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We report a facile approach to synthesize nanocomposites with Fe;O4 nanopaticles (NPs) attached to
reduced graphene oxide (rGO) sheets by a solvothermal process, which combines the growth of Fe;O4
NPs and the reduction of GOs in one single step. These Fe;04/rGO nanocomposites were further used
to fabricate thin film supercapacitor electrodes by using a spray deposition technique without the
addition of insulating binders. It was found that the Fe;0,/rGO nanocomposites showed much higher
specific capacitances than that of either pure rGO or pure Fe;O04, NPs. We further carried out
electrochemical characterization of the Fe;0,/rGO nanocomposites with different Fe;O0,4 : rGO weight
ratios (e.g. Irc,0,: rGo) and showed that Fe;04/rGO nanocomposites with Ig. o, : rgo = 2.8 exhibited
the highest specific capacitance of 480 F g~! at a discharge current density of 5 A g~' with the
corresponding energy density of 67 W h kg~! at a power density of 5506 W kg~!. These Fe;04/rGO
nanocomposites also showed stable cycling performance without any decrease in the specific

capacitance after 1000 charge/discharge cycles.

Introduction

Electrochemical capacitors (also known as supercapacitors or
ultracapacitors) have drawn increasing attention for energy
storage applications owing to their high power density, high rate
capacity and long cycling life.’* They have been proposed to play
important roles in complementing or even replacing batteries in
various applications ranging from portable electronics to hybrid
electric vehicles.® Up till now, there are mainly three types of
materials that may be used as supercapacitor electrode materials,
e.g. carbonaceous materials,®!" transition metal oxides'*>*' and
conductive polymers.?>** Carbonaceous materials are mainly
used for electric double-layer capacitors, where the charge
storage process is non-Faradic and the storage of energy is
electrostatic. The keys to achieving high capacitance in electrical
double layer capacitors are to increase the surface area and
electrical conductivity. Recently, graphene has emerged as
a promising material for electrochemical energy storage appli-
cations due to its chemical stability, unique mechanical strength,
high electrical conductivity and high surface area.>>*° The bulky
paper made from graphene sheets also allows fabrication of
a binder free flexible electrode without extra current collectors
that may eliminate the contact resistance between the electrodes
and current collectors.627:3%-31
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The energy storage mechanism for transition metal oxides, e.g.
MnQO,,'*1¢ Ru0,,'7-?* NiO* or SnO,,*! is mainly Faradic, which
can realize large pseudocapacitance. However, the relatively low
conductivity and poor stability of such materials usually requires
the addition of conductive phases, e.g. carbon black or acetylene
black, to enhance the charge transfer. Among the transition
metal oxides, Fe3O4 is one of the more promising electrode
materials due to its low cost and low environment impact. It also
has a relatively high theoretical Li storage capacity,** which
suggests that Fe;O4 may offer high pseudo charge capacitance
through redox reaction. Previous studies on Fe;O, as super-
capacitor electrodes have shown low capacitances of 60-80
F g1,'333 which is mainly due to its low electrical conductivity to
enable effective ion diffusion. Blending Fe;O,4 with conductive
phases, e.g. carbon nanotubes, to form composites can effectively
increase the total capacitance, to as high as 165 F g~ at a current
density of 0.2 A g'.3*

Nanocomposites of graphene and metal oxide®*33® for
supercapacitor applications have attracted wide attention
recently due to their synergistic effects by combining the redox
reaction of metal oxide and high surface area/conductivity of
graphene to improve the electrochemical performance.*
Although high specific capacitances have been demonstrated in
several composites, e.g. graphene-MnO, composites as super-
capacitor electrodes,®**° it is worthwhile pointing out that the
weight ratio between the graphene and the metal oxide should be
tuned to optimize the electrochemical performance of the
composite, which has not been well studied.

