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ABSTRACT: Highly ordered three-dimensional a-Fe,O;@
PANI core—shell nanowire arrays with enhanced specific areal
capacity and rate performance are fabricated by a simple and
cost-effective electrodeposition method. The a-Fe,O;@PANI
core—shell nanowire arrays provide a large reaction surface area,
fast ion and electron transfer, and good structure stability, which
all are beneficial for improving the electrochemical performance.
Here, high-performance asymmetric supercapacitors (ASCs) are
designed using a-Fe,O;@PANI core—shell nanowire arrays as
anode and PANI nanorods grown on carbon cloth as cathode,
and they display a high volumetric capacitance of 2.02 mF/cm?
based on the volume of device, a high energy density of 0.35
mWh/cm?® at a power density of 120.51 mW/cm? and very
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good cycling stability with capacitance retention of 95.77% after 10 000 cycles. These findings will promote the application of a-

Fe,O;@PANI core—shell nanowire arrays as advanced negative electrodes for ASCs.
KEYWORDS: a-Fe,0;@PANI, hybrid, core—shell nanowire, negative electrode, supercapacitor

1. INTRODUCTION

Supercapacitors have mainly been employed as energy sources
for back-up power devices, hybrid electronic vehicles, and
renewable energy systems due to their high power density, long
cycling life, safety, and low maintenance costs.” However, in
order to meet the increasing energy density demands for next-
generation electronic devices, the energy density of super-
capacitor needs to be further improved. Compared with
symmetric supercapacitors (SSCs), the asymmetric super-
capacitors (ASCs) demonstrate better performance because of
their much wider voltage windows and thus the increased
energy density.”> The ASC devices typically consist of a
cathode as the energy source and an anode as the power
source.*® Due to their large surface area, excellent electrical
conductivity, and outstanding stability, carbon-based materials
have been widely used as anodes for ASCs."® However, the
low specific capacitance (Cy,) of carbon materials severely
limits the energy density of ASCs according to the equation of
1/C = 1/Cy + 1/Cq (C,, capacitance of anode; C.,
capacitance of cathode).

In order to improve the energy density of ASCs, it is highly
desirable to explore new anode materials with high capacitance
and conductivity. In this regard, some new negative electrodes,
such as MoO,_,,”"* Fe,03,'""* and some metal nitrides'>"*
have been developed for ASCs. Among these negative
electrodes, hematite (a-Fe,0;) holds great promise for ASCs
because of its high theoretical Cj,, suitable potential window,
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low cost, abundance, and nontoxicity. 516 However, due to its

-4 ACS Publications  © 2015 American Chemical Society

14843

poor electrical conductivity, its electrochemical performance is
mostly inferior.'” Tremendous efforts have been devoted to
address this issue, including two main directions: nanostruc-
tures and composites. The unique nanostructures, such as
nanoparticles,lg’19 nanotubes,'>?° and nanoflakes,*"** provide a
short transport path for ions, a highly active contact area, and
an effective buffer during charge—discharge processes.”
Another strategy is to combine these nanostructures with
conductive materials including carbon-based materials'”** and
conducting polymers.'®**~>” However, carbon coatings, which
are realized usually by thermal decomposition of carbon
precursors, usually cause environmental problems because of
the formation of volatile organic compounds, CO and CO,, and
sometimes lead to the inferior reconstruction of materials.***’
The conductive polymer coating will be a good route for the
enhancement of C, and stability of a-Fe,O;.

