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Quasi-cubic Fe;04,@rGO composite (CFGC) was facily fabricated to investgate its supercapacitor
performance, based on a colloid electrostatic self-assembly process between positive charged Fe(OH);

colloid nanoparticles and the negative charged GO sheets. Scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) showed that quasi-cubic Fe;O4 nanoparticles with diameter of

about 10-20 nm were loaded onto the surface of reduced graphene oxide (rGO), which was also

characterized with X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-
IR), X-ray diffraction (XRD) analyzer. Interestingly, CFGC exhibited the admirable rate property with a
high capacitance of 216.7 F g”' in 6 M KOH aqueous electrolyte that could be used as electrode material

for the superior supercapacitor.

1.

Since the 21st century, energy issues have been the "sword of
Damocles", prompting people to research new type of clean,
powerful, renewable energy resource. On the other hand, it also is
the general trend to develop the environment-friendly and
vigorous energy storage device, such as supercapacitor,'™ due to
its high power density, rapid charge/discharge time, and long
cycling life. Recently, graphene, the well-known one-atom thick
carbon materials, has attracted tremendous interest on the energy
storage application arena,®’ because of its inherent advantages of
the excellent thermal and electronic conductivity, and large
specific surface area (2630 m%/g) that can lead theoretically to a
capacitor of 550 F/g. As expected, the planar graphene oxide
(GO) or reduced graphene oxide (rGO) becomes one ambitious
scaffold of the functional nanocomposite for supercapacitor.®"!
Especially, graphene has been composited with various kinds of
metal oxides nanoparticles (NPs)'>'® to prepare nanostructured
hybrid carbonaceous materials for superior supercapacitors,
exhibiting enhanced capacitive behaviors with better reversible
charging/discharging ability and higher capacitance values.'”"
Among these inorganic NPs, Fe;0, is low-cost, non-toxicity and
environmental benignity,”” indicating that it is a good choice for
energy devices, however, the insulating nature hinders the
usage in supercapacitors.’>*! Normally, Fe;0, NPs combinated
with conductive graphene is a facile method to significantly
decrease the resistance of the materials,”’ making it be a ideal
candidate for supercapacitor electrode materials.”® At the same
time, the intercalated Fe;O, NPs in such composite can
effectively impede the restacking of graphene sheets,”” which
enhances the specific surface area and pore volume to modify the
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property of supercapacitor.’**

In common, only the NPs adjunct to the conductive substrate
could participate the charge/discharge process,”® hence, the
utilization of NPs was low in graphene-based composite and
Fe;0, NPs was no exception, which was unbeneficial for the
improvement of electrochemical performance. To further improve
performance, many attempts have been adopted to increase the
utilization of NPs, such as encapsulation of NPs with graphene,*®
38 decrease the sizes of NPs,* adding conductive materials,>
construct the 3D conductive network,'" and so on. In comparison
with sphere Fe;0, NPs, quasi-cubic Fe;04 NPs> 4! favorably
hold the increasingly effective contact area between graphene
plane and Fe;O4 NPs, which leads to the decreasing frequency
dependence of ion transport in the electrolyte to electrode surface.
Thereupon, it can be speculated that the hybridization between
small quasi-cubic Fe;04 NPs and conductive graphene substrate
will generate novel composite with excellent electrochemical
performance.***

Currently, the combination between Fe;0, NPs and graphene was
achieved by two existing methods,®” in-situ growth and ex-situ
assembly, although either surface modification for ex-situ
assembly process™” ** or the excessive NPs produced during in-
situ growth process®™” 2> * inevitably made the whole process
complicated. In this paper, we propose a novel simple method to
fabricate the quasi-cubic Fe;O, NPs/reduced graphene oxide
(CFGC) induced by a colloid electrostatic self-assembly process
between positively charged Fe(OH); colloid NPs and negatively
charged GO nanosheets. In the following hydrothermal treatment
in autoclave, the formation of quasi-cubic Fe;O, NPs and
reduction of GO to rGO occured simultaneously in this process.
Furthermore, this CFGC composite exhibits excellent
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performance for the potential application for supercapacitors.

