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S
upercapacitors (also known as ultraca-
pacitors or electrochemical capacitors),
with a higher power density than

lithium-ion batteries (LIBs), are of great inter-
est for their potential applications in portable
electronics, back-up power devices, hybrid
electronic vehicles.1�5 However, the low en-
ergy density of supercapacitors (usually less
than 10 Wh kg�1) greatly limits their further
application.1,4 Therefore, the improvement of
energy density of supercapacitors without
sacrificing their high power capability to be
close to or even beyond that of batteries
remains a big challenge.6�9

Recently, asymmetric (hybrid) systems
have been extensively explored by combin-
ing complementary potential windows of
the positive electrode and negative elec-
trode to increase the operation voltage,
resulting in a notable improvement of the
energy density.10 Traditionally, the positive
materials with the working potential win-
dow above 0 V (vs NHE) mainly consist of
RuO2, MnO2, V2O5, PbO2, Co3O4, Ni(OH)2
and conductive polymer, which show ultra-
high capacitance normally higher than
700 F g�1.8,11�15 With regard to the negative

materials, carbonaceous materials such as
porous carbons,16�18 carbon nanotubes
(CNTs),19,20 graphene21�23 often act as elec-
trodes with the working potential window
below 0 V (vs NHE) for asymmetric super-
capacitors; however, their specific capaci-
tances are less than 300 F g�1 in aqueous
electrolyte.24 From the foregoing, the unba-
lance of specific capacitance between the
positive materials and the negative materials
limits the improvement of the energy density
for supercapacitors. In order to address this
problem, it is urgent to develop a new nega-
tive material with a high specific capacitance
and a good rate performance.
Iron-based materials have been receiving

considerable attention due to their low cost,
abundance in nature and being environ-
mentally benign. Additionally, iron oxides
(including hydroxides) have been widely
investigated as the negative electrode ma-
terials for supercapacitor.25,26 However, iron
oxide (FeOx) electrodes still show a relatively
low capacitance (<300 F g�1) in aqueous
electrolyte,27�29 limiting from their low diffu-
sion coefficient for electron transfer. As
known, the incorporation FeOx nanoparticles
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ABSTRACT We report a facile strategy to prepare iron nanosheets directly grown

on graphene sheets nanocomposite (C-PGF) through the carbonization of iron ions

adsorbed onto polyaniline nanosheet/graphene oxide hybrid material. Because of the

synergistic effect of iron nanosheets and graphene sheets, the as-obtained C-PGF

exhibits an ultrahigh capacitance of ca. 720 F g�1 in 6 M KOH aqueous solution.

Additionally, the assembled asymmetric supercapacitor (C-PGF//Ni(OH)2/CNTs) delivers

a remarkable high power density and a noticeable ultrahigh energy density of ca. 140

Wh kg�1 (based on the total mass of active materials) and an acceptable cycling

performance of 78% retention after 2000 cycles. Therefore, the designed super-

capacitors with high energy density, comparable to rechargeable lithium-ion batteries (LIBs), offer an important guideline for future design of advanced

next-generation supercapacitors for both industrial and consumer applications.
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into carbonaceous materials (such as CNTs, carbon
black and carbon fibers) can significantly enhance their
electrochemical performance.25,26,30 Recently, FeOx

coupled with graphene sheets has shown an expected
capacitance, and a high energy density for hybrid
supercapacitors as a negative material.25,31 Thus, the
design of iron oxide�carbon hybrid material with
strongly coupled structure is important for achieving
high performance supercapacitors.
Herein, we report a facile strategy to prepare fish

scale-like iron nanosheets arrayed on graphene sheets
nanocomposite (C-PGF) by the carbonization of
Fe3þ adsorbed onto polyaniline (PANI) nanosheets/
graphene oxide (GO) hybrid material, as shown in
Scheme 1.
Benefiting from the full use of pseudocapacitance of

