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Abstract
Composition design and morphology control can lead to high performance electrode materials
for energy storage devices. In this work a graphene/porous Fe2O3 nanocomposite anode
material is fabricated via a template-assisted nanocasting process. This nanocomposite consists
of graphene scaffold with high electronic conductivity and interconnected Fe2O3 with porous
structure, thus exposing ample active sites for redox reactions and offering sufficient contacts
with the electrolyte. Owing to these morphological advantages, the nanocomposite outper-
forms nearly all the reported Fe-based anode materials by delivering a high specific capacitance
of 1095 F g�1 at a current density of 3 A g�1. In addition, the material shows great rate
capability and good cycling stability. Asymmetric supercapacitors are fabricated by assembling
the graphene/porous Fe2O3 nanocomposite (as the anode material) with a CoNi-layered double
hydroxide/carbon nanotube composite (as the cathode material). The devices exhibit high
energy and power densities of 98.0 W h kg�1 and 22,826 W kg�1, which are among the best
performances reported to date for asymmetric supercapacitors.
& 2015 Elsevier Ltd. All rights reserved.
015.05.021
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Introduction

Supercapacitors with notable features such as high power
density and long-term cyclability are emerging as a promis-
ing energy storage device for hybrid electric vehicles, load
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leveling, back-up power systems, etc. [1–3]. Currently, the
superpacapacitor market is dominated by electric double
layer capacitors (EDLCs) using porous carbon as both anode
and cathode materials. These devices, however, suffer from
low energy density that hinders their applications [4–9]. To
overcome this obstacle, extensive research efforts have
been devoted to explore pseudocapacitive materials,
namely, transition metal (Ni, Co, Mn, Ru, etc.) oxides,
hydroxides and sulfides. These pseudocapacitive materials
store charges via Faradaic redox reactions and could there-
fore possess much higher specific capacitances than porous
carbon that stores charges via physical adsorption [10–20].
So far the pseudocapacitive materials are primarily
researched as cathode materials for aqueous asymmetric
supercapacitors (ASCs). Owing to their ability of suppressing
oxygen evolution, the pseudocapacitive cathodes allow
extension of the open-circuit potential from �1 V (for
aqueous EDLCs) to �1.6 V (for aqueous ASCs), leading to
enhanced energy density. To further improve the perfor-
mance of ASCs, it is now important to explore alternative
anode materials.

An ideal anode material should not only possess proper
redox potential but also offer excellent electronic and ionic
transport properties, which are critical to the power and
energy density of supercapacitors. Redox reactions only
occur at the surface and near-surface region of pseudoca-
pacitive materials, while the interior bulk of the materials
oftentimes remains inactive due to their poor electronic and
ionic conductivities. This is the reason why experimentally
measured capacitance values of pseudocapacitive materials
are often much lower than the theoretical ones. To effec-
tively enhance the utilization of pseudocapacitive materi-
als, three strategies have been proposed. The first strategy
is to employ nanostructures in order to create sufficient
surface active sites [21–24]. The second strategy extends
the first one by introducing a porous morphology, which
render large interfacial contact with the electrolyte and
thus allow fast ionic transfers [25–27]. The third approach is
to build heterostrucured composite materials by integrating
pseudocapacitive materials with conductive skeletons (e.g.,
nano-carbon, graphene) [28–33]. This approach could in
principle provide efficient pathways to transport electrons,
thus reducing electrochemical polarization and enhancing
pseudocapacitive kinetics. Nevertheless, such scenario can
only be achieved if the nano-morphology of the composites
can be well controlled.

In this work, we designed, fabricated and characterized a
hierarchical graphene/Fe2O3 nanocomposite consisting of
interconnected Fe2O3 with porous structure anchored on the
graphene scaffold (hereafter denoted as G-Fe2O3). Combin-
ing advantages of the above-mentioned strategies, this
nanocomposite material exhibits much higher capacitance
than most of reported Fe-based pseudocapacitive materials
(e.g., Fe2O3 nanotubes [11], FeOOH nanosheets [34], Fe3O4

nanoparticles [35], C/FexOy nanocomposites [36,37], gra-
phene/FexOy composites [38–42]). Moreover, a full ASC is
assembled by using this material and a CoNi-layered double
hydroxide (LDH)/carbon nanotube (CNT) composite as the
anode and cathode materials, respectively. The device
exhibits a high energy density of 98.0 W h kg�1 at a power
density of 465.9 W kg�1. Remarkably the energy density of
the ASC maintains as high as 25.0 W h kg�1 when the power
density reaches 13,832 W kg�1, making the device one of
the best performed ASCs reported to date.

