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In situ growth of monodisperse FezO,4
nanoparticles on graphene as flexible paper for
let(;eetghlg J. Mater. Chem. A, 2014, 2, su perca paCitOI"f‘

Miaomiao Liu and Jing Sun*

A well-organized FezO4/graphene sheet composite (GS/FezO4) paper has been constructed via a universal
three-step method. A graphene oxide/Fe, O3 composite (GO/Fe,Os) dispersion is prepared followed by
vacuum filtration of the dispersion to obtain a GO/Fe, O3 composite paper. Finally, heat treatment of the
GO/Fe,0O3 paper produces the GS/FesO4 paper. FesO4 nanoparticles of ~5 nm are grown in situ and
uniformly anchored on graphene sheets by covalent chemical bonding. The three-dimensional (3-D)
conductive paper provides good electrical contact and improves the dispersion of well-adhered FezO4
nanoparticles, further boosting the accessible capacity. Therefore, the GS/FesO,4 paper exhibits excellent
rate performance and cyclic stability as a flexible anode material for supercapacitors. The optimized GS/
FesO4 paper could achieve a high specific capacitance of 368 F g~* at 1 A g* and remain 245 F g~ at
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1. Introduction

Up to now, global attention has been paid to various energy-
storage devices, such as Li-ion batteries, fuel cells, super-
capacitors, etc., due to the ever-increasing energy demands and
environmental problems."* Among them, supercapacitors have
shown highly promising applications because of their high
power density, low cost, and long cycle life.*” According to the
energy storage mechanisms, supercapacitors can be divided
into two types.® The first one is an electrical double-layer
capacitor (EDLC), which involves a non-Faradaic process.’ The
other is a pseudocapacitor, which bears a Faradaic redox reac-
tion for energy storage.'®'* The specific capacitance of a pseu-
docapacitor is much higher than that of an EDLC because of the
Faradaic redox reaction on the surface of pseudocapacitive
materials. Therefore, pseudocapacitive materials, such as NiO,"
Ni(OH),," NiC0,0,4," C030," and MnO,,"* which show high
specific capacitance, have been widely investigated. The
research being conducted towards the abovementioned positive
electrode materials (working potential above 0 V vs. Hg/HgO)
have made great achievements. However, only a few reports on
the study of negative electrode materials (working potential
below 0 V) have been reported due to their unsatisfying specific
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capacitance. It is especially important to explore the ideal anode
materials, which can match with the cathode materials. Fe;O,,
with a working potential up to —1 V vs. Hg/HgO, has the
advantage of easy redox reactions, non-toxicity and low cost.
Thus, Fe;O, is considered as one of the most prospective
negative electrode materials.

Nevertheless, its poor electrical conductivity leads to slower
electron transport rates and less active material availability.
These disadvantages cause its poor capacitance of 60-100 F
g .Y Incorporating conductive materials, such as active
carbon, carbon nanotubes®**** and graphene,'®*** with Fe;0,
to generate composites is a great way to solve the problem of low
electrical conductivity. Of all the conductive materials, gra-
phene is superior due to its large surface area (2630 m* g 1),
high conductivity, and mass production. In addition, the
synergistic effects of combining Fe;O, with graphene could
considerably improve their electrochemical performance.

Nowadays, only a few studies have been focused on gra-
phene/Fe;0, composites as anode materials for super-
capacitors. For example, Qu et al.*> prepared 2D sandwich-like
sheets of Fe;O, grown on graphene as high energy anode
material and achieved a specific capacitance of 326 Fg~ ' at 0.5 A
¢~ '. Wang and coworkers> reported a hydrothermal method for
the synthesis of graphene/Fe;O, composites, delivering a
capacitance of 220 F g~ ' at 0.5 A g~ " after 3000 cycles. However,
working electrodes in the previous reports were prepared by the
traditional slurry-coating technology. The electrodes were
fabricated by binder and conductive carbon. In fact, the binder
will decrease the conductivity of electrode and restrain electron
transport, further leading to poor electrochemical performance.
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Moreover, the conductive carbon hardly contributes to capaci-
tance, while it occupies a certain volume of electrode. The
abovementioned reasons hinder the potential applications of
graphene/Fe;O, composites in high performance super-
capacitors. Therefore, it is highly desirable to design a novel,
flexible and binder-free electrode to obtain optimal electro-
chemical performance.

