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Abstract
Hydrothermal has been demonstrated to effectively tune the various morphologies of
nanostructured Fe2O3 materials from 0D nanoparticles, 1D nanorods to self-assembled nanorods
which form 3D ovoid architecture. Subsequently, compositing and reduction of graphene oxide
(GO) were carried out simultaneously via facile base reduction. The as-synthesized nanocom-
posite was fabricated into an electrode material of hybrid supercapacitor and characterized by
cyclic voltammetry (CV), and galvanostatic charge–discharge (GCD) and electrochemical
impedance spectroscopy (EIS). The synergistic effects of highly uniform 1D Fe2O3 nanorods of
low internal resistance, enhanced ion diffusion as well reduced graphene sheets incorporation
lead to superior electrochemical performances. The nanocomposite exhibits pseudocapacitive
properties of high specific capacitance �504 F g�1 at 2 mA/cm2. Although many metal oxide
and reduced GO hybrid systems have been investigated as electrode materials, this study
demonstrates simple and effective tuning of Fe2O3 nanostructures morphologies to significantly
impact the pseudocapacitive performances.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

Hybrid capacitor utilizes both Faradaic and non-Faradaic
processes to store charges hence exploit the advantages of
electrochemical double-layer (EDL) capacitors and pseudo-
capacitors characteristics to achieve enhance energy and
Elsevier Ltd. All rights reserved.
014.01.002

168121.
g (G.W. Ho).
power densities. To fabricate an effective composite super-
capacitor, carbon-based materials are commonly integrated
with either conducting polymer or metal oxide materials.
The carbon-based materials provide capacitive double-layer
charge and high surface area matrix to increase contact
between the deposited pseudocapacitive materials and
electrolyte. On the other hand, the conducting polymer or
metal oxide materials aim to improve the pseudocapaci-
tance through Faradaic reactions. However, metal oxide is
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commonly used over conducting polymer for pseudocapaci-
tive properties since there is a lack of efficient, n-doped
conducting polymer. Furthermore, the charge–discharge
cycle instability of conducting polymer hampers its devel-
opment as pseudocapacitive material. There have been
many studies on transition metal oxides as electrode
material in pseudocapacitors. One of the most promising
electrode materials is hydrous ruthenium dioxide (RuO2),
which exhibits pseudocapacitance as high as 720 F g�1.
However, its toxic nature and high cost limit its commercial
applications [1]. Other transition metal oxides such as
manganese oxide (MnO2), nickel oxide (NiO) and cobalt
oxide (Co3O4) have also been intensively investigated as
potential materials for electrochemical capacitors [2–7].
Even though these classes of metal oxides have been well-
established for its electrochemical energy storage applica-
tions, there is still a high demand to explore alternative
electrode materials that is cost-effective, non-toxic and yet
exhibit superior capacitive behavior.

Iron oxide is one of the most studied transition metal
oxides for various technological applications [8]. Two com-
monly examined iron oxide phases are hematite, α-Fe2O3

and magnetite, Fe3O4. Hematite has its Fe ions in a trivalent
state (ferric Fe), where each of its oxygen atoms is bonded
to two Fe ions, and therefore, only two out of three
available oxygen octahedrons are occupied. This arrange-
ment makes the structure neutral with no charge excess
or deficit, making it a chemically stable compound. It has
n-type conductivity (Eg=2.1 eV) with highly chemical and
thermodynamical stable structure [9] hence allow it to
be a promising pseudocapacitor electrode material with
respect to both its high specific capacitance and cost
effectiveness [10–12].

Synthesis of functional iron oxide nanostructures in
different dimensional and morphologies has always fasci-
nated researchers because of their versatile range of
scientific and technological applications. Though many
aqueous chemical methods are widely known to synthesize
iron oxides nanomaterials, tailoring morphologies in nano
dimension still remains a challenging task. Here, we demon-
strated a facile synthetic route towards tunable Fe2O3

nanostructures from 0D nanoparticles, 1D nanorods to 3D
self-assembled nanorods composited with rGO and
investigated their morphology dependent electrochemical
properties. An added advantage of this method is its
non-templated synthesis avenue towards large scale and
economical production. Although many metal oxide and rGO
hybrid systems have been investigated as electrode materi-
als, this study demonstrates simple and effective tuning of
Fe2O3 nanostructures morphologies as one of the predomi-
nant factors to significantly enhance pseudocapacitive
performances.
Material and methods