iron-based active materials that highly coupled on the
nitrogen-doped conductive graphene sheets, as well
as fast electron/ion transport in the electrodes, the as-
obtained C-PGF exhibits an ultrahigh capacitance of
720 F g�1. More importantly, the assembled asym-
metric supercapacitor (C-PGF//Ni(OH)2/CNTs) using
Ni(OH)2/CNTs as a positive electrode and iron nano-
composite as a negative electrode, delivers a remark-
able high power density and a noticeable ultrahigh
energy density of ca. 140 Wh kg�1 (based on the total
mass of active materials), much higher than other
asymmetric supercapacitors,9,32�35 and comparable
to rechargeable LIBs.36,37

RESULTS AND DISCUSSION

2D fish scale-like PANI arrayed on GO (Figure 1a) was
prepared by template-free in situpolymerizationmeth-
od. After the carbonization, pyrolytic carbon nano-
sheets (C-PG) still maintain their original morphology
on the graphene sheets (Figure 1b). More interestingly,
Fe3þ cations could easily adsorb onto PANI/GO (PG)
composite by the complexation and electrostatic inter-
actions due to the existence in enormous binding sites
like nitrogen and oxygen-containing functional groups
on PANI and GO,38,39 as proved by FTIR (Figure S1,
Supporting Information), and its saturated adsorption
amount is up to 225 mg g�1 (Figure S2, Supporting
Information). During the pyrolysis process, Fe3þ could
be in situ reduced to metallic iron (R-Fe, JCDPS No.

06�0696) by the reaction with pyrolytic carbon from
PANI, and there is a small amount of orthorhombic
Fe3C due to the partial dissolution of carbon atoms into
Fe crystal lattices at elevated temperature,40,41 as con-
firmed by X-ray diffraction (XRD) analysis (Figure 2a).
Moreover, there is a broad and weak diffraction peak
around 25� that can be assigned to the reflections of
graphitic plane (002), indicating a graphitization of
carbon material. X-ray photoelectron spectroscopy
(XPS) analysis reveals 3 wt % nitrogen content in the
hybrid material, and ca. 45.7 wt % carbon is calculated
by thermal gravimetric (TG) analysis (Figure S3, Sup-
porting Information). Additionally, the intensity ratio of
D band and G band (ID/IG) for C-PGF is about 0.88,
implying good graphitization degree (Figure S4, Sup-
porting Information). Transmission electron micro-
scopy (TEM) image (Figure 1c) shows that as-obtained
hybrid material presents a fish scale-like structure with
sizes of 10�20 nm.
The high-resolution TEM (HRTEM) image (Figure 1d)

reveals that the interplane spacing is ca. 0.2 nm, which
is indexed to (110) of iron nanosheets. Additionally,
iron nanosheets strongly couple with graphene sheets
(marked by arrow in Figure 1d). Also selected area
electron diffraction (SAED) pattern (inset of Figure 1d)
confirms the presence of the quasi-single-crystalline
iron. For comparison, there are aggregated particles
containing iron and iron oxide using other carbon
precursors such as PANI and GO (Figure S5, Supporting
Information), confirming that the template PANI nano-
sheets could direct the formation of iron nanosheets
during the carbonization process. Furthermore, the
scanning transmission electron microscopy (STEM) of
C-PGF (Figure 1e) reveals the nanocomposite pos-
sesses nanostructure consisting of iron nanosheets
supported on nitrogen-doped graphene sheets. The
elemental mappings (Figure 1f, g, h) demonstrate the
uniform distribution of carbon and iron, as well as the
doping of nitrogen.
The nitrogen adsorption and desorption isotherm

and the pore-size-distribution (PSD) curves (Figure 2b)
exhibit that it existsmesoporous structure for C-PG and
C-PGF. Moreover, the similar pore size distribution of the
carbonized PANI/GO hybrid material with/without Fe3þ