Herein, we first fabricated @-Fe,O; nanowire arrays on
carbon cloth by electrodeposition followed by an annealing
process in air. Subsequently, a thin PANI was electrodeposited
on the a-Fe,0; nanowires and finally the highly ordered 3D a-
Fe,O;@PANI core—shell nanowire arrays were obtained.
Compared with pure a-Fe,Ojelectrode, the a-Fe,O;@PANI
electrode has better electrochemical performance with a twice
increase in Cg, from 33.93 to 103 mF/ cm’. In addition, a high-
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Scheme 1. Schematic Illustration of the Electrode Fabrication and a Magnified View of a Single a-Fe,0;@PANI Core—Shell
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Figure 1. SEM images of (a) a-Fe,0; and (b) a-Fe,O;@PANI; (c) TEM image, (d) HRTEM image, and (c, inset) the corresponding SAED pattern

of the a-Fe,O;@PANI core—shell nanowire.

performance ASC was designed with a-Fe,O;@PANI nano-
wires grown on carbon as anode and PANI nanorods grown on
carbon cloth as cathode, and it displayed a high volumetric
capacitance of 2.02 mF/cm?® a high energy density of 0.35
mWh/cm?® at the power density of 120.51 mW/cm® based on
volume of the whole device, and very good stability with C
retention of 95.77% after 10 000 cycles.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Electrode Materials. All the chemical
reagents used in this study were of analytical grade (AR). The
electrodeposition was carried out in a simple two-electrode cell via
galvanostatic electrolysis, and the graphite electrode was used as a
counter electrode (spectral grade, 1.8 cm?). Carbon cloth (0.5 X 2
cm?) was used as the working electrode for electrodeposition, and it

was washed with ethanol and water, successively, in an ultrasonic bath
for 5 min.

2.1.1. Synthesis of Negative Electrode. First, metal Fe nanowire
arrays were electrodeposited in a solution of 9 g/L FeCl;-6H,0 + 14
g/L (NH,),C,0,H,0 at a current density of 4 mA/cm® at room
temperature for 40 min. Then, a-Fe,0; nanowire arrays were obtained
by calcining Fe nanowires at 500 °C for 2 h in air with a speed of 3
°C/min. Finally, a thin PANI film was electrodeposited on the a-
Fe,0; nanowires in a solution 0.01 M aniline + 0.1 M H,SO, with a
current density of 2 mA/cm?” at room temperature for 5 min.

2.1.2. Synthesis of Positive Electrode. PANI nanorods was
electrodeposited on carbon clothin a solution 0.1 M aniline +1.0 M
H,SO, with a current density of 2 mA/cm” at room temperature for
20 min.

2.2. Fabrication of ASC. The ASC device was assembled using a-
Fe,O;@PANI electrode (0.35 cm?) and PANI electrode (0.35 cm?)
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Figure 2. (a) XRD patterns of the prepared Fe, a-Fe,0;, and a-Fe,0;@PANI; (b) Raman spectrum of the prepared a-Fe,O3, PANI, and a-Fe,O;@
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Figure 3. XPS spectra of the prepared a-Fe,O;@PANI: (a) survey, (b) Fe 2p, (c) O 1s, and (d) N 1s.

with a separator (NKK separator; Nippon Kodoshi Corporation,
Kochi, Japan) sandwiched between the two electrodes. A Na,SO,, (1.0
M) aqueous solution was used as the electrolyte. To avoid leakage of
the electrolyte, the entire device was sealed by two pieces of PET
membranes with a small part of electrode kept outside.

2.3. Material Characterization and Electrochemical Meas-
urements. The morphologies, microstructures, and compositions of
products were characterized by field-emission scanning electron
microscopy (FE-SEM, JSM-6330F), X-ray diffractometry (XRD, D-
MAX 2200 VPC), transmission electron microscopy (TEM, Tecnai
G2 F30), photoelectron spectroscopy (XPS, ESCA Lab250) and
Raman spectroscopy (Nicolet NXR 9650).

The electrochemical measurements of the electrodes were carried
out in a standard three-electrode electrolytic cell in a 1.0 M Na,SO,
aqueous solution. A graphite electrode was used as a counter electrode.
A saturated calomel electrode (SCE) was used as the reference
electrode. The cyclic voltammometry and chronopotentiometric
measurements were performed on a CHI 760 E electrochemical
workstation (CH Instruments, Inc.) to determine the electrochemical
properties. The EIS was conducted in the frequency range between
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0.01 Hz and 100 kHz with an amplitude of 5 mV at the open-circuit
potential.

