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Abstract:

A facile method has been developed for the synthesis of nearly mono-dispersed iron oxide
nanocrystals. The structural analysis of the synthesized iron oxide nanocrystals reveal the
magnetite phase of FesO4. The average particle size of the iron oxide was estimated to be 8 + 2
nm. The observed particle size is in good correlation with the particle size estimated by magnetic
measurement. Furthermore, these nanocrystals showed bi-functional ferromagnetic and
superparamagnetic behavior below and above the blocking temperature, respectively. The
potential use of these nanocrystals as an electrode for supercapacitors was examined by
investigating the electrochemical behavior of the iron oxide using cyclic voltammetry (CV) and
galvanostatic charge-discharge tests. The CV characteristics of the iron oxide electrode showed a
typical pseudocapacitive behavior in 3M KOH solution. Moreover, the specific capacitance of 185
F/g at the current of 1 mA was observed with excellent cyclic stability which is much higher than
the reported value for iron oxide. The higher specific capacitance is due to uniform nano-size of
iron oxide. This work provides an ultimate facile method to synthesize nanostructured iron oxide

for the applications in next generation energy storage materials.
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1. Introduction

The increasing demands for high power density have stimulated a great research interest in
the electrochemical supercapacitors [1-3]. Supercapacitors are very striking due to their power
density, excellent reversibility and cycleability [4, 5]. They can be used for several applications
such as in electric vehicles, burst power generation, memory back-up devices and other related
devices which require high-power pulses [6, 7]. They are also used as power enhancement and life
cycle improvement of primary power sources such as batteries and fuel cells [8, 9]. There are two
kinds of supercapacitors based on their charge storage mechanism (i) electrical double-layer
supercapacitors (EDLC) in which the capacitance arises from the charge separation at the
electrode/electrolyte interface and (ii) pseudosupercapacitors in which the pseudocapacitance
arises from the faradic reactions occurring at the electrode interface [1]. Three types of materials
such as carbon, conducting polymers and transition metal oxides are widely used for such
applications [2].

Recently, various transition-metal oxides, such as RuO2, Co30a4, NiO, Fe203, Fe304, MnO2,
etc., are being studied for the supercapacitor applications [10-27]. Among these metal oxides,
RuO: is the most promising material as it could provide very high charge storage capacity [10,
11]. However, there are several limitations with RuO2 such as high cost, toxicity and scarcity [28].
The possible solution for this problem is to improve the charge storage capacity of the low cost,
natural abundant and environment friendly metal oxides. Iron oxide could be a potential candidate
for such applications due to its easy redox reaction, low cost and low environment impact [29, 30].
The charge storage capacity of the iron oxide can be drastically improved by increasing the active
surface area.

Hydrothermally grown FezO4 film was used as an electrode for supercapacitor application

[24]. The FesO4 film showed a specific capacitance of 118.2 F/g at the current of 6 mA between -
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1 and 0.1 V. Guan et al [31] have used Fe3O4 and carbon nanotubes (CNTs) for energy storage
applications. They reported that carbon nanotubes could significantly improve the supercapacitor
performance of the CNT/Fe3O4 composite. The specific capacitance of 117.2 F/g was observed for
the composite which was 3 times higher than pure FesO4. The much improved electrochemical
performances could be attributed to the good conductivity of CNTs as well as the anchored FezO4
particles on the CNTSs. Xiao et al [32] have reported synthesize of graphene/Fe.O3 composite by a
simple polyvinylpyrrolidone - assisted hydrothermal method and observed an excellent
electrochemical properties for lithium ion batteries.

Nitrogen-doped graphene/Fe.O3 composites (NGFeCs) have been synthesized and utilized
for supercapacitor applications [33]. It was observed that as-prepared NGFeCs show a better
electrochemical performance than the graphene/Fe>Os composites (GFeCs). The specific
capacitance of NGFeCs electrode was 260.1 F/g (150.4 F/g for GFeCs electrode) at a current
density of 2 A/g. Wang et al [22] have used composite of Fe3O4 nanoparticles grown on reduced
graphene oxide for supercapacitor applications. The specific capacitance of 220.1, 110.5 and 65.4
F/g was observed for FeszOas/reduced graphene oxide, FezOas/carbon nano tubes and Fes3Oa,
respectively. The reduction in the particle size of FesO4 from microcrystals to nanocrystals by
making composites with graphene oxide and carbon nanotubes was one of the main reasons to
increase the specific capacitance. Thus, the specific capacitance of a redox active metal oxide can
be improved by reducing the particle size.