2. Experimental Section

Chemiclas. Natural graphite flake with the average diameter of
200 mesh was purchased from Sigma-Aldrich, and used without
further purification. Potassium permanganate (KMnQ,), sodium
borohydride (NaBH,), potassium hydroxide (KOH), toluene,
ethanol, ferric chloride hexahydrate (FeCl;.6H,0), hydrogen
peroxide (H,0,) and concentrated sulphuric acid (H,SO4, 98%)
were analytical grade reagent received from Tianjin Chemical
(Tianjin, China). Deionized water was used throughout the
experiments.

Synthesis of CFGC. Positively charged Fe(OH); colloid solution
was prepared by the method in literature.”® GO power was
synthesized by the modified Hummers' method.** At first, after
50 mg GO powder added into 500 mL deionized water was
ultrasonicated for 30 min to obtain the GO suspension, 10.7 mL
Fe(OH); colloid was added dropwisely into such stirred GO
suspension. The brown precipitate generated slowly and the
mixed suspension was gradually transparent. When the
suspension was totally colorless and transparent, the brown
Fe(OH);/GO composite was obtained after centrifugation and
dried at 60 C in vacuum oven overnight. Hereafter, the powder
composite was treated in a hydrothermal treatment process in
autoclave at 120 C for 4 h. Finally, the magnetic black powder
product was gained and named as quasi-cubic Fe;04/rGO
composite (CFGC).

Materials Characterization. Fourier transform infrared (FT-IR)
spectroscopic measurements were conducted by using a Bruker
IFS 66 v s~ infrared spectrometer. Raman spectra were recorded
on a Renishaw RM—1000 instrument with excitation from the 514
nm line of an Ar ion laser with a power of about 5 mW. The
phase structures of samples were characterized with X-ray
diffraction (XRD, Bruker D8 advance) with Cu Ko radiation (4 =
1.5418 A). The X-ray photoelectron spectra (XPS) of CFGC was
obtained by a PHI-5702 multi-functional X-ray photoelectron
spectrometer (Physical Electronics Inc., Chanhassen, MN, USA)
with pass energy of 29.35 eV and an Mg Ka line excitation
source, while the binding energy of C 1s (284.6 eV) was used.
The surface morphologies of composites were observed by using
a JEOL JSM-6301F instrument. The transmitting electron
microscopy (TEM) pattern was performed on a JEOL JEM-
2010F electron microscope (Japan) operating at 200 kV. The
powder samples were dispersed in water in an ultrasonic bath for
5 min, and deposited on a copper grid covered with a perforated
carbon film.

Electrochemical Measurement. The CFGC composite electrodes
were prepared for supercapacitor measurement as follows: a
mixture containing 80 wt % active materials (3 mg), 10 wt %
carbon black, and 10 wt % polytetrafluoroethylene (PTFE) was
well mixed in N,N-dimethylformamide (DMF) until they formed
a slurry with the proper viscosity, and then the slurry was
uniformly laid on a piece of Ni foam about 1 cm? that was used as
a current collector and then dried at 50 °C for 24 h. The Ni foam
coated with the CFGC composite was pressed for 1min under 1.0
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MPa. The electrochemical behavior of the composite electrode
was evaluated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and galvanostatic charge—
discharge. Respectively, Cyclic voltammetry (CV) was conducted
with a CHI660C electrochemical workstation with voltage scan
rates of 5, 10, 20, 50, 80 and 100 mV s'. Electrochemical
impedance spectroscopy (EIS) was performed with a CHI660C
electrochemical workstation in a frequency range from 100 kHz
to 1 Hz at open circuit potential. CV and EIS tests were
performed in a three-electrode glass cell, a platinum counter
electrode, and a standard calomel reference electrode (SCE). The
galvanostatic charge-discharge tests were conducted on a LAND
battery system at the current densities of 0.5, 1.0, 2.0, 3.0 and 5 A
g'. The average specific capacitance was estimated from the
discharge slope according to the following equation:
C=IAt/(AV x m)

Where C is specific capacitance, / is the current loading (A), At is
the discharge time (s), AV is the potential change during
discharge process, and m is the mass of active material in a single
electrode (g).

