRD study and SAED pattern (inset image
of Figure 2b).>’

UV-Vis, FTIR, Raman, and XRD Study. The UV-—vis
spectra of water-dispersed GO, rGF, and rGFP composites are
shown in Figure 3a. The GO have two distinct absorption
peaks at ~230 nm corresponding to the 7—7z* transition of the
aromatic C—C bond and a broad shoulder at 310 nm ascribed
to the n—z* transition of C=0 bonds.”***** The absorption
peak at 230 nm (z—z* transition of the aromatic C—C bond)
for GO is shifted to 263 nm in rGF. This red shifting of ~33
nm occurs because of the increase in the conjugation length,
revealing the reduction of graphene oxide (GO) to reduced
graphene oxide (rGO).>*** In the rGFP composite, these peaks
are not detectable owing to the large background of PANI. As
the peaks for GO and rGO disappear concurrently, three
characteristic absorbance peaks for PANI emerge at ~356, 435,
and 864 nm, respectively. The absorption peak at ~356 nm is
ascribed to the 7—7z* transition of benzenoid rings and that at
435 nm is ascribed to the polaron—7z* transition, and a
dominant peak at ~864 nm represents the m—polaron
transition of PANI chains.”*">**® Therefore, the absorption
results clearly suggest the formation of PANI using FeCl; as an
oxidizing agent and the simultaneous in situ reduction of GO to
rGO.

To prove the formation of GO and rGO-doped PANI in the
composites, FTIR studies of composites were performed
(Figure 3b). The stretching vibrational band (black line in
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Figure 3b) at 1725 cm™ for yC=0O of the —COOH group,
1623 cm™" for epoxide groups, and 1400 cm™" for skeletal ring
vibrations as well as tertiary C—OH groups present at the edge
of the GO sheet and a broad band at 3460—3600 cm™" for yO—
H proved GO formation.”””” Again, after polymerization, the
appearance of stretching bands at ~3430, 1588, 1468, 1285,
1115, and 796 cm™ reveal the formation of PANI in the
composite. The characteristic stretching vibrations at 3430
cm™! for yYN—H, 1588 cm™" for yC=C of quinoid rings, 1468
cm™! for yC=C of benzenoid rings, 1284 cm™" for yC—N for
the secondary aromatic amine, and 1102 and 796 cm™! for the
C—H aromatic in-plane and out-of-plane deformation for the
1,4-disubsituted benzene support the formation of PANL**72¢

In the Raman spectra (Figure 3c), GO, rGF, and rGFP have
a couple of Raman-active bands, with the D band at 1345 cm™
and the G band at 1595 cm™ corresponding to defects or the
edge and the vibration of sp*hybridized carbon, respectively.
Raman spectra show that an increase in the D/G ratio, from
~0.96 for GO to ~1.34 for rGF to 1.12 for rGFP, indicates the
formation of rGO during rGF and rGFP composite synthesis.”*
Apart from the D/G band ratio, two new peaks at 1160 cm™
and a little broad at 1490 cm™ appear for C—H vibrations in
the quinoid and semiquinone structure of PANI, reflecting the
formation of PANI chains on the surfaces of GO in rGFP
nanocomposites.

XRD studies of GO, rGF, and rGFP are shown in Figure 3d.
In the spectra, a strong peak at 20 = 11.2° appears for (002)
plane of GO. The XRD patterns of rGF composites have
exhibited peaks at 20 = 30.3, 35.7, 43.3, 53.7 , 57.3, and 63° for
the (220), (311), (400), (422), (333), and (440) planes of
Fe;0,. The 002 plane of GO disappeared in the rGF, and these
results suggest the in situ reduction of GO to rGO** and the
formation of the Fe;O, NPs on the rGO sheet.**” After the
polymerization of aniline to PANI, the peak position for Fe;O,
NPs of the rGF remains the same, along with a broad signature

DOI: 10.1021/acs.jpcc.6b10978
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Figure S. An all-solid-state electrochemical measurement for synthesized GO, rGF, and rGFP was carried out with the two-electrode method: (a)
CV study at a scan speed of S0 mV/s, (b) GCD measurement at 1 A/g current density, (c) Nyquist plot of the rGFP composite-based flexible device
in the 0.1 to 100 000 Hz frequency range, and (d) bar plot for specific capacitance with a different composite (inset digital image for a PANI-coated

single electrode).

appearing at ~25° that indicates the amorphous nature of
PANI chains.”