Herein, we report a facile approach to synthesize nano-
composite with Fe3O,4 nanopaticles (NPs) attached to reduced
graphene oxide (rGO) sheets, which combines the growth of
Fe;O4 NPs and the reduction of graphene oxides (GOs) in one
single step. These Fe304/rGO nanocomposites were further used
to fabricate thin film supercapacitor electrodes by using a spray
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deposition technique without the addition of insulating binders.
It was found that the Fe;0,4/rGO nanocomposites showed much
higher specific capacitances than that of either pure rGO or pure
Fe;O4 NPs. We further investigated the Fe;O4/rGO nano-
composites with different Fe;O, : rGO ratios. It was shown that
Fe;04/rGO nanocomposites with 73.5% Fe;O4 NPs showed the
highest specific capacitance of 480 F g~' at a discharge current
density of 5 A g~! with the corresponding energy density of 67 W
h kg ! at a power density of 5506 W kg '. These Fe;04/rGO
nanocomposites also showed stable cycling performance without
any decrease in the specific capacitance after 1000 charge/
discharge cycles.

Experimental
Materials

Natural graphite was purchased from Bay Carbon (Bay City,
Michigan) and used for synthesizing graphene oxide(GO). H,O,
(30%), H>SO4 (98%), ferric chloride hexahydrate (FeCls-6H,0),
phosphorpentoxid (97%), potassium persulfate (K,S,0g), HCI
(37%), potassium permanganate (KMnO,), ferric chloride
hexahydrate (FeCl;-6H,0), ferrous chloride tetrahydrate
(FeCl,-4H,0), ethanol, ammonia solution (NH;-H,O) 25%
were purchased from Sigma-Aldrich. All chemicals were used as
received without any further purification. Millipore water was
used in all experiments.

Synthesis of graphene oxides (GOs)

Graphene oxide was synthesized from natural graphite by
a modified Hummers method, as described elsewhere.*'* In
brief, 0.3 g of graphite was added into a mixture of 2.4 mL of 98%
H,SOy4, 0.5 g of K»,S,0g, and 0.5 g of P,Os, and the solution was
kept at 80 °C for 4.5 h. The resulting preoxidized product was
cleaned by water and dried. After the preoxidized product
was added into 12 mL of 98% H,SOy, followed by slow addition
of 1.5 g of KMnQ, with the temperature kept at <20 °C in order
to avoid overheating and explosion, the solution temperature
was increased to 35 °C and maintained for 2 h. Then, 25 mL of
H>O was added. After 2 h, an additional 70 mL of H,O was
added to dilute the solution, and 2 mL of 30% H,O, was injected
into the solution to completely react with the excess KMnQOy4. A
bright yellow solution was obtained. Then, the resulting mixture
was washed by HCI and H,O, and the graphite oxide was
obtained. The obtained graphite oxide was dispersed in water
with a certain concentration and subsequently sonicated to
obtain GOs.

Synthesis of Fe;O4/reduced graphene oxide (rGO)

20 mL GOs in water suspension (a concentration of ~0.25 mg
mL~") were heated to 70 °C with magnetic stirring. An aqueous
solution of FeCl;-6H,0 and FeCl,-4H,0 was injected in. The
mixture was kept at 70 °C and stirred overnight under N,
atmosphere. Then, 3 mL NHj-H,O was added dropwisely into
the solution. The mixture was loaded into a 50 ml Teflon lined
stainless steel autoclave for hydrothermal reaction at 150 °C for 2
h. The final product was washed with ethanol and water, and
dried in oven at 60 °C for 12 h. Different weight ratios of Fe;0y4

to rGO were prepared by varying the amount of FeCl;-6H,O
and FeCl,-4H,O added during the synthesis process. For
comparison, samples of pure Fe;O4 and pure rGO were also
prepared using a similar method.