3. Results and discussions

£ f
Fe(OH); Colloid NPs Quasi-cubic Fe;04 NPs

Fe(OH)J/GO CFGC
Scheme 1. Construction process of CFGC.
In common, the positively charged colloidal Fe(OH);

nanoparticles is prepared via an hydrolysis process of FeCls,*
and GO sheets obtained by the Hummers' method** show the
negatively charged surfaces. Hence, the Fe(OH); colloidal
nanoparticles would be easily assembled onto the GO sheets by
the strong electrostatic interactions, which was observed in the
TEM images of Fe(OH);/GO composite (Fig. S1). In addition,
such self-assembly process can be further stablized by the other
noncovelent (van der Waals interactions and hydrogen bonding)
interactions as well as chemisorptions between the Fe(OH);
colloid nanoparticles and the carboxylic, hydroxyl, and epoxy
groups present on the GO surface.'> 3% 38

As shown in Scheme 1, when birck-red Fe(OH); colloid aqueous
solution was added into the yellow GO aqueous suspension, the
brown participate appeared slowly and the suspension was
gradually transparent, indicating that the positive Fe(OH); colloid
nanoparticles was incorporated with the negative GO sheets.
Subsequently, the Fe(OH);/GO composite was obtained by
centrifugation, and followed an hydrothermal treatment in an
autoclave at 120 ‘C by using NaBH, as reducing agent. Under
such condition, quasi-cubic Fe;O4 nanoparticles and rGO were
obtained simultaneously to totally convert into the desired
product CFGC.
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Fig.1 (a) SEM image of CFGC, (b) TEM image of CFGC, (c) and (d)
HRTEM images of CFGC.

In this work, SEM, TEM, HR-TEM, FT-IR, Raman, XRD and
XPS measurements are generally used to confirm the identity of
CFGC. As shown in Fig. 1a, SEM image clearly shows the quasi-
cubic Fe;04 NPs dispersed onto the curved thin flaky layer-like
rGO sheets uniformly. At the same time, TEM photographs of the
sample (Fig. 1b and Fig. S2) obviously manifested that the
morphology of the composite material was almost consistent with
the rGO sheets in the range of micrometers. Meanwhile, Fe;O,
nanoparticles mainly loaded onto the surface or intercalate
between the rGO sheets. Evidently, no alone quasi-cubic Fe;O,
NPs or rGO nanosheet is observed, roughly indicating the self-
assembly process between the Fe(OH); colloidal nanoparticles
and GO nanosheets, which is consistent with the result from the
TEM images of Fe(OH);/GO composite (Fig S1). Interestingly,
the morphology of the Fe;O, NPs anchored onto rGO is quasi-
cubic with diameter of about 10-30 nm, completely different with
the spherical Fe(OH); colloid particles (Fig. S1). This is possibly
ascribed by that the adjacent Fe(OH); colloidal nanoparticles
loaded onto the GO sheets reassembly and generate the quasi-
cubic Fe;04 NPs during the hydrothermal treatment process. This
result also confirmed the combination between rGO and quasi-
cubic Fe;04 NPs, which was coherent with the interpretation of
SEM experiment. Also, the as-prepared quasi-cubic Fe;O4 NPs
are highly ordered crystals, which can be confirmed from the six
fine diffraction spots observed from the corresponding SAED
pattern (inset in Fig. 1¢).* The detailed structure of the quasi-
cubic Fe;04 NPs is shown in Fig. 1d. The distinctly resolved
lattice observed from HRTEM is measured to be around 0.295
nm that corresponds to the (220) plane of quasi-cubic Fe;O4
NPs.*