Herein, present investigations, we used a facile method to synthesize nearly mono-
dispersed FesOs nanocrystals which can be scaled-up in a large quantity. The magnetic
measurements reveal the superparamagnetic behavior of the iron oxide nanocrystals. The detailed

structural and magnetic characterizations have been performed to evidence the nanostructure of
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the FesO4. These iron oxide nanocrystals have been employed for supercapacitor applications to
evaluate the feasibility of Fe3O4 for next generation energy technology. We report a high specific
capacitance of 185 F/g at 1 mA for the FesOs nanocrystals. The higher specific capacitance

observed in our work is due to uniform nano-size of iron oxide.

2. Experimental details

2.1 Preparation of the iron oxide nanocrystals

Iron oxide nanocrystals were synthesized using sol-gel technique. In typical synthesis, 1.99
g of FeCl,.4H20 and 5.41 g of FeClz.6H20 was dissolved in 50 ml DI water. The solution was
heated to 80 °C under constant stirring. After 30 min at 80 °C, 1.0 g of citric acid was added slowly
to the above solution. The mixture was stirred for 30 min at 80 °C. 3.0 g of NaOH dissolved in 50
ml DI water was added drop wise during 60 min to the above solution at 90-100 °C under strong
stirring. The resulting solution was left at 100 °C for 2 hrs and brought to room temperature
naturally. The precipitate was collected and washed using centrifuge. The obtained product was

dried in an oven at 50 °C for 8 hrs.

2.2 Instrumentation and sample analysis

The structural characterization of the synthesized iron oxide was performed using X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The XRD spectra was recorded
with Shimadzu X-ray diffractometer using the 20-0 scan with CuKa (A=1.5405 A) radiation. The
Raman spectrum was recorded at room-temperature using a Renishaw 1000 micro-Raman system
equipped with a Leica microscope. The 50x- magnifying objective of the microscope focused a
laser beam to a spot of ~1 um diameter. The excitation wavelength used was 514.5 nm from an

Ar* ion laser and 1800 line/mm grating was used in all measurements, which allowed one to obtain
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a resolution of ~1 cm™. The TEM analysis of the iron oxide was performed on a FEI-Tecnai, 200
kV microscope equipped with a charge-coupled device (CCD) camera for scanning transmission
electron microscope (STEM), high-angle annular dark-field (HAADF) and energy-dispersive X-
ray (EDX) detectors. Magnetic measurements were performed on Quantum Design vibrating

sample magnetometer (VSM).

2.3 Electrochemical measurements

The working electrode was prepared by mixing 80 wt.% of the iron oxide nanocrystals, 10
wt.% of acetylene black, and 10 wt.% of polyvinylidenedifluoride (PVdF) in the presence of N-
methyl pyrrolidinone (NMP). After mixing the components, the slurry was pasted onto nickel
foam. The prepared electrode was dried at 60 °C under vacuum for overnight. The electrochemical
measurements were performed in a standard three electrode cell containing a platinum wire as a
counter electrode, saturated calomel electrode as a reference electrode, and as-synthesized FezO4
nanocrystals on nickel foam as a working electrode. An aqueous solution containing 3 M KOH
was used as an electrolyte. The supercapacitive performance was evaluated by cyclic voltammetry
(CV) and galvanostatic charge-discharge techniques. Electrochemical measurements were

performed on a Versastat 4-500 electrochemical workstation (Princeton Applied Research, USA).

3. Results and discussion

Nearly mono-dispersed iron oxide nanocrystals were synthesized using a facile method.
These nanocrystals were structurally, magnetically and electrochemically characterized for their
applications in energy storage materials. In the following sections, the details of the results and

discussion are given.
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3.1 Structural properties

The X-ray diffraction analysis of the synthesized iron oxide nanocrystals was performed
to study the phase purity. Fig. 1 shows the XRD pattern of prepared iron oxide powder. Crystalline
phases found in the powder sample were identified according to data contained in the JCPDS
Powder Diffraction File. All the observed peaks in the XRD patterns could be readily identified as
the pure cubic phase [space group: Fd3m (227)] of Fe3O4 with cell constants a = 8.389 A (JCPDS
01-074-1910). The absence of any extra peak other than Fe3O4 indicated that FesO4 is present in
pure phase. The average crystallite size (t) of the iron oxide was calculated using the Debye-
Scherrer’s equation, t = 0.9A/Bcos6, where A is the X-ray wavelength, f is the full width at half
maximum of the diffraction line, and 6 is the diffraction angle of the XRD spectra. The average
crystallite size of the iron oxide was calculated to be ~ 9.8 nm. Fig. 2 shows the Raman spectrum
of the iron oxide nanocrystals conducted with a 514.5 nm wavelength laser in a spectral range of
100-3300 cm™. Raman spectrum of Fe3O4 nanocrystals reveals all the characteristic peaks of FesO4
in the low frequency region, i.e., E; mode (213, 274, 384, 474 cm™), Ay mode (584 cm™)

confirming the of Fe3O4 phase.