Characterization

The morphology of the samples was investigated using a field
emission scanning electron microscope (JEOL, Model JSM-
7600F). Transmission electron microscopy (TEM) images were
taken by using a JEOL 2010F operated at 200 kV. The crystal
structural characterization of the samples was carried out using
a Scintag PAD-V X-ray diffractometer at a scan rate of 1°/s with
a 20 range of 10-80° with Cu K, radiation (A = 0.15406 nm).
The Raman spectra were obtained by using a WITec CRM200
confocal Raman microscopy system with a laser wavelength of
488 nm and spot size of 0.5 nm. To calibrate the wavenumber, the
Si peak at 520 cm~' was used as a reference. The electrical
conductivity of these materials was measured by a four-point
probe method. The composition of Fe;0,/rGO nanocomposites
were determined by the thermal gravimetric analysis using a TA
Instruments Q500 Thermogravimetric Analyzer (TGA) with
a heating rate of 5 °C min~! under dry air. The specific surface
areas were investigated by using the Brunauer—-Emmet-Teller
(BET) methods.

Electrochemical testing

To fabricate film electrodes, the Fe;O4 NPs, rGO and Fe;O,4/
rGO nanocomposites were dispersed in ethanol. The suspensions
were then spray deposited onto 2 x 1 cm carbon papers. The
electrodes were dried under vacuum at room temperature for 6 h.
The electrochemical properties and capacitance measurements of
the supercapacitor electrodes were studied in a three-electrode
half-cell system in 1 M KOH electrolyte with Solartron analytical
equipment (Model 1470E). Platinum wire was used as a counter
electrode and Ag/AgCl as the reference electrode. Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out in the frequency range from 10 kHz to 0.1 Hz at open
circuit potential with an ac perturbation of 10 mV with the help
of an impedance spectrum analyzer (Solatron, SI 1255B
Impedance/gain-phase analyzer; computer software ZView).

Results and discussion

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images (see Fig. la and b) show the
representative  morphology of the nanocomposite sample
prepared with a precursor mass ratio of
FeCl;-6H,0 : FeCl,-4H,0 : graphene oxides (GOs) =10:4: 5,
which reveal that there are nanoparticles (NPs) of 4-8 nm
uniformly decorated onto the thin sheets. The selected area
electron diffraction (SAED) pattern (see inset in Fig. 1b) and
high resolution TEM image (see Fig. 1c) of these NPs reveal that
these particles are magnetite Fe;O4 with a face-centered cubic
crystal structure (JCPDS 89-4319). The reduction of graphene
oxides (GOs) was examined by Raman spectroscopy (see ESI
Fig. S11) and electrical conductivity measurements. Fig. S1t
shows the increase in the intensity ratio of D band (located at
1350 cm™') and G band (located at 1580 cm™"), e.g. Ip/lg, from
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Fig. 1 (a) SEM (b) TEM and (c) HRTEM images of as-prepared Fe;0,rGO nanocomposites prepared with a precursor weight ratio of
FeCl;-6H,0 : FeCl,-4H,0 : GOs = 10: 4 : 5 (the inset in b is the SAED pattern of Fe;04 nanoparticles) (d-f) TEM images of Fe;0,4/rGO nano-
composites prepared with precursor ratios of FeCly-6H,0 : FeCl,-4H,0 : GOs = (d)20:9:1,(e) 6:3: 5, and (f) 5: 2 : 10, respectively.

0.91 to 1.36 upon the reduction of GOs through the solvothermal
process, which is consistent with previous reports.** Meanwhile,
the four-point-probe measurements show that the GO films on
glass is insulating and the as-prepared nanocomposites depict
a high electrical conductivity of 800 S m~'. The TEM images of
samples prepared with various precursor ratios are shown in
Fig. 1d-f. Large NPs of 10-20 nm are observed in the sample
prepared with a precursor ratio of
FeCl;-6H,0 : FeCl,-4H,0 : GOs = 20 : 9 : 1 while only smaller
particles of 4-8 nm are detected in the other samples. The large
Fe;O, NPs observed in samples prepared with higher Fe
precursors are possibly formed through the coarsening of the
smaller NPs.