Experimental section

Synthesis of graphene/porous Fe2O3 nanocomposite

100 mg Graphene oxide (GO, see the synthesis in Supporting
Information) was dispersed into 80 mL mixed solution of de-
ionized (DI) water and absolute ethanol (1:1 in volume) contain-
ing 500 mg cetyl trimethyl ammonium bromide (CTAB). After
being sonicated for 0.5 h, the solution was added by 0.75 mL
concentrated ammonia solution (28 wt%). Then this solution was
added by 0.64 mL tetraethylorthosilicate (TEOS) and stirred
strongly for 5 h. Subsequently, black powers (GO/SiO2) were
centrifugated out, washed with DI water and dried at 80 oC in
air. Then, GO/SiO2 was treated at a high temperature of 800 oC
under an Ar atmosphere for 3 h, to be converted to graphene/
SiO2 nanocomposite. Next, 120 mg graphene/SiO2 was added to
10 mL ethanol containing 300 mg Fe(NO3)3 � 9H2O, and then
stirred at 50 oC until ethanol was evaporated. The obtained
black powers were calcined in a furnace at 350 oC for 4 h,
followed by washing with 1 M NaOH aqueous solution at 80 oC
and DI water at room temperature completely. Finally, gra-
phene/Fe2O3 nanocomposite was obtained by centrifugation and
drying, and is designated as G-Fe2O3. For comparison, D-Fe2O3

was obtained by directly calcining iron nitrate in air at 350 oC for
4 h. P-Fe2O3 was produced by a same process of G-Fe2O3 except
for the atmosphere of heat treating GO/SiO2 (air for P-Fe2O3).

Characterization

The XRD patterns were collected using a Rigaku (RU300)
diffractometer with Cu Kα radiation source (λ=0.1540598 nm).
The morphologies were characterized by a field emission
scanning electron microscope (FE-SEM, Quanta F400). A Tecnai
Spirit Transmission electron microscope (TEM) was used to
further investigate the morphology and structure of the sample.
High-resolution TEM images and energy dispersive X-ray spectro-
scopy (EDX) maps were taken by a Tecnai F20 microscope
equipped with a HAADF detector for scanning TEM (STEM) and
an EDX detector. Raman spectra were recorded with a Renishaw
RM-1000 Micro Raman Spectrometer. Investigations of the
chemical composition were performed using X-ray photoelectron
spectroscopy (XPS, Physical Electronics PHI 5600). N2 adsorp-
tion/desorption measurement was carried out by Micromeritics
ASAP 2010 instrument. ICAP6300-type inductively coupled
plasma (ICP) spectrometer (Thermo, USA) was used to analyze
the Fe content in our sample, and Q5000IR thermogravimetric
analyzer (TGA, TA Instruments, USA) was used to obtain the
carbon content by heating our sample in air from 50 oC to 800 oC
at a heating rate of 10 oC min�1.

Electrochemical measurements

Nickel foam was used as the current collector for both positive
and negative electrodes. Typically, slurry of 80% active material,
10% carbon black (Super-P) and 10% polyvinylidene difluoride
(PVDF) in N-methylpyrrolidone was coated onto nickel foams
and then dried at 110 oC under vacuum for 12 h. The mass
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loading of active materials ranged from 2 to 4 mg cm�2 for all
samples. The obtained electrodes were pressed at 5 MP before
electrochemical tests. Three-electrode measurements were
performed using the obtained electrode, Pt plate, Hg/HgO
electrode and 3 M KOH aqueous solution as working electrode,
counter electrode, reference electrode and electrolyte, respec-
tively. Cyclic voltammetry (CV) and galvanostatic tests were
conducted at different scan rates and current densities (based
on the total mass of active materials) on a CHI 660E electro-
chemical workstation. Electrochemical impedance spectroscopy
(EIS) measurements were carried out with frequency ranging
from 10 mHz to 100 kHz and the amplitude being set as 5 mV.
For the two-electrode measurements, G-Fe2O3, CoNi-LDH/CNT
and 3 M KOH aqueous solution served as negative electrode
material, positive electrode material and electrolyte, respec-
tively, and were assembled into 2016-type ASC coin cells. Prior
to the assembly of ASCs, the masses of G-Fe2O3 and CoNi-LDH/
CNTwere balanced according to: q+=q