The thermal stabilities of all synthesized composites have
been measured in a TGA study (Figure 4a), and all materials
have shown a mass loss of around 100 °C owing to the
evaporation of adsorbed moisture on their surfaces. A sharp
weight loss at 160—200 °C occurs for the decomposition of
surface functional groups such as carboxylic acid, hydroxide,
ketone, and epoxidefm’A'1 Compared to GO, the thermal
degradation of rGF in the 150—200 °C range is less owing to
the presence of fewer oxygen-containing groups, and it
indirectly supports the formation of rGO from GO by the in
situ method. It is noted that rGFP shows a 31.4% thermal
degradation (ie., 68.6% retention) up to S50 °C. The weight
loss of ~220 °C is for the dedoping of rGO from the PANI
main chain. The third weight loss starts at ~490 °C because of
the decomposition of PANI. It has been seen clearly that after
550 °C the temperature degradation values of GO, rGF, and
rGFP composite are 55.7, 49.6, and 33.4%, respectively.
Therefore, from the TGA study, it is concluded that rGFP
nanocomposites have a higher thermal stability than do pristine
GO and rGF.

The chemical composition and bonding nature of atoms for
the synthesized rGFP composite are further characterized by
XPS analysis. The peaks at ~290, 404, 536, and 717 eV in wide-
scan XPS spectra (Fi§ure 4b) confirm the presence of C, N, O,
and Fe, respectively."' The Fe;O, nanoparticle formation is also
revealed by the enlarged Fe 2p spectrum (Figure 4c), where
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peaks at 714.9 and 728 eV are characteristic of Fe 2p;,, and Fe
2py,, of Fe;0, nanoparticles.””** The enlarged scans for N 1s
(Figure 4d) of the rGFP composite were deconvoluted into
three subpeaks at 401.5, 402.4, and 403.5 eV correspond to
imine (—N=), amine (—NH-), and protonated amine
(=N"*=) respectively.'®**** The high-resolution C 1s spec-
trum has been deconvoluted into three subpeaks at 281.3,
283.2, and 283.8 eV for C=C/C—-C, C—N/C-0, and C=0,
respectively (Figure 4e), accompanying the formation of
PANL 1626

Electrochemical Measurement of an All-Solid-State
Hybrid Supercapacitor. Recently, it has been demonstrated
that the supercapacitor property of the polyaniline-based
nanocomposite is modulated by the morphological change of
the composite, and the presence of a nanorod in the composite
has significantly influenced the enhancement of the capacitive
performance of the composite as an electrode material. For
practical applications of these materials, liquid electrolyte is
replaced by the solid electrolyte to fabricate a thin all-solid-state
supercapacitor device. The capacitive nature of synthesized
composites has been measured by the classical two-electrode
method.'”"”*” The electrochemical performance of the
prepared composite-modified electrode has been tested by
CV, GCD, and EIS. For a comparison of the capacitive
property of rGFP, two other devices have been prepared by
synthesized GO and rGF composites. To prove the effect of
Fe;0,-NPs on the electrochemical study, another similar device
has been prepared on the basis of the synthesized rGO/PANI

DOI: 10.1021/acs.jpcc.6b10978
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Figure 6. Electrochemical measurement (using the three-electrode system) of synthesized composites: (a) CV study (scan rate of S0 mV/s), (b)
GCD study (at 1 A/g current density), (c) electrochemical impedance study (Nyquist plot, in the 0.1—100 000 Hz range), and (d) a bar plot for
specific capacitance. All measurements were made in a 0.5 M H3;PO, aqueous solution.

composite using FeCl; as an oxidant, and its electrochemical
behavior is shown in Figure S2.