doping further confirms the template effect. Notably,

Scheme 1. Schematic illustration of the formation of iron nanocomposite with fish scale-like iron nanosheets supported on
graphene sheets.
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Figure 1. (a) SEM images with different magnifications of polyaniline/graphene oxide (PG). (b) TEM image of C-PG. (c) TEM
imageof the typical ironnanocomposite (C-PGF)with ironnanosheets arrayedongraphene sheets. (d) HRTEM imageof C-PGF
and the SAEDpatterns (inset) of ironnanosheets. (e) Typical STEM imageof C-PGF. Corresponding elementalmapping images
of C (f), Fe (g), and N (h) in the bule square region of (e).

Figure 2. (a) XRD patterns of C-PGF and C-PG. (b) Typical nitrogen adsorption/desorption isotherms and pore-size-
distribution (PSD) curves (inset) of the C-PGF and C-PG.
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there is an additional micropore centered at 1.4 nm for
C-PGF, which maybe comes from the reaction of carbon
and iron at elevated temperature, resulting in higher
surface area (218 m2 g�1) than that of C-PG (70 m2 g�1)
(also see Table S1, Supporting Information). Therefore,
this sheet�sheet structurewith high specific surface area
and plentiful mesopores is favorable for improving both
the pseudocapacitance of iron nanosheets and the elec-
tric double-layer (EDL) capacitanceof graphene, since the
hydrated ions in theelectrolyte areeasily accessible to the
exterior and interior pore surfaces that would be bene-
ficial to redox reaction for application in supercapacitors.
As an electrode for supercapacitors, cyclic voltam-

mogram (CV) curves of C-PGF (Figure 3a) exhibit the
enhanced current density with increasing of cycle
number until the seventh cycle, suggesting an electro-
chemical transformation from Fe to Fe3O4 under alka-
line condition, as proved by XRD analysis (Figure 3b).
Notably, a couple of well-defined redox peaks (anodic
peak at �0.68 V, with corresponding cathodic peak at
�1.06 V) can be observed, corresponding to the re-
versible conversion between Fe2þ and Fe3þ. Addition-
ally, the other two anodic peaks (at�0.85 and�0.36 V)

can be attributed to the oxidations: Fe f Fe2þ and
Fe3C f Fe3þ, respectively.42

As we expected, iron-based electrode materials ex-
hibit similar CV behavior with obvious pseudocapaci-
tance feature (Figure 4a), and the potential of charge
plateau (Figure S6, Supporting Information) is well
agreed with that of the oxidation peak of CV curves.
More interestingly, the C-PGF electrode exhibits high
specific capacitanceof 717 Fg�1 at a scan rate of 2mV s�1

(Figure 4b), higher than that of C-PF (546 F g�1), C-GF
(328 F g�1) and iron powder (223 F g�1) and other
FeOx-carbon hybrid materials,29,30,43 and comparable
to or even higher than that of the cathode materials
such as MnO2, Co3O4, V2O5, WO3�x and MoO3.

8,44�47

Even at high scan rate of 100mV s�1, the capacitance of
C-PGF can be up to 413 F g�1, much higher than the
corresponding value of the other three materials,
meaning a good rate performance. Therefore, the
ultrahigh specific capacitance may be related with
efficient utilization of the active material as a result of
the uniform distribution of activematerial on nitrogen-
doped conductive graphene sheets. Moreover, iron
nanosheets are directly and selectively grown on the

Figure 3. (a) The CV curves of initial 10 cycles for C-PGF in 6 M KOH solution at a scan rate of 10 mV s�1. (b) XRD pattern of
C-PGF at the end of charge (0 V vs Hg/HgO).