_. CV and galvanostatic
tests were carried out at different scan rates and current
densities (based on the total mass of G-Fe2O3 and CoNi-LDH/
CNT).
Results and discussion

Synthesis and characterization

The precursor exfoliated graphene oxide was synthesized from
graphite flakes by a modified Hummers method [43,44]. The
Figure 1 Schematic for the fab

Figure 2 (a) XRD patterns of D-Fe2O3 and G-Fe2O3. (b) XPS spec
region.
schematic for fabricating G-Fe2O3 is described in Figure 1. In
step I, porous SiO2 was anchored onto the graphene scaffold by
a solution method using cetyl trimethyl ammonium bromide
(CTAB) as the pore former and tetraethylorthosilicate (TEOS)
as the Si source, followed by calcination at high temperature
under inert atmosphere. Fe2O3 was then pulled into pores of
SiO2 in step II through a nanocasting process. The final
product, graphene/porous Fe2O3 nanocomposite (G-Fe2O3), is
formed after etching SiO2 with NaOH. The crystal structure of
G-Fe2O3 was identified by XRD and the resultant pattern is
shown in Figure 2a. G-Fe2O3 consists of three phases, namely,
graphene, hematite α-Fe2O3 (JCPDS 33-0664), and maghemite
γ-Fe2O3 (JCPDS 25-1402). The existence of carbon in G-Fe2O3 is
further evidenced by Raman spectrum showing typical D and G
bands (Supporting Information, Figure S1). In the XRD pattern,
the broadness and low intensity of the Fe2O3 peaks imply a low
degree of crystallinity of Fe2O3 in G-Fe2O3. In contrast, the
XRD peaks of D-Fe2O3 (a control sample obtained by directly
calcining iron nitrate in air at 350 oC for 4 h) are relatively
sharp and intense, and can be readily assigned to the α-Fe2O3

phase. The mean crystal size of Fe2O3 in D-Fe2O3 is calculated
to be 24.6 nm according to the Scheller equation, in compar-
ison with 3.3 nm in G-Fe2O3. Since it is hard to distinguish
γ-Fe2O3 from Fe3O4 using the XRD characterization, we
performed XPS analysis to further confirm the chemical
composition and purity of G-Fe2O3. As shown in Figure 2b,
the full survey spectrum is dominated by the signals from Fe,
O and C elements; no Si peaks can be seen, suggesting that the
SiO2 template is effectively removed. The high-resolution XPS
rication process of G-Fe2O3.

trum of G-Fe2O3 with the inset showing high-resolution Fe 2p
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spectrum for the Fe 2p core level (inset of Figure 2b) shows
two distinct peaks located at 711.0 and 724.6 eV, correspond-
ing to a spin–orbit couple of Fe 2p3/2 and Fe 2p1/2, respec-
tively. In addition, these two peaks are accompanied by two
shake-up satellites situated at 719.2 and 732.5 eV, represen-
tative of the Fe (III) valence state [45,46]. This result indicates
that G-Fe2O3 contains no or only trace amount of Fe3O4. The
high-resolution C 1s spectrum (Supporting Information, Figure
S2a) can be deconvoluted into three subpeaks, indicative of C–
C/C=C, O–C–O and O–C=O bonds. The predominant intensity
of the C–C/C=C peak implies efficient conversion of GO
precursor to graphene.