Cyclic voltammetric studies of all synthesized composites
have been recorded at a scan rate of SO mV/s within the —0.2
to 0.9 V potential window (Figure Sa). The CV result clearly
shows two oxidation peaks at 0.2 and —0.05 V for
leucoemeraldine to emeraldine to pernigraniline as well as
two reduction peaks at 0.1 and 0.37 V for pernigraniline to
emeraldine to leucoemeraldine, revealing the formation of
PANI in the rGFP nanocomposites. The energy storage
capacity of any redox-active electrode material in the electrolyte
is generally described by eq 4

9. =

Tyt (4)

qelectrolyte qelectrode

where g, is the total charge stored in the electrode, gejecioyte 18
the charge stored due to the electrolyte (it is influential for the
redox electrolyte), qg is charge stored due to the double-layer
capacity, and g, is the charge stored for the redox-active
electrode material. If a measurement is carried out over the
potential (AV), then quecroge/ AV should vary significantly with
the applied potential because of the redox nature of the
electrode material (Faradaic behavior). On the contrary, g3/AV
should be independent of the applied potential because it is
non-Faradaic in nature. It does mean that the CV of GO should
be independent of the potential. However, in experiments the
CV curve weakly depends on the potential because of the
presence of a functional group at the edge of the GO surface.
Unlike the double-layer capacitance in GO, both rGF and rGFP
show dominant pseudocapacitance behavior that is required for
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the electrochemical performance of the hybrid supercapacitor
devices. Current density and the area under the CV curve are
higher for the rGFP composite than for GO and rGF, signifyin

the high charge-storage capacity of the rGFP nanorods.'®”

The presence of both double-layer capacitance from graphene
oxide and pseudocapacitance from polyaniline chains as well as
Fe;0, nanoparticles is significantly beneficial to realizing rGFP
as a high-performance hybrid supercapacitor material.

The charge storage properties of the composites are further
tested by the GCD method. Figure 5b illustrates the GCD
study at 1 A/g current density of all synthesized GO, rGF, and
rGFP composites. Unlike the conventional triangular shape of
the GCD curve observed for GO only, a quasi-triangular shape
of GCD curves is obtained for rGF and rGFP, confirming the
presence of both the double-layer capacitance of GO and the
pseudocapacitance of polyaniline chains as well as Fe;O,
nanoparticles. The longer charge—discharge time is over-
whelmingly observed for the rGFP composite, and it supports
the enhancement of the charge-storage property with the
presence of PANI in the hybrid system. The specific
capacitance (C,) value has been calculated from the GCD
curve using eq 1163045

Electrochemical impedance spectroscopic (EIS) studies of
GO, rGF, and rGFP composites have been measured in the
range of 0.1 to 100 kHz to evaluate the ability of different
transport processes occurring in the composites. The high-
frequency region, impedance spectrum generally depends on
the charge-transport process, whereas the low-frequency region
dominates the mass-transport process. The relative importance
of the transport process solely depends on the steady-state
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value of the potential at which the EIS measurement has been
performed. The negligible semicircle response has been
observed in the higher-frequency region for rGF and rGFP if
results are presented in the Nyquist plot (Figure Sc), revealing
the significantly low interfacial charge-transfer resistance. The
high-frequency region indicates low (8.3 Q) equivalent series
resistance and also the 2.03 Q charge-transfer resistance of
composite materials.””** The slope of the vertical line in the
Nyquist plot in the low-frequency region is around ~70°
indicating the nearly ideal capacitive behavior of the nano-
rods.””***7>* The calculated specific capacitance (C,) values
obtained for synthesized GO, rGF, and rGFP composites are
5.5, 66.4, and 283.4 F/g, respectively, through our design of the
all-solid-state two-electrode sandwich system (Figure Sd).
Three-Electrode Electrochemical Performance of a
Synthesized Composite. To compare the above results using
a two-electrode system with a three-electrode system, a series of
electrochemical experiments of three synthesized composites
(GO, rGF, and rGFP) have been carried out (Figure 6) using
the modified glassy carbon electrode (GCE) as a working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, a Pt wire electrode as the counter electrode, and 0.5
M H;PO, as a liquid electrolyte. As before, the CV results
clearly demonstrate two oxidation peaks at 0.2 and —0.05 V for
leucoemeraldine to emeraldine to pernigraniline as well as two
reduction peaks at 0.1 and 0.37 V for pernigraniline to
emeraldine to leucoemeraldine, revealing the formation of
PANTI in the rGFP nanocomposites (Figure 6a). Both rGF and
rGFP revealing the dominantly pseudocapacitance behavior as
compared to GO in the three-electrode system. The current
density and the area under the CV curve are also higher for the
rGFP composite than for GO and rGF, indicating the high
charge storage capacity of rGFP. The quasi-triangular shape of
the GCD curve has been observed for GO, rGF, and rGFP,
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confirming the presence of both the double-layer capacitance of
GO and the pseudocapacitance of polyaniline chains as well as
Fe;O, nanoparticles. A longer charge—discharge time is also
observed for the rGFP composite in three-electrode systems
(Figure 6b). Impedance studies also reveal the negligible
semicircle response observed in the higher-frequency region for
rGF and rGFP as shown in the Nyquist plot (Figure 6c),
indicating the low interfacial charge-transfer resistance. The
estimated specific capacitance (C,) values obtained for these
composites using the three-electrode system are 136.9, 269.2,
and 631.7 F/g, respectively (Figure 6d). It is worthwhile to
note that the estimated value of the specific capacitance (C;) of
rGFP in the three-electrode system is 2 times higher than that
of the two-electrode system.