In this work, a well-organized flexible GS/Fe;O, paper is
prepared. Graphene forms a three-dimensional conductive
network with homogeneously distributed Fe;O, nanoparticles
of ~5 nm. The Fe;O, nanoparticles are grown in situ and
anchored on graphene sheets by covalent chemical bonding. GS
as a flexible confinement material to support Fe;O, nano-
particles prevents the agglomeration of nanoparticles and offers
a facile electron transport pathway. Meanwhile, Fe;O, nano-
particles separate GS to avert their restacking, which further
increases the interlayer porosity of the paper. Benefiting from
the unique 3-D architecture, the flexible GS/Fe;O, paper
exhibits excellent rate performance and cyclic stability when
compared to traditional electrodes. The optimized GS/Fe;O,
paper could achieve a high specific capacitance of 368 F g~ ' at
1Ag ', indicating a promising application as a flexible negative
electrode. The flexible free-standing paper is expected to play a
vital role in fabricating flexible energy-storage devices.

2. Experimental procedure
2.1 Materials preparation

Graphene oxide (GO) was prepared by a modified Hummers
method.” Then, a certain amount of Fe(NO;);-9H,0 was dis-
solved in 35 mL of DMF, to which 8 mL of a 5 mg mL™' GO
suspension was added. The dispersion was continuously stirred
at 90 °C for 1 h. The GO/Fe,O; composite paper was obtained by
vacuum filtration of the resulting dispersion through a Milli-
pore membrane filter (47 mm in diameter, 0.22 mm in pore
size), followed by vacuum drying and peeling off. Finally, the
thermal reduction of the GO/Fe,O; composite paper to the
desired GS/Fe;0, composite paper was accomplished at 550 °C
for 2 h in Ar (Scheme 1). To attain optimal electrochemical
performance, the different weight ratios of Fe;O, in GS/Fe;0,
were explored. The precursors and obtained products were
denoted as GO/Fe,05-1, GO/Fe,03-2, GO/Fe,05-3 and GS/Fe;0,-
1, GS/Fe304-2, GS/Fe;0,4-3. The corresponding Fe;0,4 contents in
the GS/Fe;O, composites are 48.4%, 59.6% and 64.8%. In
comparison, pure Fe;O, was prepared by reducing Fe,O; at
350 °C for 1 h in Ar/H, (95 : 5).

2.2 Materials characterization

The structures of the products were examined by X-ray power
diffraction (XRD) on a Rigaku D/Max-2550V diffractometer
using Cu Ko radiation. The morphology of the products was
observed on a transmission electron microscope (TEM Tecnai
G20 FEI 200 kV) and a scanning electron microscope (SEM JEOL
S-4800). Raman spectroscopy was conducted on a DXR Raman
Microscope with a 532 nm excitation wavelength. Thermal
gravimetric analysis (TGA) was carried out in air at a heating
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Scheme 1 A schematic illustration of the fabrication processes of the
GS/Fez0O,4 composite paper.

rate of 10 °C min . The specific surface area was measured by
Brunauer-Emmett-Teller (BET) method at 77 K in N, atmo-
sphere using Micromeritics ASAP 2010 surface area analyzer.
The conductivity of the GS/Fe;O, composite papers were tested
by an Accent HL 5500 at room temperature.

2.3 Electrochemical measurements

The GS/Fe;0, composite papers were used directly as working
electrodes without any binder and additive. The GS/Fe;0,4-3 and
Fe;0, traditional electrodes (trad. electrodes) were prepared by
slurry-coating technology. Typically, the samples were mixed
with acetylene black and polytetrafluoroethylene (PTFE) binder
(weight ratio of 8 : 1 : 1) in N-methylpyrrolidone (NMP) to form
slurries. After stirring uniformly, the slurries were pasted onto a
carbon current collector and dried under vacuum at 100 °C for
12 h. All the electrochemical measurements were performed in
a three-electrode system. The working electrode was dipped in
1 M KOH aqueous solution. A platinum wire and a Hg/HgO were
used as a counter electrode and a reference electrode, respec-
tively. Cyclic voltammetry (CV) measurements were carried out
on a Parstat 2273 electrochemical station (Princeton applied
research CO., Ltd, USA). Galvanostatic charge-discharge tests
were performed on a LAND CT2001A cell 50 measurement
system.