An important advantage of the present method to
produce G-Fe2O3 is that it easily achieves well-dispersed
Fe2O3 tiny nanoparticles through the usage of the SiO2
Figure 3 Microscopic characterizations of G-Fe2O3: (a) SEM image,
C, Fe and O taken from the same zone with the scale bar being 10
template. The SEM images of neat graphene (G-ne) and
graphene/SiO2 are shown in Figure S3a–f (Supporting Infor-
mation), suggesting that SiO2 was anchored on the surface
of graphene nanosheets homogeneously. Consequently, the
template-grown G-Fe2O3 nanocomposite adopts a uniform
morphology, as confirmed by both the SEM and TEM images
(Figure 3). The rough surface in Figure 3a indicates that
Fe2O3 is casted onto the surface of graphene, while
Figure 3b demonstrates that Fe2O3 clusters disperse uni-
formly without aggregation. Higher magnification TEM
images in Figures 3c and S4 demonstrate that the Fe2O3

clusters are composed of nanoparticles, which are inter-
connected with each other to form porous structure. It is
also noted that the size of these Fe2O3 nanoparticles is
�5 nm. From N2 adsorption/desorption measurement (see
(b, c) TEM images, (d) STEM image and EDX elemental maps for
0 nm.
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Figure S5), the pore volume and the average pore size in
G-Fe2O3 are determined to be 0.228 cm3 g�1 and 3.7 nm,
respectively. The inset of Figure 3c shows the high-
resolution (HR) TEM image of G-Fe2O3, which exhibits
fringes with a lattice spacing of 0.255 nm, in agreement
with the (119) plane of γ-Fe2O3 or (110) plane of α-Fe2O3.
We further employed scanning transmission electron micro-
scopy (STEM) and energy-dispersive X-ray spectroscopy
(EDX) mapping to study elemental distribution in G-Fe2O3,
as shown in Figure 3d. From STEM image and Fe, O and C
maps, we can clearly see that C is everywhere, representing
the graphene scaffold, while Fe and O (Fe2O3) only partially
cover the graphene surface due to the use of SiO2 template.
Based on EDX analysis (see Figure S6), the atomic percen-
tages of C, O and Fe atoms are 47.47%, 32.37% and 20.16%,
respectively, that is, the weight ratio of Fe2O3 is around
72.7% in G-Fe2O3. In addition, inductively coupled plasma
(ICP) analysis and thermogravimetric analysis (TGA, see
Figure S7) have been conducted, and the weight ratio of
Fe2O3 is determined to be 69.2% and 67.5%, respectively, in
good agreement with EDX analysis.
Three-electrode electrochemical measurements

In order to correlate the morphological characteristics of
the nanocomposite with its electrochemical performance,
we performed cyclic voltammetry (CV) and galvanostatic
measurements in a three-electrode setup (Figure S8) in 3 M
KOH aqueous electrolyte. Figure 4a shows CV curves of G-
Fe2O3. The profiles are quite different from the ideal
rectangular shape of EDLCs, implying that the energy
storage process is dominated by Faradaic redox reactions.
At the low scan rate of 5 mV s�1, G-Fe2O3 exhibits an anodic
peak at �0.578 V and a cathodic peak at �1.055 V,
corresponding to the redox process. At 10 mV s�1, the
cathodic peak becomes indistinct, while the anodic peak
shifts to �0.555 V. As the scan rate is further increased to
50 mV s�1, the anodic peak was broadened. These phenom-
ena are caused by electrochemical polarization, that is, the
transports of electrolyte ions and electrons in or close to the
active material cannot be synchronized with the rapid
Figure 4 (a) CV curves of G-Fe2O3 at different scan rates. (b) Co
5 mV s�1.
transfer of electrons in the external circuit, and as a result
the accumulated electrons on the electrode would increase
potential for charging and decrease potential for dischar-
ging. Figure 4b compares CV curves of G-Fe2O3, P-Fe2O3

(a control sample produced also by the nanocasting process
but has no graphene scaffold), D-Fe2O3 and graphene
nanosheet (G-ne) at 5 mV s�1. Among them, D-Fe2O3 yields
a negligible integrated area due to its large particle size.
The P-Fe2O3 curve shows an area slightly less than G-Fe2O3.
The cathodic peak of P-Fe2O3 cannot be observed, and its
anodic peak locates at �0.562 V that is 0.016 V higher than
that of G-Fe2O3. This increased difference between catho-
dic and anodic peaks in P-Fe2O3 is likely to originate from
the low electronic conductivity of Fe2O3, which hinders
electronic transports and thus enhances polarization. Evi-
dently the introduction of graphene scaffold in G-Fe2O3