Here, for samples prepared with different precursor ratios, we
have estimated the weight ratio of Fe;O4: rGO in the nano-
composites, Irc,0,: o, by thermal gravimetric analysis (TGA)
in air (see ESI Fig. S27). The XRD measurements indicate that
the final residue is only Fe,O; (Fes04 oxidized to Fe,03) after
heating the samples to above 500 °C in air, based on which we
calculated the weight ratio to be Igc,0,:rgo = 19.8,5,2.8 and 0.8
for samples prepared with  precursor ratios  of
FeCl;-6H,0 : FeCl,-4H,0: GOs =20:9:1,6:3:5,10:4:5
and 5 : 2 : 10, respectively. Here, in the TGA curves, the first 5%
weight loss at the temperature below 100 °C is attributed to the
evaporation of moisture.

Fig. 2 shows the representative X-ray diffraction patterns of
nanocomposites with different Ig..o, . rco values, which confirms
the formation of magnetite Fe;O, (JCPDS 89-4319) and is
consistent with the SAED and HRTEM observations. For GOs,
a sharp peak at the 20 ~ 10.8° is observed (see ESI Fig. S37) in
the XRD pattern, which corresponds to the (001) reflection. The
estimated interlayer spacing of GO using the Scherrer equation*®
is around 0.82 nm. The sharp peak disappears upon reducing the

GOs to rGO and only a broad hump at 26 between 20° and 30°
remains due to a relatively short domain order or turbostratic
arrangement of the rGO stacked sheets.**”

The specific surface area of the Fe;O4/rGO nanocomposites
was investigated by BET techniques. Based on the hysteresis loop
obtained in the N, gas adsorption-desorption isotherm (see ESI
Fig. S4t), the surface area calculated for Fe;O,/rGO nano-
composites with Ig.0,::co = 2.8 is around 192 m* g™' as
compared to 42 m? g~ for pure Fe;04 NPs, which is mainly due
to the large surface area of the rGO sheets.

The electrochemical performance of the electrodes made from
Fe;04/RGO nanocomposites was investigated by cyclic vol-
tammogram (CV) and galvanostatic charge/discharge measure-
ments within the potential range of —0.8-0.2 V in 1 M KOH
aqueous solution. The CV curve (see Fig. 3a) of Fe;04/rGO
nanocomposites with Igc.0, : :go = 2.8, clearly shows the pair of
cathodic and anodic peaks, which correspond to the reversible
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Fig. 2 X-ray diffraction patterns of Fe;O,/rGO nanocomposites with
different Ig. 0, : rgo values.
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Fig. 3 (a) Cyclic voltammogram curves of Fe;O4 NPs, rGO and nano-
composites with Ig.,0, : rgo = 2.8 at a scan rate of SmV s~ in 1 M KOH
(b) Galvanostatic charge/discharge curves of rGO, Fe;O, and nano-
composite with I o, : rgo = 2.8 in I M KOH solution at 5 A g™'.

reactions of Fe(i) <> Fe(1).3** The CV curves of pure Fe;04
NPs and pure rGO at the same scan rate are also plotted in
Fig. 3a, which are much narrower than that of the Fe;0,/rGO
nanocomposites and indicate smaller specific capacitances.

The specific capacitances C; were calculated from the corre-
sponding galvanostatic discharge curves (see Fig. 3b) using the
equation as follows:

_ 1
 [(AE m
At

where (AE/At) is the average slope of the discharge curve after
the IR drop, At is the discharge time, m is the active mass and 7 is
the discharge current. The calculated specific capacitances are
480 F g' for nanocomposites with Ig.o,.rco = 2.8 at
a discharge current density of 5 A g~', which is much higher than
that of pure Fe3O4 (ie. 104 F g') and rGO (i.e. 139 F g1)
electrodes. The galvanostatic charge/discharge measurements at
different current densities are also carried out for samples with
different Igco,.rco (see ESI Fig. S5¢). For the same sample,
decreasing the discharge current density results in higher specific
capacitances, e.g. the value of Cs for nanocomposites with
Ire,0,:rGo = 2.8 increases from 480 F g' to 890 F g~' upon
decreasing the current density from 5 A g*'to 1 A g7'. Varying
the Ig.,0, : rgo values also leads to varied specific capacitances at
different current densities, which is summarized in Fig. 4a. It
clearly shows that Fe304/rGO nanocomposite with Ig..o, : rco =
2.8 depicts the highest specific capacitances among all the
prepared samples at all tested current densities. For example, at
a current density of 1 A g~', nanocomposite with Ig. o, rco =