Depicted by Fig. 2a, the FT-IR spectra also displays the presence
of rGO and Fe;04, as well as their combination in the CFGC.
Visibly, the broad characteristic band in the range of 3500-3300
em™' can be assigned to O-H stretching vibrations arising from
hydroxyl groups of the GO sheets, and water adsorbed in the GO

sheets, which disappeared in those of rGO and CFGC.
Meanwhile, no stretching viabration of carboxyl groups (1723
w0 cm') or epoxide groups (1093 cm™') was observed, remarking
the completed reduction of GO to rGO." '® The very weak peaks
at around 2936 and 2854 cm’' can be assigned to the asymmetric
and symmetric vibrations of C—H, respectively.'* '® Furthermore,
the vibration at 1571 cm™' can be assigned to the stretching
45 viabration of C=C of rGO and another at 1086 cm™' can be
assigned to the stretching viabration of C-O of rGO.** Compared
by Fe;04 (Fig. 2a: ii), in case CFGC, the typical vibrations of the
Fe*~0% and Fe**—0% also were observed at 567 and 416 cm™' |
respectively, which was consistent with the reported IR spectrum
so of spinel bulk Fe;04.3% %7 Herein, the Raman spectra of the
CFGC, rGO and GO investigated with Ar' laser excitation (514.5
nm) were described in Fig. 2b. For all the samples, the G band
(1588 ecm™) is corresponding to the sp* hybridized carbon, while
the D band (1322 ecm™) is originating from the disordered carbon.
ss As shown in Fig. 2b, the intensity ratio of D over G band is
higher than that for rGO and GO, which is consistent with the
literature."> '® On the other hand, the distinctly increased D band
intensity of the CFGC results from the structure interaction
between Fe;0, NPs and rGO sheets.>” ¥
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s Fig.2 (a) FT-IR spectra of GO, rGO, Fe304 and CFGC, (b) Raman
spectra of GO, rGO, and CFGC (c) XRD patterns of GO, rGO, Fe304
and CFGC, (d) XPS spectra of CFGC. Inset in (d) is the high spectra of C
1s and Fe.

20 200

Moreover, the phase structures of the samples (GO, rGO and
6s CFGC) are investigated by the XRD measurements, which were
shown in Fig. 2¢c. The XRD pattern of CFGC illustrated that the
positions and relative intensities of the diffraction peaks matched
well with standard Fe;O4 and graphene patterns. As we expect,
the weak peaks at 24.3° (002) and 43.6° (100) are attributed to
70 that tGO and the disappearance of the peak at 9.7° (001)
corresponding to GO sheets indicates that the GO has been fully
reduced to rGO by the heat treatment process.”® On the other
hand, the peaks at 2q values of 30.1° (220), 35.4° (311), 43.0°
(400), 53.7° (422), 57.2° (511), and 62.6° (440) are consistent
75 with the standard XRD data for the magnetite phase (JCPDS No.
19-0629).3%4
To obtain further information on the surface composition of
CFGC, XPS analysis was executed, which is very sensitive to the
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Fe’" and Fe*" cations. As show in Fig. 2d, the peaks at 711.07 and
725.17 eV in the high resolution Fe2p scan are ascribed to the
levels of Fe2p3/2 and Fe2pl/2 in the CFGC,** * respectively
(inset ii in Fig. 2d). On the other hand, in agreement with the
literature, the peaks shift to higher binding energy and broaden
for Fe;0, is owing to the appearance of Fe’'(2p3/2) and
Fe*'(2p1/2). The predominant peak at 531.8 eV is attributed to
Ols, which belongs to the lattice oxygen of Fe;O,4, and the weak
shoulder peak at around 710 eV provides the further evidence of
Fe;0,.% Therefore, the XPS pattern reveals that Fe;O, has been
generated by the reduction of Fe(OH);.>" 32 For the carbon
component in the CFGC, the peak located at 284.6 eV is assigned
to the characteristic peak of Cls. The peak at 286.2 eV is
attributed commonly to surface-adsorbed hydrocarbons and their
oxidative forms (e.g., C—-OH and epoxide), while the peak at
288.6 eV in the Cls spectrum (inset i in Fig. 3b) is assigned to the
carbon element in association with oxygen in the carbonate
ions.'>* The remaining smaller peaks at higher binding energies
(785.6, 788.2, 802.1, and 805.2 eV) are satellite shake-ups of the
assigned components.