reduces such effect.
Galvanostatic curves of G-Fe2O3 at different current

densities are presented in Figure 5a, showing distinct
charging and discharging plateaus. These plateaus are
associated with the pseudocapactitive characteristic of
Fe2O3 and are consistent with the CV curves. In addition,
charging and discharging curves are approximately sym-
metric throughout all current densities, revealing great
redox reversibility of G-Fe2O3. Galvanostatic curves of
G-Fe2O3, P-Fe2O3, D-Fe2O3 and G-ne at 3 A g�1 are shown
in Figure 5b for comparison. Similar to the CV results,
G-Fe2O3 shows the most developed plateaus. The plateaus
are situated in �0.70 V for charging and �0.94 V for
discharging, with a ΔE of 0.24 V, smaller than the 0.27 V
for P-Fe2O3. This result further validates higher polarization
in P-Fe2O3 where the sluggish electronic transport sets a
barrier for redox reactions of Fe2O3 with the electrolyte
ions. In the case of D-Fe2O3, plateaus are indistinct,
indicating severe polarization due to the large micro-scale
particle size. Unlike Fe2O3, G-ne shows typical triangle
shape of EDLCs. A more detailed set of CV and galvanostatic
curves of P-Fe2O3, D-Fe2O3 and G-ne at various rates are
shown in Figure S9. In respect of the pseudocapacitive
mechanism of Fe2O3, it is commonly ascribed to the
reversible conversion of Fe3+ to Fe2+ accompanied by the
intercalation of electrolyte cations [11,36,47]. Recently,
mparative CV curves of G-Fe2O3, P-Fe2O3, D-Fe2O3 and G-ne at
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this speculation is evidenced by in situ X-ray absorption
spectroscopy (XAS) [34], ex situ XRD and Raman [48], and
ex situ XPS measurements [49]. Based on these studies, the
charge storage process of Fe2O3 in the KOH electrolyte can
be described as

Fe2O3þ2Kþ þ2e�2K2Fe2O3 ð1Þ

Since this process is associated with the diffusions of K+

and e� within Fe2O3, the particle size of Fe2O3 must be as
small as possible to ensure high capacitances at high rates.

A great advantage of the G-Fe2O3 electrode is its high
capacitance and rate capability. The capacitance values of all
the samples are calculated based on the charging curves and are
summarized in Figure 5c (see Supporting Information for the
calculation procedure). At 3 A g�1, the capacitance of G-Fe2O3

is 1095.0 F g�1, higher than 908.2 F g�1 of P-Fe2O3 and much
higher than those of G-ne and D-Fe2O3. Even at a very high rate
of 30 A g�1, G-Fe2O3 still provides a high capacitance of
506.6 F g�1, which is 5, 11 and more than 500 times of
P-Fe2O3, G-ne and D-Fe2O3 at 30 A g�1, respectively, implying
again that the ionic diffusion and electronic transport in the
G-Fe2O3/electrolyte system are much more efficient than its
counterparts. The cycling performances of these samples were
also evaluated, as shown in Figure 5d. After 1000 cycles, G-ne
Figure 5 Galvanostatic evaluations in the three-electrode
(b) Comparative galvanostatic curves at 3 A g�1. (c) Comparative
(d) The evolutions of capacitance retentions versus cycle numbers
remains high capacitance retention of 91.1%, while P-Fe2O3

shows poor electrochemical stability. As for G-Fe2O3, it retains
72.3% after 1000 cycles, superior to P-Fe2O3. This is due to the
employment of graphene scaffold, which not only offers a highly
conductive path, but also functions as a supporting layer to
accommodate volumetric expansions of Fe2O3 and therefore can
prevent Fe2O3 from decaying during long cycles. We also note
that G-Fe2O3 shows the highest capacitance among all the iron
based pseudocapacitive materials summarized in Table 1. Such a
high capacitance of G-Fe2O3 is ascribed to the following three
facts. Firstly, graphene scaffolds facilitate electronic transports
to the active sites on Fe2O3. Secondly, the tiny particle size of
Fe2O3 ensures sufficient surface area for redox reactions. Last,
the pores among Fe2O3 provide extensive contacts with the
electrolyte ions [25–27,50]. Moreover, electrochemical impe-
dance spectroscopy (EIS) measurements (Figures S10 and S11)
were used to demonstrate the superiority of G-Fe2O3 with low
charge transfer impedance, high knee frequency, and low phase
angle in comparison with the counterparts.
Asymmetric supercapacitors

To further explore the potential of G-Fe2O3 as an anode
material, we have fabricated asymmetric supercapacitors
configuration: (a) charging/discharging curves of G-Fe2O3.
specific capacitances measured at various current densities.

at 10 A g�1.