In a typical procedure, 0.32 g of H3BO3 was added to 10 ml
of DI water followed by 2.3 ml of the 2.0 M aqueous FeCl3
and 1.75 ml of the 4 M aqueous NaOH solution. The molar
ratio of FeCl3/H3BO3/NaOH was 2:3:4. The mixture was
stirred and transferred to a teflon-lined autoclave and
heated at 90 1C for 12 h. The resultant nanorods (NR)
product was washed and dried overnight to form powder.
To obtain Fe2O3 nanoparticles (NP) and assembled nanorods
(ANR) which forms ovoid architecture, the molar ratio of
FeCl3/H3BO3/NaOH was tuned to 2:3:6 and 2:1:6 respec-
tively. The growth temperature was set at 120 1C for 12 h.
Finally, reduction and compositing of GO were carried out
simultaneously. 10 ml of 2 mg/ml GO solution (produced by
modified Hummers method) was added to 10 ml of methanol
and DI water for photo and base reduction methods
respectively. Then, 20 mg of the as prepared Fe2O3 sample
was added to the solution. The photo reduction was carried
out by a 300 W Xe lamp (Excelitas, PE300BFM) illumination
for 3 h under constant stirring. The base reduction method
was carried out by addition of 1 ml NaOH (4 M) solution
under 1 h reflux at 90 1C. Finally, the nanocomposite was
washed and dried for further characterizations.

Scanning electron microscopy (SEM) characterization was
carried out using a JEOL FEG JSM 6700F field-emission
operating at 15 kV. X-ray photoelectron spectroscopy
(XPS), VG ESCALAB 220I-XL system equipped with an Mg Kα
x-ray source was employed chemical composition studies.
X-ray diffraction (XRD) was carried out on a Philips X-ray
diffractometer with Cu Kα radiation (λ=1.541 Å). The
crystalline structures were analyzed using transmission
electron microscopy (TEM, Phillips FEG CM300) operated
at 200 kV.

A three-electrode system, a Pt foil and a Ag/AgCl were
used as the counter and reference electrodes, respectively.
The working electrode consists of the nanocomposite slurry
coated on a stainless steel mesh. All 3 electrodes were
immersed in an aqueous 1 M Na2SO4 electrolyte to evaluate
the capacitive performances of the electrode materials.
Cyclic Voltammetry (CV), Galvanostatic Charge Discharge
(GCD) and Electrochemical Impedance Spectroscopy (EIS)
measurements were conducted using the Versastat 4000
Potentiostat/Galvanostat (Metek) to test the capacitance
and internal resistance of the electrochemical cell. In CV
test, scan rates of 0.02, 0.05 and 0.1 V/s were carried out
within a fixed potential window of �1.0 to 0 V for all the CV
measurements. In GCD measurement, charge and discharge
of the electrochemical cell were conducted at a constant
current. Multiple loops of chronopotentiometry measure-
ments using both forward and reverse current in each loop
were conducted. The specific capacitance was calculated
from galvanostatic discharge according to the formula:

C¼ I
ðΔV=ΔtÞm ð1Þ

where I is the discharge current (A), ΔV/Δt is the best fit
slope of the discharge curve after the IR drop, Δt is the
discharge time (s) and m is mass of the electroactive
material (g). In potentiostatic EIS mode, a DC voltage
superimposed by a sinusoidal AC excitation signal was
applied to the electrochemical cell. During testing, the
frequency of the input signal was varied and the AC
response was measured to calculate the impedance Z of
the system. The data, in the form of Nyquist plot was
plotted, where Zim and Zre refer to the imaginary and the
real parts of the complex impedance. The EIS measure-
ments were recorded under AC voltage amplitude of 5 mV,
frequency range of 100 kHz to 0.01 Hz at 0 V reference.
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Results and discussion

Based on the various hydrothermal reaction parameters,
morphology evolution of Fe2O3 nanostructures base reduced
composite are demonstrated. From the SEM images in
Figure 1a and b, Fe2O3 nanoparticles (NP-rGO) with a size
distribution of 20–60 nm are observed. Figure 1c and d
shows 1D Fe2O3 nanorods (NR-rGO) of highly uniform in
structure with average diameters of �10 nm and lengths of
50 nm. Next, the nanorods were self-assembled (ANR-rGO)
into 3D architecture ovoid of average dimension �0.3–
0.5 mm (Figure 1e). Higher magnification image (Figure 1f)
reveals that the 3D ovoid is composed of similar dimension
nanorods. The nanorods have agglomerated to reduce the
overall surface energy, leading to self-assembling of nanor-
ods into compact ovoid nanoarchitecture.