Significantly, before the electrochemical performance study of
CFGC supercapacitor  electrode = material, N,
adsorption—desorption isotherms show the type IV based on the
notable hysteresis loops, which indicates that CFGC possesses a
typical mesoporous structure (Fig.S3a). From the adsorption
branch of the isotherm, the specific surface area is calculated of
71.7 m* g by a multi-point Brunauer-Emmett-Teller method,
and the most probable pore width is calculated of 5.76 nm in the
Barrett-Joyner-Halenda model. In case CFGC, distribution of
pore width is concentrated in the range of mesoporous structure
(Fig.S3b), the total pore volume is of 0.106 cm® g™ ranging from
1.7 to 300 nm. The porous structure of CFGC with high surface
area and pore volume facilitates electrolyte ion diffusion to active
sites with less resistance> and acts as a buffer layer for volume
expansion®® of quasi-cubic Fe;O, during the charge-discharge
process. At the same tine, the porosity of CFGC could shorten the
diffusion paths of ion and electrons. All of these could contribute
to fabricate high performance electrode materials for
supercapacitors.

As well-known, Fe;O4 NPs is usually super-paramagnetic. The
M-H measurements were performed to investigate the behavior
of CFGC at room temperature with the magnetic field swept back
and forth between 10 and -10 kOe (1 Oe = 10%/4n A m™ = 79.59
A m’'; Ms is the specific saturation magnetization and the Hc is
the coercitive field.). The magnetization of the FGC is measured
and its saturation magnetization is 23.9 emu g, as shown in
Fig.3, which exhibits typical super-paramagnetic behavior.
Compared with bulk magnetite (Ms = 92 emu/g),> the Ms value
of the FGC particles were lower; this lowering was due to
nonmagnetic rGO sheets coated by quasi-cubic Fe;O, NPs on the
surfaces. At the same time, the small Hc (178.7 Oe) means that
the sample can be acted as one soft magnetic material. This
phenomenon further proves that the Fe;O, nanoparticles have
been successfully loaded on the rGO sheets.

Carbonaceous materials are widely used as electrode materials in
supercapacitors, because of their large surface area and high
conductivity. Herein, the detailed electrochemical property of
CFGC was investigated for its potential application of

for

supercapacitor. Firstly, as

higher specific capacitances.

shown in Fig. 3a, the cyclic
& voltammogram (CV) curves for CFGC at different scan rate at the
range from 0.1 V to 0.7 V (vs SCE, Saturated calomel electrode)
demonstrate that the features of Fe;O, pseudocapacitance (Fig.
S4a) are remarkably depressed due to the low content of Fe;04 in
the composite,® hence, CFGC has slightly difference in the
s shapes of its CV curves in comparison with GO and Fe;O,.
Furthermore, the CV curves of CFGC composite are much wider
than those of Fe;O4 recorded at the same scan rates, indicating
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70 Fig.3 (a) The cyclic voltammogram (CV) curves of CFGC under the
different scan rates of 5, 10, 20, 50, 80, and 100 mV s™'; (b) GCD curves
of CFGC at different current densities, i: 500 mA g, ii: 1000 mA g, iii:
2000 mA g, iv: 3000 mA g, v: 5000 mA g'; (c) EIS of rGO, Fe;O,and
CFGC, the inset shows the equivalent Randles circuit; (d) cycling
performances of CFGC, rGO and Fe;0..
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In this paper, the specific capacitance values were obtained from
the galvanostatic discharge method, which can directly evaluate
the adaptability of the supercapacitor. As shown in Fig. 3b, The
specific capacitances were calculated by the corresponding
galvanostatic discharge curves in the range of 0 V to 1.4 V at
various current densities. The values of pseudocapacitances for
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Fe;04/rGO composite are 216.7 F g' at 0.5 A g, 1944 F g at 1
Ag' 1670Fg'at2 Ag', 1469F g'at2 Ag'and 144.0F g