(222)
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Fig. 1: XRD pattern of synthesized iron oxide.
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Fig. 2: Raman spectrum of synthesized iron oxide.

The morphology, size and crystallinity of the FesO4 nanocrystals have been investigated
from transmission electron microscope (TEM) images. TEM micrograph image of Fe3Oa in Fig.
3(a) shows nearly mono-dispersed quasi-cube shape nanocrystals with an average lateral
dimension of 8 £ 2 nm. Further, we have performed high resolution transmission electron
microscope (HRTEM) analysis in order to understand the nanocrystals crystallinity, phase and
growth direction. Fig. 3(b) shows typical HRTEM image of Fe3Os nanocrystals, which exhibit
clear lattice fringes with an average lattice of distance of 2.95 + 0.03 A, corresponding to (022)

planes of cubic phase (magnetite) of iron oxide.
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Fig. 3: (a) TEM image and (b) HRTEM image of synthesized iron oxide nanocrystals.

3.2 Magnetic properties

The magnetic properties of the iron oxide nanocrystals were investigated as a function of
temperature and applied magnetic field. The temperature dependence magnetization (M vs. T) of
the iron oxide was studied in zero-field-cooled (ZFC) and field-cooled (FC) process. During the
ZFC measurement, the iron oxide was cooled in zero magnetic field from room temperature to 5
K and then field was applied during recording the magnetization from 5 K to room temperature.
The FC measurement was performed while cooling the iron oxide from room temperature to 5 K
under an applied external magnetic field. Fig. 4, shows the ZFC-FC magnetization curves of iron
oxide nanocrystals. As seen in the figure, ZFC and FC curves are separated out at lower
temperature. The temperature at which such separation in ZFC and FC curves occurs is called the
blocking temperature (Ts). The appearance of blocking temperature further confirms the
nanostructure of the iron oxide powder [34]. For nanocrystals, above the blocking temperature the
thermal fluctuations are strong enough and bulk magnetization cannot be established. This leads
to superparamagnetism to the nanocrystals above the blocking temperature [35]. Below the
blocking temperature, the thermal fluctuations do not dominate and magnetic moments of the

8
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nanocrystals freeze in random direction and exhibit ferromagnetic behavior. The blocking

temperature of the nanocrystals is related to the volume of the crystals by [36]:
25keTe= KV (1)

where KV is the anisotropy energy barrier; K and V are the effective anisotropy constant
and the volume of particle, respectively. The value of effective anisotropy constant of 1.0 x 10°
JIm® was used [37]. The particle size of the iron oxide was calculated using the blocking
temperature from M vs. T data and observed to be ~ 6.7 nm. The calculated particle size is in good

correlation with the particle size observed using TEM and calculated using XRD patterns.
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Fig. 4: ZFC and FC curves of the synthesized iron oxide nanocrystals.

The magnetic nature of the iron oxide nanocrystals was further investigated using magnetic
field dependence magnetization (M vs. H). M vs. H nature was studied at 10 K and 300 K which
are the temperature below and above the blocking temperature, respectively. As seen in the M vs.
H plots at two different temperatures (Fig. 5), iron oxide nanocrystals show ferromagnetic
(presence of hysteresis loop) and superparamagnetic behavior below and above the blocking

9
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temperature, respectively. The coercivity field and remnant magnetization of the iron oxide at 10
K were observed to be 304 Oe and 12.9 emu/g, respectively. Osuna et al [38] have reported
remnant magnetization and coercivity field for iron oxide nanoparticles as 1.6 emu/g and 17.8 Oe,
respectively. Sun et al [39] have synthesized superparamagnetic iron oxide nanoparticles with a
size range of 8-20 nm by the modified controlled chemical co-precipitation method from the
solution of ferrous/ferric mixed salt-solution in alkaline medium. It was observed that the
saturation magnetization of the iron oxide nanoparticles increased from 41.60 to 49.24 emu/g when
the sizes of iron oxide increased from 8 to 20 nm. The saturation magnetization, remnant
magnetization and coercivity field of our synthesized iron oxide nanocrystals are better than the
reported value, indicating this facile and relatively cheap method could be adopted for synthesis
of high quality and mono-dispersed iron oxide nanocrystals. In the following section, we report

the electrochemical behavior of mono-dispersed Fes3Os4 nanocrystals for supercapacitor

applications.
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Fig. 5: M vs. H plots of the synthesized iron oxide nanocrystals at 10 K and 300 K.
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3.3 Electrochemical properties