3. RESULTS AND DISCUSSION

The a-Fe,O;@PANI core—shell nanowire arrays on carbon
cloth were achieved by electrodeposition, as illustrated in
Scheme 1, and the electrodeposition has been proven an
efficient method for synthesis of nanomaterials.’** SEM images
of a-Fe,0; nanowire arrays before and after coating a thin film
of PANI show that the nanowire arrays were uniformly grown
on the surface of carbon fiber (Figure 1la,b). The core—shell
nanostructure of a-Fe,O;@PANI was confirmed by TEM. As
shown in Figure lc,d, the PANI is uniformly coated on the
surface of a-Fe,O; nanowire. The length of the core—shell
nanowire is ~375 nm. The diameter of Fe,O; nanowire is
~20.3 nm, and the thickness of PANI shell is ~8.3 nm. The
lattice spacing of 0.25 nm corresponds to the (110) crystal
plane of a-Fe,0;, and a clear twin plane is seen in Figure 1d.
The selected-area electron diffraction (SAED) pattern in the
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Figure 4. (a) CVs at a scan rate of 100 mV/s; (b) summary plots of areal specific capacitance versus different scan rates; (c) GCD curves at a current
density of 0.86 mA/cm?; (d) summary plot of areal specific capacitance versus different current density; (e) EIS spectrum; (f) cycle stability at 100
mV/s for 2500 cycles for a-Fe,0; (black curves) and a-Fe,O;@PANI (red curves), which were tested in three-electrode system with 1.0 M Na,SO,

as the electrolyte.

inset of Figure lc shows the polycrystalline structure of a-
Fe,0;. The PANI layer is amorphous, and no crystal plane is
seen in Figure 1d.

The a-Fe,O;@PANI core—shell nanowire arrays were
further studied by XRD and Raman spectroscopy as shown
in Figure 2, respectively. As shown in Figure 2a, we first
obtainded Fe nanowires on carbon cloth during the first-step
electrodeposition (PDF# 06-0696), and then annealed them in
air at 500 °C for 2 h with a speed of 3 °C/min to form o-
Fe,0;.'%*"? The peaks of a-Fe,O; are clearly seen in Figure
2a (PDF# 33-0664). After PANI coating, the peaks of a-Fe,O;
decrease in intensity, and this can be attributed to uniformly
coating PANI on the surface of a-Fe,O; nanowires. Except for
the strong peaks, there are a broad peak and a weak peak
(marked with star symbol) that are belong to the carbon cloth
substrate (PDF# 41-1487). In Figure 2b, a-Fe,O; nanowires
show the characteristic Raman peaks at 225, 293, 411, and 1300
cm™.>>3 After PANI coating, these peaks decrease in intensity
and some other new peaks appear at 1165 cm™ (C—H bending
of benzenoid rings), 1497 cm™ (C=N stretching of the
quinoid rings), and 1595 cm™" (C—C stretching of benzenoid
rings).>*** In addition, two distinct peaks at 1323 and 1395
cm™' can be assigned to the stretching vibrations of C—N*
fragments, indicating the emeraldine salt of PANI, which is a
highly electrical conductive form.** These results reveal that
PANI is coated on the surface of a-Fe,O; nanowires. Figure 3a
presents XPS survey of a-Fe,O;@PANIA nanowire arrays,
which shows four elements (Fe, O, N, and C) existing in the
sample. The fine XPS spectra of Fe 2p, O 1s, and N 1s are
displayed in Figure 3b—d. As shown in Figure 3b, except for
two shakeup satellites at ~718.9 and 732.4 eV, two major peaks
centered at around 711.0 eV for Fe 2p;,, and 724.6 eV for Fe
2py/, with a spin energy separation of 13.6 eV, which is in good
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agreement with the reported value for a-Fe,0;.'>*® The O 1s
spectrum shown in Figure 3c can be deconvoluted into three
components. The bands at 529.8, 531.3 and 533.1 eV can be
assigned to the oxygen bond of Fe—O, Fe—O—H, and H-O—
H, respectively.'>”” The N 1s spectrum shown in Figure 3d
shows that most of the nitrogen atoms are in the form of amine
(=NH-) centered at 400.04 eV in benzenoid amine or amide
groups. Two small additional peaks suggest that some nitrogen
atoms exist as imine (=N—) form centered at 399.3 eV and
positively charged nitrogen (N*) form centered at 401.08
eV.**3? Therefore, the PANI is coated on the surface of Fe,0,
nanowire arrays successfully, and this is in line with the results
of XRD and Raman.