Two steps phase transformations from Fe(OH)3 to
β-FeOOH and subsequently to α-Fe2O3 take place as follows:

Fe3þ þ3OH�-Fe OHð Þ3 ð2Þ

Fe OHð Þ3-β� FeOOHþH2O ð3Þ
Figure 1 SEM images of low and high magnifications of based re
composites.
2β�FeOOH-α� Fe2O3þ þH2O ð4Þ

The growth of the nanostructures involves the use of
additive H3BO3 which plays an important role to uniform

structure and dimension formation. As such, H3BO3 is a weak
acid which reacts with NaOH to form sodium borate (i.e.
borax) buffer solution. The buffer solution tunes the release
of hydroxyl ions, and control the mild formation of amor-
phous Fe(OH)3 gel derived from co-precipitation. As
reported, iron oxyhydroxides (FeOOH) can crystallize to
form either goethite (α-FeOOH), lepidocrocite (γ-FeOOH),
or akaganeite (β-FeOOH). However in this case, Cl� rich
ambient favors the formation of β-FeOOH phase [13]. The
β-FeOOH nanostructures of uniform size is formed which
then undergoes 12 h hydrothermal to transform to Fe2O3

nanostructures.
As mentioned, compositing and reduction of GO were

carried out simultaneously via two methods; photo and
base reduction as schematically depicted in Figure 2. The
photo reduction of GO under UV irradiation causes the π–πn

excitation of electrons in sp2 domains on the GO surface.
This then generates electron hole pairs that break the C–O–C
duced (a and b) NP-rGO (c and d) NR-rGO (e and f) ANR-rGO



Figure 2 Schematic of different GO reduction methods, base reduction and photo reduction which are used to form the
nanocomposites. Insets show the digital photos of GO, photo reduced and base reduced GO solutions.

Figure 3 XPS spectra of C1s (a) GO (b) photo reduced GO and (c) based reduced GO. (d) Fe 2p spectrum of the Fe2O3-rGO
nanocomposites.

31Enhanced supacapacitive performance
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bonds and releases O2, effectively reduces the oxygen
functional groups [14]. With the presence of methanol, an
effective hole scavenger, the mean lifetime of electrons can
be increased, thus promoting the reduction of GO to rGO
and compositing of iron oxide nanostructures [15]. On the
other hand, the base reduction method involves heating of
the GO suspension and the iron oxide nanostructures under
strong alkaline condition. It has been demonstrated that
oxygen functionalities can be successfully removed due to
alkaline reduction, where increase in pH promotes higher
degree of reduction [16]. This is attributed to repulsive
interaction between the deprotonated oxygen debris and
the covalently functionalized GO under basic conditions
which then promote the separation of oxygen functionalities
from the GO [17]. The color changes of the GO solutions
from light brown to dark brown and black are apparent for
the photoreduced and base reduced GO respectively (see
digital pictures in Figure 2 insets). The color change is due
to the restoration of a sp2 π-conjugated network in the
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Figure 4 XRD spectra of NP-rGO, NR-rGO and ANR-rGO based
reduced nanocomposites.

Figure 5 TEM images of low and high magnification of base
reduced GO. In both cases, the composites are observed to
be well-dispersed in solution without forming any sediment.
It is postulated that the carboxyl groups have been con-
verted to carboxylate COO� group to form water soluble
rGO sheets where the negatively charged groups keep the
Fe2O3-rGO composite from agglomerating [16].