The cartoon design of the symmetric all-solid-state super-
capacitor device is shown in Figure 7a. The rGFP nanorod
exhibits good capacitive behavior in CV within the scan speed
ranging from 10 to 400 mV/s, and the working potential
window is —0.2 to 0.9 V (Figure S1). GCD studies with various
current densities (0.5 to S0 A/g) are illustrated in Figure 7b,c.
The quasi-triangular shape of the charge—discharge curves, not
perfectly straight lines, implies that faradic transformation
occurs, and it confirms the pseudocapacitance behavior in the
composite materials over the range of current densities.***’ To
evaluate the performance of the rGFP composite for gractical
application, a Ragone plot is the best demonstration.””** The
energy density vs power density calculation for the symmetric
device is plotted on the Ragone diagram (Figure 7d) from
GCD curves. The maximum energy density that is achieved for
our laboratory-made devices is 47.7 W h/kg at a power density
of 550 W/kg for ternary rGFP nanocomposites. Obviously, the
energy density delivered by the rGFP composite is higher than
that of the rGF nanocomposite because part of the
pseudocapacitance from the PANI nanorod is contributing to
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the total capacitance. The power density and energy density of
our design device are better than for some previously
symmetrical devices.”**>* A fabricated all-solid-state super-
capacitor device based on the rGFP composite shows little
mechanical strength at 9.2 MPa, and the elongation due to
breakage is 4.2 MPa (Figure SS).

The long-term lifecycle stability of the prepared composite
device has been tested for up to 5000 cycles through a repeated
charge—discharge process at 1 A/g current density (Figure 8a).
After 5000 cycles, ~78% property retention occurs, proving the
excellent long-term cycling stability of rGF materials. The
making of all solid-state devices that avoids the weight loss of
active materials during the repeated charge—discharge process,
as a result of long-term stability, has been achieved.
Furthermore, the voltage has been monitored by a multimeter
(roughly) for a single device having dimensions of 2.5 cm X 1.5
cm, and it is ~1.02 V each (Figure 8b—d).

Finally, we have demonstrated LED bulb (operating voltage,
~1.5 V) lighting for real applications (Figure 8ef) by
connecting three such devices in a series (where each device
provided ~1.02 V). After the device was charged, the LED
glowed very well for about 30 min, showing the impressive
application of our solid-state supercapacitor devices (Support-
ing Information video).

B CONCLUSIONS

We have synthesized an rGO/Fe;0,/PANI nanocomposite by
a soft-template-based method that is characterized with the
help of UV—vis, IR, SEM, TEM, XPS, XRD, and Raman
studies. Subsequently, these composites are utilized to fabricate
all-solid-state semiflexible and binder-free supercapacitor
devices. The thin supercapacitor device shows excellent
electrochemical energy storage performance such as a high
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specific capacity, high energy density, high power density, and
excellent cycling stability (78% retention after the S5000th
cycle). The double-layer capacitance from rGO and the
pseudocapacitance from Fe;O, nanoparticles and PANI
nanords jointly assist to improve the high-performance all-
solid-state hybrid charge storage properties. Moreover, for
practical application we demonstrate LED light illumination
using our design supercapacitor device based on synthesized
rGO/Fe;0,/PANI materials and its glow for up to 30 min.
Thus, the nanorods have the potential to make significant
flexible and portable supercapacitors via energy storage
technology.
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