The electrochemical studies of a-Fe,O; nanowire arrays and
a-Fe,O;@PANI core—shell nanowire arrays on carbon cloth
were conducted by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance
spectroscopy (EIS) in a three-electrode system in 1.0 M
Na,SO, electrolyte. As shown in Figure 4a, the a-Fe,O;@PANI
core—shell nanowires electrode shows better capacitance than
pure a-Fe,O; nanowire electrode, and the summary plot of
areal C, versus different scan rates was displayed in Figure 4b.
In addition, the improvement of Cj, is also confirmed by the
GCD curves, which were displayed in Figure 4c. The summary
plot of C,, versus different current density was displayed in
Figure 4d, and the corresponding GCDs were displayed in
Figure Slc,d, (SI). The highest C,, of a-Fe,O;@PANI is 103
mF/cm?, which is twice that of pure a-Fe,O; (33.93 mF/cm?).
The improvement of C,; is attributed to the coating of PANI,
which is highly conductive and thus enhances the electrical
conductivity of the overall electrode. This can be seen more
clearly in EIS spectrum in Figure 4e. Compared with pure a-
Fe,O; electrode, the a-Fe,O;@PANI electrode has much

DOI: 10.1021/acsami.5b03126
ACS Appl. Mater. Interfaces 2015, 7, 14843—14850


http://dx.doi.org/10.1021/acsami.5b03126

ACS Applied Materials & Interfaces

Research Article

(a)

PET membrane

NKX separator

0-Fe,0,@PANI

(bl 6| —Fe203@pAN

NE —— PANI@CC

S 4]

<z

£’

£,]

5

=2

N

ot

=-6-

&} @ 100 mV/s

.08 -06 04 02 00 02 04 06 08
Potential(V)
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smaller charge-transfer resistance (R.) at high frequency,
suggesting the fastest charge transfer and transport process.*’
Moreover, the low frequency line shows more vertical shape for
a-Fe,O;@PANI electrode, indicating the faster ion diffusion
behavior.*! Besides, the coated PANI is helpful for improving
the stability, which can be seen in Figure 4f. After 2500 cycles
testing, the C, retention of a-Fe,0;@PANI is almost 100%
while the retention of pure a-Fe,0j is just 93%.

Therefore, such high electrochemical performance of a-
Fe,O;@PANI electrode can be attributed to the synergistic
effect of a-Fe,0; and PANI Moreover, the carbon cloth can act
as conductivity framework, and the active materials were grown
directly on its interconnected carbon fibers, which ensure a
good electric contact and consequently enhances the rate
capability.** In additional, the hierarchical 3D core—shell
nanowire arrays structure provides large reaction surface area,
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fast ion and electron transfer, and good structural stability.*
Significantly, the excellent capacitive behaviors demonstrate
that the prepared a-Fe,O;@PANI will be a promising
candidate as a negative electrode for ASCs.