Figure 4. (a) The CV curves of C-PGF at various scan rates in 6MKOH solution. (b) The specific capacitance of C-PGF, C-PF, C-GF
and iron powder electrode at various scan rates.
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graphene substrates, resulting in the strong bonding
and coupling between iron nanosheets and graphene
in the hybrid nanostructures, which significantly en-
hance the charge transfer for the electrode.
The cycling performance of C-PGF using a three-

electrode system is recorded as shown in Figure S7a
(Supporting Information). A capacitance increase of ca.
20% of the initial capacitance after∼20 cycles is clearly
observed, whichmay result from the gradual activation
process of the electroactive iron nanosheets.12 After
that, a decay ca. 20% in capacitance is observed after
1000 cycles. This instability could be mainly associated
with the aggregation of Fe3O4 particles through electro-
chemical cycles, as revealed by TEM images (Figure S7b,c,
Supporting Information), resulting in the loss of active
material bonding and coupling with the conducting
graphene sheets, and subsequent loss of the electroche-
mical activity.25

Although asymmetric supercapacitors have aroused
more and more attention and gradually became the
hotspot of intense research over the past years,2,25

reasonable matching of negative/positive electrode is
very important for achieving a high energy density for
asymmetric supercapacitors due to low capacitance of
negative electrode compared to positive electrode. As

the negative electrode, the capacitance of C-PGF is
much higher than those of porous carbon materials
(less than 300 F g�1); we expect it to achieve a high
energy density for asymmetric supercapacitors.
To further investigate the electrochemical perfor-

mance of the iron-based electrode materials, two-
electrode asymmetric supercapacitors were fabricated
and investigated by a two-electrode system (see Ex-
perimental Section) using Ni(OH)2/CNTs hybrid material
(Figure S8a,b, Supporting Information) as the positive
electrode and C-PGF, C-PF or C-GF as the negative
electrode with a voltage window of 0�1.7 V in 6 M KOH
aqueous electrolyte (Figure 5a). Here, the positive elec-
trode Ni(OH)2/CNTs has a pseudocapacitance character-
istic and a high capacitance of 2200 F g�1 at 2 mV s�1

(Figure S8c,d, Supporting Information), comparable to
previous reported values.48 As a result, the CV curves
(Figure S9, Supporting Information) and specific capaci-
tance of as-fabricated asymmetric supercapacitor C-PGF//
Ni(OH)2/CNTs (Figure 5b) show high specific capacitance
of 345 Fg�1 at 2mV s�1 andmaintain as highas 122 Fg�1

at 100 mV s�1 (corresponding to a full charging or
discharging time from 17 s to 14 min), higher than those
ofC-PF//Ni(OH)2/CNTs (262Fg

�1 at 2mVs�1 and82Fg�1

at 100 mV s�1) and C-GF//Ni(OH)2/CNTs (201 F g�1 at

Figure 5. (a) Schematic illustration of the fabricated asymmetric supercapacitors device based on iron nanocomposite as
negative electrode and Ni(OH)2/CNTs as positive electrode in 6 M KOH aqueous electrolyte. (b) The specific capacitance of
C-PGF//Ni(OH)2/CNTs, C-PF//Ni(OH)2/CNTs, C-GF//Ni(OH)2/CNTs at different scan rates in 6 M KOH aqueous solution. (c)
Ragone plots related to energy and power densities of the as-fabricated supercapacitors and several asymmetric super-
capacitors previously reported in the literature, i.e., Ni(OH)2/Graphene//Graphene (4)

7 andMnO2/Graphene//Actived Carbon
(3).49 (d) Cycle performance of the C-PGF//Ni(OH)2/CNTs at 100 mV s�1.
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2 mV s�1 and 69 F g�1 at 100 mV s�1). The excellent
electrochemical performances of the cell originate from
high specific capacitance of negative electrode material,
high operating voltage of the asymmetric supercapacitor,
as well as good matching of the positive and negative
electrodes for electrochemical process.
The energy and power densities calculated for the

cells were shown in the Ragone plots (Figure 5c). The
C-PGF//Ni(OH)2/CNT asymmetric supercapacitor show-
ed an energy density of 139Wh kg�1 at a power density
of 588 W kg�1, and a power density of 12.3 kW kg�1 at
an energy density of 58 Wh kg�1, higher than those of
other hybrid supercapacitors, such asMnO2/Graphene//
AC,49MnO2/Graphene//Graphene,