at 5 A g'', respectively. Especially, at a discharge current density
of 0.5 A g, the calculated specific capacitances for CFGC
composite is 216.7 F ¢!, much higher than that of Fe;O, (87.6 F
g!) or rGO (33.5 F g') shown in Fig. S4c. It is obvious that the
capacitance performances of the composite is significantly
synergistic
components.’” 3 Detailedly, the high surface area of the CFGC
generated from the intercalation of quasi-cubic Fe;O, NPs in
graphene sheets, which could provide more accessible sites for
the intercalation and/or absorption of electrons and ions in
The as-prepared CFGC actually shows lower
capacitance compared with the high performance of reported
Fe;0, @rGO example,” which is might be induced by the
different measurement conditions and different preparation
method adopted. Further exploration are udergoing

8
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improved by the
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electrolyte.
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laboratory to improve the current result.

10 The enhanced capacitive performance in the CFGC may result
from the low resistance which is investigated by EIS. As shown
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in Fig. 3c, all spectra of Fe;04, rGO and CFGC composite are
similar in shape, where a semi-circle in the high frequency region
and inclined line in the low frequency region are observed. It is
known that a large semi-circle for the electrode suggests high
interfacial charge-transfer resistance, probably resulting from the
poor electrical conductivity of active materials, while the inclined
portion is ascribed to the Warburg impedance, which is a
consequence of the frequency dependence of ion
diffusion/transport in the electrolyte to the electrode surface.’”
Fitting with the Zview program in Sai software set, the values of
charge-transfer resistance for rGO, Fe;04 and CFGC composite
are 3.154 Q, 6.825 Q and 6.097 Q, respectively. The reduced
charge-transfer resistance for the CFGC electrode would be
attributed to the enhanced conductivity of rGO support. The
intersecting part with the real axis in the high frequency range is
the resistance resulting from the frequency dependence of ion
diffusion/transport. The low resistance of ion transfer in the
CFGC electrodes may contribute to the high capacitance.””
Therefore, the EIS data indicate that the electrical conductivity of
the CFGC electrode is further improved by the presence of rGO,
leading to enhanced electrochemical properties.

To investigate the further performance of novel material CFGC,
the cycling stability of the CFGC was tested by conducting
continuous charge-discharge cycles at a constant discharge
current density of 0.5 A g'. As shown in Fig. 3d, specific
capacitance of the CFGC composite electrode decreases from
216.7 F g t0 195.1 F g' during the first 500 cycles and remains
stable till 3000th cycle. A serious decline in capacitance during
the first 500 cycles is probably contributed to the active materials
fell down from the collector. Even so, the capacitance retention
exceeded 73.2 % after 3000 cycles (158.6 F g). This result
represents that the high stability of the CFGC is suitable applied
for high performance supercapacitor.

4. Conclusions

At consequence, novel material CFGC was designed and
prepared by the simple hydrothermal treatment, induced by the
colloidal electrostatic self-assembly between the untreated
Fe(OH); colloidal particles and negatively charged GO sheets.
The co-formation of rGO and quasi-cubic Fe;O4 nanoparticles
occurred simultaneously, which resulted in the quasi-cubic Fe;0,
nanoparticles dispersed onto the surface of graphene sheets
uniformly. CFGC composite with micrometer size exhibits
superparamagnetic property with a Ms of 23.9 emu g'. CFGC
also showed superior performance as an electrode material in
supercapacitors, which makes CFGC an excellent candidate
material for application in energy storage issues. Hence, we
believe that this novel method may be one versatile platform for
synthesizing other functional graphene/inorganic nanocomposites
from colloidal solution in the future.
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Superior behavior for supercapacitors highlight the potential applications of CFGC in energy storage issues.
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