G
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Fig. 4 (a) Specific capacitances of Fe;04 NPs, rGO and nanocomposites
with different Ire,0, : rgo values. (the x axis is the weight ratio of Fe;04 to
rGO, 0 represents pure rGO and +o represents pure Fe;04) (b) The
energy densities and corresponding power densities of rGO, Fe;04 NPs
and Fe3;04/rGO nanocomposite with Ig. o, : rgo = 2.8.

2.8 show the highest Cs value of 890 F g~' while the values of C
decreased to 582, 654, and 705 F g~! for nanocomposites with
Ife,0,:rco = 19.8, 5, and 0.8, respectively. The energy densities
and power densities can be further calculated from these results
(see Fig. 4b) using the following equations:

1
E ==G,(AV)
2
=t
t

where E is the energy density, C; is the specific capacitance, AVis
the potential range, P is power density and ¢ is the time to
discharge. For nanocomposites with Ig..o, : rgo = 2.8, the energy
densities are 124, 93, 80 and 67 W h kg~! at power densities of 1,
2,3and 5 A g, respectively, which are higher than samples with
other Ig.0,:rGo values. The cyclability of Fe3;04/rGO nano-
composite electrodes were also tested by continuous charge—
discharge measurements at different current densities for
different cycle numbers within a voltage range of —0.8-0.2 V. At
a current density of 5 A g', the specific capacitance of nano-
composites with Igc,o, : rgo = 2.8 increases about 15% during the
first 200 cycles and remains stable as the charge/discharge cycles
increase to 1000 (see Fig. 5). At a current density of 10 A g™*, the
specific capacitance of the same composite show a similar trend,
which increases about 12% for the first 2000 cycles and then
remains stable till 10 000th cycles (see ESI Fig. S7t). Both results
indicate the excellent cyclability of such a Fe;O04/rGO nano-
composite. The increase of C during the charge/discharge cycles
is attributed to the activation process to allow the trapped
cations to gradually diffuse out.*

The electrochemical impedance spectroscopy (EIS) is a non-
destructive and useful technique for evaluation of the kinetic and
mechanistic information of electrode materials. The data, in the
form of Nyquist plots® (Z' vs. —Z"), (see Fig. 6a and ESI
Fig. S7%), were collected in the frequency range of 10 kHz to 0.1
Hz using an ac bias of 10 mV. Z' and Z" refer to the real and
imaginary parts of complex impedance. Qualitatively, all spectra
are similar in shape, where an arc in the high frequency region
and inclined line in the low frequency region are seen. The arc
usually attributes to the inter-particle resistance and charge
transfer impedance.?*3*¢*% The inclined portion of the curve
(about 45°) in the middle frequency is ascribed to the Warburg
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Fig. 5 The cycling performance of Fe;O4 NPs, rGO and the nano-
composite electrode with I..0, . rgo = 2.8 at a current density of 5 A g™
in 1 M KOH.
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Fig. 6 (a) Nyquist plots of experimental impedance data for Fe;0,/rGO
nanocomposite electrode with g0, : rco = 2.8 in the frequency range of
10 kHz to 0.1 Hz. (b) The electrical equivalent circuit used for fitting of
impedance spectra.