Table 1 Specific capacitance of G-Fe2O3 versus recently published state-of-the-art Fe-based materials (Fe2O3, Fe3O4 and
FeOOH), all tested in 3-electrode setups.

Active material Electrolyte Potential (V) Capacitance Ref

G-Fe2O3 in this work 3 M KOH �1.05 to �0.35 1095 F g�1 at 3 A g�1

V2O5-doped α-Fe2O3 nanotubes 3 M KOH 0.1 to 0.6 135 F g�1 at 3 A g�1 [51]
Mesh-like Fe2O3/C nanocomposite 2 M KOH �0.4 to 0.5 �278 F g�1 at 3 A g�1 [38]
Fe2O3/NrGO hydrogel 1 M KOH �1.1 to �0.7 �505 F g�1 at 2 A g�1 [40]
Fe3O4 nanoparticles/graphene 1 M KOH �1 to 0 �250 F g�1 at 3 A g�1 [52]
Porous α-Fe2O3 nanoribbons 1 M KOH �0.1 to 0.45 �133 F g�1 at 2 A g�11 [53]
Fe2O3 particles/graphene composite 1 M KOH �1.05 to �0.3 908 F g�1 at 2 A g�1 [39]
Porous Fe3O4/carbon composite 1 M KOH �1 to 0 95 F g�1 at 2 A g�1 [37]
Graphene/Fe3O4 nanoparticles 1 M KOH �1 to 0.1 137.9 F g�1 at 2 A g�1 [41]
Fe3O4/rGO composite 1 M KOH �1.1 to �0.1 536.8 F g�1 at 2 A g�1 [54]
Fe3O4@porous carbon 1 M NaOH �0.7 to �0.1 126 F g-1 at 1 A g�1 [55]
α-Fe2O3 porous fibers 1 M LiOH 0–0.5 348 F g�1 at 5 A g�1 [56]
Fe3O4@RGO 1 M LiOH �1.2 to 0.1 326 F g�1 at 0.5 A g�1 [47]
Fe2O3 nanotubes 5 M LiCl �0.8 to 0 257.8 F g�1 at 1.4 A g�1 [11]
α-Fe2O3 hollow microspheres 2.5 M Li2SO4 �1 to 0 �150 F g�1 at 2 A g�1 [57]
γ-FeOOH nanosheet 1 M Li2SO4 �0.8 to �0.1 310 F g�1 at 1.27 A g�1 [34]
α-Fe2O3 mesocrystals/graphene 1 M Na2SO4 �1.2 to �0.2 306.9 F g�1 at 3 A g�1 [58]
rGO/Fe2O3 nanorods 1 M Na2SO4 �1 to 0 504 F g�1 at 2 mA cm�2 [42]
α-FeOOH/Fe2O3 nanoparticles 0.1 M Na2SO4 0–0.8 160 F g�1 at 5 A g�1 [59]
Ordered mesoporous carbon/Fe2O3 1 M Na2SO3 �1.0 to �0.2 �180 F g�1 at 2 A g�1 [36]
Nanoporous Fe3O4/C nanosheets 1 M Na2SO3 �0.8 to �0.2 �160 F g�1 at 2 A g�1 [60]
Fe3O4 nanoparticles 1 M Na2SO3 �0.9 to 0.1 106.9 F g�1 at 2 A g�1 [35]