Chemical analysis by XPS was carried out to verify the
effectiveness of reduction and compositing of Fe2O3 nanos-
tructures. Figure 3a shows the C 1s XPS spectrum of the GO
sample. The deconvoluted peak at a binding energy of
285 eV is attributed to C–C and C=C bonds. The deconvo-
luted peak centered in the binding energy ranges of 286.8–
287.0 eV is attributed to the C–O (C–O–C and C–OH), which is
mainly due to epoxy and hydroxyl groups present on the GO
surface. The peak intensities of the C–O as compared to the
C–C and C=C bonds are significantly higher in the GO
sample. Figure 3b shows the C 1s spectrum of the Fe2O3-
rGO nanocomposite formed via photo reduction method, it
can be observed that after photo reduction, the peak
intensities of oxygenated groups decreased with respect to
the C–C and C=C peaks. This suggests that photo irradiation
causes the decomposition of C–O–C epoxy bond hence
resulted in the overall decrease of C–O peak. Figure 3c
shows the C 1s of the Fe2O3-rGO nanocomposite formed via
base reduction route. The peak intensities of the oxyge-
nated groups decrease more significantly as compared to
the photoreduced GO. The XPS results correlate to the
extent of color change (Figure 1 insets digital photographs)
which demonstrates the effectiveness of base reduction
method. Aside from being more effective, the other advan-
tage of employing the base reduction method is the ability
to tune the degree of GO reduction simply by adjusting the
pH. Henceforth, base reduction method was adopted for
simultaneous reduction of GO and compositing with Fe2O3

nanostructures. Figure 3d shows the Fe 2p spectrum where
d reduced Fe2O3 (a–c) nanoparticles and (d–f) nanorods.
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two peaks at 724.6 and 711.2 eV, corresponds to the Fe 2p1/2
and Fe 2p3/2 spin–orbit of Fe2O3. Moreover, a satellite peak is
observed at 718.9 eV, which is one of the distinct features of
Fe2O3 phase [11]. This proves the successful compositing of
rGO by facile base reduction method without affecting the
chemical composition of Fe2O3 nanostructures.

Structural studies using XRD were carried out on the base
reduced Fe2O3-rGO nanocomposites. The XRD diffraction
peaks of Figure 4 can be readily indexed to a pure rhombo-
hedral hexagonal phase of hematite α-Fe2O3. (JCPDS: 33-
0664, space group: R-3c, a0=5.0356 Å, c0=13.7489 Å).
No other peaks are observed which suggests absence of
impurities in the as-synthesized samples. TEM was employed
to further investigate the structure of the Fe2O3 nanoparticles
(Figure 5a–c) and nanorods (Figure 5d–f). It can be observed
the nanoparticles have size distribution of 20–60 nm. High-
resolution TEM image (Figure 5c) shows well-resolved lattice
fringes of ca. 0.37 nm attributed to (012) planes of rhombo-
hedral hexagonal Fe2O3 crystals. TEM images of nanorods show
Figure 6 Electrochemical properties of electrode materials meas
NP-rGO (c and d) NR-rGO and (e and f) ANR-rGO based reduced na
monodispersed and uniform diameters of 5–15 nm and average
length of 50 nm. High-resolution image of Figure 5f shows
lattice fringes having an interplanar distance of 0.25 nm which
agrees well with the (110) plane of rhombohedral hexagonal
Fe2O3. The obtained crystal planes are consistent with the
obtained XRD diffraction spectra.

CV was carried out on the base reduced nanocomposites
over various scan rates from 20, 50 and 100 mV s�1. GCD was
tested with the current density from 2, 4 and 6 mA/cm2. The
working voltage windows were between 0 and �1.0 V for
aqueous electrolyte. The CV measurements of the NP-rGO
nanocomposite (Figure 6a) present similar quasi-rectangular CV
curves for a wide scan range of 20–100 mV s�1. The current
increased with the scan rate as expected, while the CV curves
lost the rectangular shape when the applied scan rates were
higher. This is due to the kinetics of electron transportation in
the electrode materials and the limited ion adsorption–deso-
rption at electrode and electrolyte interface. The GCD curves
of the NP-rGO nanocomposite, with Na2SO4 electrolyte, are
ured using a three-electrode system CV and GCD of (a and b)
nocomposite.