10Ni(OH)2/Graphene//
Graphene,7 sGNS/cMWCNT/PANI//aGNS,35 MnO2//
polyaniline,50 MnO2//Fe3O4,

51 MnO2//FeOOH,
52 and

comparable to rechargeable LIBs.37,53

The long-term cycling performance of the C-PGF//
Ni(OH)2/CNTs asymmetric supercapacitor at a scan rate
of 100 mV s�1 for 2000 cycles is shown in Figure 5d. A
capacitance increase of ca. 30% of the initial capaci-
tance after 70 cycles has been observed, which is
attributed to the increased effective interfacial area
between electrode materials and electrolyte, as well as
the full activation of the electrode.3,22 Moreover, about
78% of the initial capacitance is maintained after 2000

cycles. The capacitance decay may be mainly related
with the negative electrode material because of the
aggregation Fe3O4 particles during the charge/dis-
charge process. To improve the cycling stability of
negative electrode, the design of active materials with
architectures such as nanostructure arrays,54 synergetic
core�shell structures,55 and hybrid film electrodes12 is
necessary.

CONCLUSION

In summary, fish scale-like iron nanosheets directly
grown on 2D nitrogen-doped carbon substrate are
guided by the carbonization of Fe3þ adsorbed onto
PANI nanosheets/GO composite. The synergistic effect
of iron nanosheets and graphene sheets is beneficial
for the charge transfer during redox process, resulting
in high specific capacitance. More importantly, asym-
metric supercapacitors based on iron negative elec-
trode and nickel positive electrode exhibit a noticeable
ultrahigh energy density and acceptable cycling per-
formance. Compared to comparable energy density of
conventional Ni�Fe batteries, the new asymmetric
supercapacitor achieves nearly 1000 times higher power
density and approximately 3 times higher energy density,
rendering it a high-performance, low cost, safe and
environmentally benign energy storage device.

EXPERIMENTAL SECTION
Preparation of GO and CNTs. Graphene oxide (GO) was synthe-

sized from natural graphite (300 μm, Qingdao Graphite Co., Ltd.,
China) by a modified Hummers method.56 Carbon nanotubes
(CNTs) were prepared from the decomposition of hydrocarbons
over Fe/Mo/Al2O3 catalyst using a fluidization method. Before
use, CNTs were purified and cut in a mixture of concentrated
H2SO4/HNO3 (3:1, v/v) at 100 �C for 2 h.57

Synthesis of Electrode Materials. Polyaniline (PANI) andpolyaniline/
graphene oxide (PG) were prepared using in situ oxidative
polymerization of aniline with (or without) presence of dis-
persed GO as described elsewhere.57 The negative materials
were synthesized by pyrolysis of the iron-containingmixtures in
a tube furnace under N2 atmosphere at 850 �C for 2 h. Briefly, iron
nitrate nonahydrate (0.4 g, 1mM) completely dissolved in ethanol
(20 mL), and PG (or PANI or GO) (0.5 g) was added, and then
continuous stirring was taken until the ethanol was completely
evaporated. After that, the powders were heated to 850 �C and
pyrolyzed for 2 h under nitrogen flow, and the as-obtained sample
was named as C-PGF, C-PF and C-GF, respectively. For comparison,
pure carbon material (C-PG) was synthesized by the same proce-
dure as described above in the absence of iron nitrate. Thepositive
material Ni(OH)2/CNTs was synthesized by a simple hydrothermal
method using nickel sulfate hexahydrate, urea as sourcematerials.
Typically, nickel sulfate hexahydrate (157.7 mg, 0.6 mM) dissolved
in dispersed CNTs (0.167 mg mL�1, 30 mL) to form a suspension.
After continuously stirring for 1 h, urea (216.2 mg, 3.6 mM) was
added into it. After 30minof stirring, themixturewaspoured into a
Teflon-lined stainless reactor (40mL) with the volume filling ration
of 75%. Subsequently, the mixture was heated at 170 �C for 18 h
and cooled down to room temperature naturally. After that, the
products were washed with deionized water and ethanol several
times until the pH value remained constant. Finally, they were
dried in an oven at 100 �C for 12 h.