725Template-grown graphene/porous Fe2O3 nanocomposite
(ASCs) by employing CoNi-LDH/CNTas the positive electrode
material, as illustrated in Figure 6a. In this system, the open
circuit potential Voc can reach 1.5–1.7 V with the minimal
degree of water split, thanks to the complementary working
potential of these two electrode materials. The character-
izations and measurements of the CoNi-LDH/CNT electrode
are described in Figures S12–S14. The specific capacitance
of CoNi-LDH/CNT can reach as high as 1141.1 F g�1 at a
current density of 3 A g�1 and still remains 662.7 F g�1 at
30 A g�1. We also have investigated the contribution of Ni
foam substrate to the capacitances (see Figure S15) and
found it is negligible since we use high mass loadings of
active materials. Figures 6 and S16 show electrochemical
performances of our ASC device. The CV curves in Figure 6b
depict distinct anodic and cathodic peaks through all scan
rates, and each paired anodic and cathodic curves are highly
symmetric and nearly equal in integrated area, suggesting
low polarizations, high electrochemical activities and great
reversibilities of both electrode materials. At 5 mV s�1, the
difference between redox peaks is 0.40 V, and it increases
to 0.48, 0.56, 0.71 and 0.83 V at 10, 20, 50 and 100 mV s�1,
respectively. Figure 6c shows galvanostatic curves of the
ASC under potential cutoff of 0–1.5 V at different current
densities. At 2 A g�1, the average charging and discharging
potentials are 1.19 and 0.93 V, respectively. In addition, the
average equivalent series resistance (RESR) calculated on the
basis of voltage drops is merely 0.404 Ω cm�2.

The capacitance of the ACS (calculated based on the total
mass of the active electrode materials) ranges from 252.4 to
47.3 F g�1 when the current density is increased from 0.5 to
50 A g�1 (Figure S16b). Ragone plots comparing our ASC with
the recently reported state-of-the-art ASCs are displayed in
Figure S16c and further described in Table S1. Our ASC shows
the champion performance with the highest energy density up
to 98.0 W h kg�1 under a power density of 465.9 W kg�1. Even
when the power density is increased to 22,861.8 W kg�1, the
energy density of our ASC still maintains 9.0 W h kg�1 with a
discharging time of less than 1.5 s. Given that Figure S16c and
Table S1 consider only the mass of the active materials, in
Figure 6d we divide those values by four to take into
consideration the mass of other supercapacitor components
[4]. It can been seen from Figure 6d that our ASC manifests
higher energy density than commercial EDLCs and higher power
density than Li-ion and lead acid batteries. In terms of cycling
stability, our ASC device shows capacitance retention of 78.0%
after 1000 cycles (see Figure S16d). Furthermore, the slow self-
discharge behavior of the ASC device is verified in Figure S17.
To further demonstrate the high energy and high power of the
ASC, we connected three coin cells in series and used the
tandem device to power nine blue light-emitting diodes (LEDs,
�75 mW each), as shown in Figure S18 and the supplementary
video. The LEDs remained lightened up for more than 2 h.

Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.nanoen.2015.
05.021.
Conclusion

In summary, we have demonstrated a scalable approach to
produce graphene/porous iron oxide nanocomposite as the
anode material for supercapacitors. Benefiting from the highly
conductive graphene scaffold augmented with well-dispersed
Fe2O3 nanostructures, the nanocomposite G-Fe2O3 demonstrates

dx.doi.org/doi:10.1016/j.nanoen.2015.05.021
dx.doi.org/doi:10.1016/j.nanoen.2015.05.021


Figure 6 (a) Illustration of assembling full ASC devices. (b) CV curves of the ASC at different scan rates. (c) Galvanostatic curves at
different current densities. (d) Ragone plots of energy density versus power density for our ASC device compared with the values
reported from other refs marked with stars (note that all the values are divided by a factor of four in consideration of the mass of
other components in practical applications).
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a very high capacitance of 1095 F g�1 at a current density of
3 A g�1. Furthermore, asymmetric supercapacitors are
assembled using G-Fe2O3 and CoNi-LDH/CNT as the negative
and positive electrode materials, respectively, and exhibit high
energy density (up to 98.0 W h kg�1), high power density (up to
22,826 W kg�1) as well as long-term cycling stability. This study
highlights the benefits of controlling nanomorphology to achieve
superior electrochemical properties. The material design and
characterizations may shed light on the development of new
hybrid materials for energy storage applications.
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