Figure 7 EIS measurements of various based reduced nano-
composites with inset showing the high-frequency region of the
Nyquist plot.
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shown in Figure 6b at different current densities. The linear
shapes with nearly symmetric charge and discharge curves
reveal a fast and reversible Faradic reaction between alkali
cations (Na+) and the Fe2O3 nanocomposite. The specific
capacitance of the composite materials is calculated from the
galvanostatic discharge curve at a current density of 2 mA/cm2.
The NP-rGO nanocomposite yields specific capacitance of
138 F g�1. The capacitive results of the NR-rGO nanocomposite
are shown in Figure 6c. Two redox peaks are identified at a low
scan rate at potential of around -0.7 and �0.3 V, showing the
presence of pseudocapacitive characteristics. The current
attained for the NR-rGO nanocomposite is higher than the
NP-rGO nanocomposite and it increased with the scan rate,
indicating enhanced electrochemical charge storage capabil-
ities. The CV curves with increasing scan rates exhibit a gradual
deviation from the rectangular shape owing to both EDL
capacitance and pseudocapacitance characteristics. Figure 6d
shows GCD curves of the NR-rGO nanocomposite at different
current densities. The voltage drop due to the ESR at the
beginning of charge/discharge was found to be small, suggest-
ing a low internal resistance of the electrode. The NR-rGO
nanocomposite displays a much higher specific capacitance of
504 F g�1, which is 2.6 times higher than the NP-rGO. Finally,
the capacitive behaviors of the ANR-rGO, a 3D nanoarchitecture
which is composed of assembled 1D NRs is investigated
(Figure 6e). Two redox peaks were identified at a low scan
rate at around �0.8 and �0.2 V. The ANR-rGO nanocomposite
seems to exhibit moderately high specific current, hence
resulted in relatively lower overall capacitance of �193 F g�1

as compared to the NR-rGO nanocomposite. Similarly, the ANR-
rGO nanocomposite exhibits both EDL capacitance and pseudo-
capacitance with a low internal resistance from the small drop
in potential at the initial stage of discharging (Figure 6f). The
NR-rGO nanocomposite shows highest pseudocapacitive perfor-
mance manifested by its small dimension (diameter �10 nm)
which promotes higher redox activity due to increase electro-
lyte cations interaction at the electrode surface. In addition,
the 1D nanorods as compared to nanoparticles and 3D self-
assembled nanorods have better dispersivity hence forming
favorable path for penetration and transportation of electrolyte
ions. Notably, simple tailoring of Fe2O3 nanostructures morphol-
ogies from 0D nanoparticles to 1D nanorods and 3D ovoids has
shown to improve the pseudocapacitive performances.

EIS measurements were performed at room temperature
on the base reduced nanocomposites to obtain information
on charge-transfer resistance. The resulting Nyquist plots
are shown in Figure 7 where the obtained curves are rather
similar in shape, an arc in the high frequency region and
inclined line in the low frequency region. The arc is usually
attributed to the interparticle resistance and charge trans-
fer impedance while the inclined line is ascribed to the
Warburg impedance, which is a result of the frequency
dependence of ion diffusion/transport in the electrolyte to
the electrode surface [18]. A distinct difference that is
observed between the samples is the phase angle of the
inclined line at Warburg region. In the low frequency range,
NP-rGO nanocomposite shows a relatively lower phase
angle, indicating a higher ion diffusion resistance. On the
other hand, the phase angle increases with ANR-rGO and
NR-rGO nanocomposites supercapacitors due to reduced
charge-transfer and ion diffusion resistance. The higher
intercalation and deintercalation of Na+ ions may have
possibly lead to higher capacitance in the case of NR-rGO
nanocomposite sample. It is also noted that amongst the
nanocomposites samples, the ANR-rGO shows a more dis-
tinct semi-circle, implying a higher charge transfer resis-
tance developed at the electrode/electrolyte interface.
Hence, the EIS spectra corroborate with the specific capa-
citances that were measured, where NR-rGO nanocomposite
has the highest capacitance with the lowest charge-transfer
resistance.
Conclusions

In this work, we have demonstrated a facile synthetic route to
tune iron oxide nanocomposite morphology from monodis-
persed 0D nanoparticles and 1D nanorods to hierarchical 1D
nanorods. The electrochemical performance has been char-
acterized via CV, GCCD and EIS which show that the different
nanocomposite morphologies affect their capacitive proper-
ties. As such, the synergistic effects of highly uniform nano
dimension 1D rods with low charge transfer resistance and
reduced graphene oxide composite lead to high energy
density. The low cost, abundancy, and environmental friendli-
ness of iron oxides may render their nanocomposites as a
promising candidate for energy storage applications.
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