impedance, which is a consequence of the frequency dependence
of ion diffusion/transport in the electrolyte to the electrode
surface.’®! The experimental data are fitted with an equivalent
circuit, shown in Fig. 6b, which consists of a series and parallel
combination of resistances, R, (contribution of ionic resistance
of electrolyte, intrinsic resistance of substrate, and contact
resistance between active material and current collector), R
(charge transfer resistance) constant phase element (CPEy; :
double layer capacitance), Warburg impedance, W, and Cy (the
limit capacitance). As can be seen in Fig. 6 and Table 1, the value
of R, remains almost constant 2.5 (+ 0.5) Q for all the devices,
which shows almost same behavior of the Fe;04/rGO composite
electrode. However, a significant variation in Warburg imped-
ances is clearly observed. It is well-known that the proportion of
the Warburg region in the Nyquist plot is the limiting factor for
ion diffusion/transport from electrolyte to the electrode surface.
The higher value of W reduces the access of electrolyte ions to
the active electrode surface and indicates greater variation in ion
diffusion path lengths and increased obstruction of ion move-
ment.5"** This is therefore detrimental to good supercapacitor
behavior. As is observed from Table 1, the value of W for the
Fe;04/rGO composite lies between the value of pure rGO and
pure Fe;Oy4, therefore, the electrolyte access in Fe;O4/rGO
composite may be relatively higher, which would facilitate the
efficient access of electrolyte ions to the Fe;O4/rGO composite
electrode and thus, will aid in delivering the high pseudocapa-
citance as compare to the pure Fe;O,4. After 1000 cycles, an
almost identical impedance curve is obtained, further demon-
strating the long term electrochemical stability of the composite
of rGO and Fe30,.

Meanwhile, we examined the morphology of three types of
electrodes (pure FezOy4 electrode, pure rGO electrode and Fe;O4/

Table 1 The calculated values of R., Ry, CPEy, W and Cy through
fittings of the experimental impedance spectra based on the proposed
equivalent circuit in Fig. 6b

R.(Q) Ry (Q) CPEy(mF) W, CL(F)
Before rGO 1.7 0.1 0.003 5.8 0.05
Cycling Fe;04 2 0.5 0.1 50 0.03
Fes04/rGO 2.8 0.6 1.6 21.8 0.04
After 1000 rGO 1.8 0.1 0.004 4.9 0.05
Cycles  Fe3O4 2.1 0.4 0.7 47 0.04
Fe;04/rGO 2.7 0.5 1.9 18.4 0.04

rGO nanocomposite electrode with Ig,o, : rgo = 2.8) before and
after 1000 cycles by SEM (see ESI Fig. S8+). There is no obvious
agglomeration of the nanostructures for all three types of elec-
trodes after the cycling test, which is consistent with their stable
cycling performance, as shown in Fig. 5. The crystal structures of
the Fe;04 NPs were investigated by TEM, HRTEM and SAED
characterization (see ESI Fig. S9t). There is no clear coalescence
of the NPs after 1000 charge/discharge cycles. The SAED pattern
and HRTEM image reveal that these NPs are still magnetite
Fe;04 with face-centered cubic crystal structure (JCPDS 8§9-
4319).

Conclusions

In summary, we have developed a simple solvothermal approach
to synthesize Fe304/rGO nanocomposites, which combines the
growth of Fe;O04 NPs and the reduction of GOs in one single
step. When tested as supercapacitor electrodes, it was found that
the Fe;04/rGO nanocomposites showed much higher specific
capacitances than that of either pure rGO or pure Fe;O4 NPs.
Further investigating the Fe;O4/rGO nanocomposites with
different Fe;O4 : rGO ratios, we found that the specific capaci-
tance could be optimized by tuning the Fe;O, : rGO ratios. It was
shown that Fe;04/rGO nanocomposites with 73.5% Fe;04 NPs
(Ife,0, : rgo = 2.8) showed the highest specific capacitances at all
tested current densities, e.g. 480 F g! at a discharge current
density of 5 A g~! with the corresponding energy density of 67 W
h kg™! at a power density of 5506 W kg~!, and 843 F g! at
a discharge current density of 1 A g! with the corresponding
energy density of 124 W h kg™' at a power density of 332 W kg
These Fe;04/rGO nanocomposites also showed stable cycling
performance without any decrease in the specific capacitance
after 10 000 charge/discharge cycles.
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