The electrochemical performance and charge storage mechanism of the iron oxide
nanocrystals were investigated using cyclic voltammetry. The cyclic voltammograms of iron oxide
nanocrystals at various scan rate (5-150 mV/s) in the potential range of -1 to 0 V are shown in Fig.
6(a). The shape of the cyclic voltammograms of iron oxide suggested that the capacitance
characteristic was distinguished from that of the electric double-layer capacitance, which is
normally an ideal rectangular shape, thereby indicating that the capacitance of iron oxide
nanoparticles was mainly pseudocapacitive. As seen in the CV curves of iron oxide, two shallow
redox reaction ‘humps’ were observed at ~ -0.58 and ~ -0.64 V vs. SCE. It is further observed that
the current response was not linearly proportional to the scan rate. This could be due to the presence
of solution and electrode resistances. These resistances can distort current response at the
switching potential and this distortion is dependent on the scan rate. The long term cyclic
performance of the iron oxide electrode was also studied using cyclic voltammetry. Fig. 6(b) shows
the CV curves of the electrode at various cycles. As seen in the CV curves, the shape and area of
the voltammograms nearly appear identical even at higher scan rate, suggesting high cyclic
stability of the iron oxide electrode. A similar CV characteristics have been reported for the

hydrothermally synthesized self-assembled FesO4 nanoparticles [40].

11
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Fig. 6: (a) CV curves of iron oxide nanocrystals at various scan rates and (b) CV curves at
various cylices at 20 mV/s.

To further evaluate the potential application of the iron oxide nanocrystals as an electrode
material for supercapacitors, galvanostatic charge-discharge measurements were performed. The
charge-discharge measurements were performed in a 3 M KOH electrolyte between -0.1 and -0.9
V (vs. SCE) at various applied current. The charge-discharge characteristics of the fabricated iron
oxide electrode are shown in Fig. 7. As seen in the Fig. 7, the potential-time curves are nearly
symmetrical at all currents indicating high charge-discharge coulombic efficiency and low
polarization of the electrode. The specific capacitance of the iron oxide electrode can be calculated
using charge-discharge characteristics of the electrode. The specific capacitance (SC) of the

electrode was calculated using the equation:

SC =™ ()

mxAV
where SC (F/g) is specific capacitance, | (A) is charge-discharge current, AV (V) is potential range,
m (g) is mass of active material, and t (s) is discharging time. The variation of the specific

capacitance with discharge current is shown in Fig. 7(b). As seen in the figure, the discharge time

12
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increases with decreasing the current. At lower current, the electrolyte ions can be diffused
sufficiently into the interior electrode, resulting in more available surface and thus a higher specific
capacitance. The reduced capacitance at larger current density can be as a result of the limited
diffusion time into the interior surfaces [41]. Chen et al [24] have reported specific capacitance of
118.2 F/g for hydrothermally prepared octadecahedron Fe3O4 thin film. Carbon nanotubes/FesO4
nanocomposites showed a specific capacitance of 117.2 F/g which was three times more than that
of pure iron oxide [31]. The improved electrochemical performances of the composite electrode
could be due to good conductivity of carbon nanotubes and the anchored Fe3O4 particles on them.
The high specific capacitance of 185 F/g for our synthesized iron oxide nanocrystals could be due
to high surface area. The monodispered iron oxide nanocrystals of ~ 8 nm diameter provide larger

surface area for redox reactions and thus high specific capacitance of the electrode.
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Fig. 7: (a) Charge-discharge behaviors of iron oxide electrode at different current and (b)
variation of specific capacitance at different discharge currents.

The cyclic stability of the iron oxide electrode was examined by galvanostatic charge-

discharge tests for 200 cycles (Fig. 8). The inset of Fig. 8 shows first 15 cyclic charge-discharge

13
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curves. It was observed that the capacitance of the electrode first underwent a rapid decrease
followed by constant capacitance retention. The remaining discharge specific capacitance was
about 150 F/g. The obtained results suggest the great promise with ultimate potential of a low cost
and environment friendly nanostructured iron oxide for high performance supercapacitor
electrode. Therefore, this facile and green synthesis strategy offers an effective way to produce

high performance supercapacitor and shows a promising large-scale application in energy storage.
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Fig. 8: Cycling performance of the iron oxide electrode at constant current of 1 mA. The inset
shows the first 15 cycles of charge-discharge curves.
4. Conclusion

In summary, we have successfully developed a facile method for the synthesis of iron oxide
nanocrystals which can be scaled-up in a large quantity. These synthesized iron oxide nanocrystals
show superparamagnetic behavior above the blocking temperature (~75 K) and ferromagnetic
behavior below the blocking temperature. The unique nanostructures of the iron oxide provide
prominent advantages in electrochemical energy storage. The iron oxide based electrode shows
high specific capacitance of 185 F/g, high rate performance and stable cyclability. Collective with
all properties and facile as well as cost-effective synthesis of iron oxide electrode has a great

potential for next generation supercapacitor applications.
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