Materials Characterization. Thermogravimetric (TG) analysis was
conducted on a thermogravimetric analyzer Mettler Toledo. The

sample was heated up to 900 �C in air with a heating rate of
20 �C min�1. The crystallographic structures of the materials were
determinedbyapowderXRDsystem (TTR-III) equippedwithCuKR
radiation (λ = 0.15418 nm) at a scanning rate of 10� min�1 in the
2θ range from 5� to 80�. FTIR spectroscopy was carried out on a
Perkin-Elmer Spectrum 100 spectrometer in a range of 500�
4000 cm�1. Raman scattering spectra were obtained on a Jobin-
Yvon HR-800 Raman spectrometer with 632.8 nm wavelength
incident laser light. The scanning electron microscopy (SEM)
images were conducted on a Hitachi S-4800. The transmission
electron microscope (TEM) images, high-resolution TEM (HRTEM)
and scanning TEM (STEM) images were performed on a FEI Tecnai
TF20. N2 sorption analysis was recorded from a Quantachrome
autosorb iQ2 instrument, equipped with automated gas absorb
analyzer, at 77 K using Barrett�Emmett�Teller (BET) calculations
for the surface area. The pore size distribution (PSD) plot was
conducted on the adsorption branch of the isotherm based on
density functional theory (DFT) model.

Electrochemical Measurements. The individual electrodes used
for the electrochemical tests were prepared by mixing the
active material, carbon black, and polytetrafluoroethylene
(PTFE) with ethanol in a mass ratio of 75:20:5 to obtain a slurry.
Then the slurry was pressed onto the nickel foam current
collector (1 cm � 1 cm) and dried in the oven at 60 �C for
12 h. The electrochemical tests of the individual electrode were
performed in a three-electrode cell, in which platinum foil and
Hg/HgO (or SCE) electrodes were used as the counter and
reference electrodes, respectively. To fabricate asymmetric
supercapacitors, the Ni(OH)2/CNTs cathode and C-PGF anode
were pressed together and separated by a porous nonwoven
cloth separator. The electrochemical measurements of the
asymmetric supercapacitors were carried out in a two-electrode
cell at room temperature in 6 M KOH aqueous electrolyte
solution. All of the above electrochemical measurements
were carried out by a CHI 660C electrochemical workstation at
ambient temperature.
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The specific capacitance of the electrodes or cells can be
calculated from the CV curves according to the following
equation:7

C ¼

Z
I dV

υmV
(1)

where C is the specific capacitance (F g�1) based on themass of
the active materials, I is the current density (A cm�2), V is the
potential or cell voltage (V), υ is the scan rate (mV s�1), andm is
the mass of the active materials of individual electrode or the
total mass of active materials on the two electrodes of the as-
assembled capacitor (g cm�2).

The optimal mass ratio between the two electrodes can be
expressed as follows:58

mþ
m�

¼ C� � V�
Cþ � Vþ

(2)

where m (g) is the mass of electrode, C (F g�1) is the specific
capacitance of electrode based on eq 1, V (V) is the working
potential of the electrode.

The key parameters of the supercapacitor, power density (P)
and energy density (E), were calculated using eqs 3 and 4:

E ¼ 1
2
CV2 (3)

P ¼ E

Δt
(4)

where C (F g�1) represents the specific capacitance of the
supercapacitor measured from the eq 1, V (V) refers to the
potential change within the discharge time Δt (s), E (J g�1) is
the energy density, and P (W g�1) is the power density.
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