To fabricate ASCs using a-Fe,O;@PANI core—shell nano-
wires as the negative electrode, we select PANI as the positive
electrode because of its high capacitance (theoretical value:
3407 F/g) and easy synthesis. Moreover, PANI has high
hydrogen evolution overpotential and large operational
potential.44’45 In our experiments, PANI nanorods were
electrodeposited on carbon cloth by a similar method for
coating PANI on a-Fe,0;. The morphology and its electro-
chemical performance in three-electrode system were displayed
in Figure S2 (SI). Obviously, there is a pair of redox peaks,
which are attributed to the redox transitions of PANI (i.e., the
leucoemeraldine/emeraldine transitions and the emeraldine/
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pernigraniline transition).** Figure Sa shows the schematic
illustration of the structure of our ASC, which is sealed by two
thin pieces of PET membranes. To determine the best
operating potential of the ASC device, the CVs of a-Fe,0;@
PANI electrode (black curve) and PANI (red curve) electrode
were measured in a 1.0 M Na,SO, solution, respectively, as
shown in Figure Sb. Figure S3 (SI) displays the CV curves and
GCD curves of the prepared ASC device collected in different
potential windows, which indicates that the potential window of
the fabricated ASC can be as large as 1.5 V (vs SCE).

Figure 6a shows the CV of the ASC at different scan rates
from 5 to 100 mV/s. The current intensity increases as the scan
rate increases, but the shape is well retained, indicating its ideal
pseudocapacitive nature. Figure 6b shows the volume
capacitance as a function of scan rate, and the volume
capacitance increases from 0.78 to 2.02 F/cm® with the scan
rate from 100 to S mV/s. Figure 6¢ shows the GCD test, which
was performed at different current densities in the potential
window of 0—1.5 V (vs SCE). The linear voltage versus time
profiles, the symmetrical charge/discharge characteristics, and a
quick I-V response represents good capacitive characteristics
for the ASC. Figure 6d compares the volumetric power density
and energy density of the ASC device to the values reported for
other supercapacitors. The maximum energy density of the
prepared ASC is 0.35 mWh/cm® at a power density of 120.51
mW/cm?®. These values are superior to the previously reported
supercapacitor systems, including graphene-based SCs (0.06
mWh/cm?, 135 mW/cm?),*” TiN-based SCs (0.05 mWh/cm?,
120 mW/cm?),*® TiO,@C-based SCs (0.01 mWh/cm?, 19
mW/cm?®),* ZnO@MnO,//rGO-based SCs (0.234 mWh/
cm’, 5§ mW/cm3),50 and even comparable to the values of
MnO,//Fe,O;-based SCs (0.4 mWh/cm?, 60 mW/cm?),"
VO,//VN-based SCs (0.6 mWh/cm?, 80 mW/cm?®),"® and
TiO,@MnO,//TiO,@ C-based SCs (0.3 mWh/cm?®, 190 mW/
cm®).’ In addition, the ASC exhibits good cycling stability,
which is one of the most critical factors in supercapacitor
operations. The cycling test of the ASC shows ~95.77% C,
retention over 10 000 cycles at a scan rate of SO mV/s (Figure
6e), which is significantly better than those reported in previous
work (typically 70—85% retention over 1000 cycles).”"** To
show the practical application, we assembled three ASCs in
series. As shown in Figure 6f, the ASCs can light a 50 cm long
commercial red (2.0 V) or green (2.5 V) LED soft rope light,
indicating high power and energy characteristic of the ASCs
device.

4. CONCLUSIONS

In summary, we fabricated highly ordered a-Fe,O;@PANI
core—shell nanowire arrays by a simple and cost-effective
electrodeposition method and first used them as negative
electrodes for supercapacitors. This unique core—shell nano-
wire array structure enables a high areal C,, of 103 mF/ cm? and
outstanding cycling performance (2500 cycles without any
loss), which are superior to pure @-Fe,O; nanowire arrays.
Additionally, a high-performance ASC device based on a-
Fe,O;@PANI core—shell nanowire arrays as anode and PANI
nanowire arrays as cathode was prepared. The a-Fe,O;@
PANI// PANI ASC device achieved a maximum energy density
of 0.35 mWh/cm® and a maximum power density of 301.19
mW/cm?® with a good cycling stability of 95.77% C,,, retention
after 10 000 cycles. These findings will open up the possibility
of a-Fe,O;@PANI core—shell nanowire arrays as anodes for
the applications in ASCs with large potential window and high

energy and power densities to meet the diverse demands in the
modern industry development.
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