3. Results and discussion

The preparation process for GS/Fe;O, composite paper is
illustrated in Scheme 1. First, Fe,O; nanoparticles are in situ
grown and anchored on the surface of GO by covalent chemical
bonding. To optimize the GS/Fe;O, composite paper, the
precursors (GO/Fe,03) with various iron oxide contents were
studied. Fig. 1 shows the TEM images of the GO/Fe,O3
composites with different weight ratios. Fe,O; nanoparticles of
~5 nm are homogenously distributed on the GO sheets.
However, the pure Fe,0; particles without GO exhibit agglom-
erated block-shaped structure with irregular large sizes
(Fig. S11). It can be noted that the addition of GO decreases the

J. Mater. Chem. A, 2014, 2, 12068-12074 | 12069


http://dx.doi.org/10.1039/c4ta01442a

Published on 03 June 2014. Downloaded by Shanghai Institute of Ceramics, CAS on 19/11/2014 09:11:24.

Journal of Materials Chemistry A

Fig.1 TEM images of (a) GO/Fe,03-1, (b) GO/Fe,03-2, (c) GO/Fe,Os3-
3, (d) HRTEM image of GO/Fe,0O3-3.

size and improves the uniformity of the Fe,O; nanoparticles.
This is attributed to the dispersing nucleation of Fe** assisted
by the oxygen groups of GO. Moreover, with increasing content
of iron source, the Fe,O; nanoparticles on the surface of GO
become dense, indicating the increment of Fe,O; content in the
GO/Fe,O; composites. After vacuum filtration, flexible GO/
Fe,O; composite papers are obtained. Finally, the GO/Fe,0;
papers are transformed into GS/Fe;0, papers by simple thermal
reduction. Fig. 2 displays the XRD patterns of the GO/Fe,O; and
GS/Fe;0, composites. The diffraction peaks of GO/Fe,O; can be
assigned to maghemite-c (A-Fe,O;-JCPDS no. 39-1346). After
heat treatment, Fe,O; are successfully reduced to Fe;0, All the
diffraction peaks are well-indexed to magnetite (Fe;0,-JCPDS
no. 19-0629), proving that the GS/Fe;0, composites have no
other impurity phases. To certify the reduction of GO, Raman
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Fig. 2 XRD patterns of GO/Fe,Os and GS/FezO4 composites.
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spectroscopy (Fig. S2t) of the GO/Fe,O; and GS/Fe;0,
composites was recorded. Raman spectra reveals an increasing
ratio of D band (~1335 cm™ ") to G band (~1589 cm™ ") from 1.42
to 1.77. This manifests the reduction of GO, and is in good
agreement with previous reports.>®* The abovementioned
conclusion reveals that the GS/Fe;0, composite is successfully
achieved by the reduction of the GO/Fe,O; composite.
Thermogravimetric analysis (TGA) was performed to
precisely determine the Fe;O, content in the GS/Fe;O,
composite papers. The resulting product is only Fe,O; after
TGA, and the corresponding Fe,O; content is 50.1%, 61.7% and
67% for GS/Fe;0,4-1, GS/Fe;0,4-2 and GS/Fe;0,4-3, respectively.
Based on the TGA results (Fig. 3), the Fe;0, contents in the GS/
Fe;O, composites are calculated to be 48.4%, 59.6% and
64.8%. The iron oxide content increases gradually, which is
consistent with the results of TEM. The weight ratio of GS and
Fe;0, would influence the specific surface area of the
composite. Fig. 4 represents the nitrogen adsorption/desorp-
tion isotherms of the GS/Fe;O, composites with different
weight ratios. The specific surface areas are 346.1, 323.1 and
310 m*> g ' for GS/Fe;0,-1, GS/Fe;0,2 and GS/Fe;04-3,
respectively. Hence, with the reduction of graphene content,
the specific surface area of GS/Fe;0, composite decreases. It is
reasonable because GS with larger specific surface area could
provide more surface area in the composites.>®° Moreover, the
GS/Fe;0, composites in this work possess a much larger
specific surface area than those reported previously.>*-
Furthermore, the GS/Fe;0, composites exhibit type IV nitrogen
adsorption-desorption isotherms, indicating the presence of
mesopores. Specifically, the pore sizes are 3-4 nm calculated by
the BJH method from the pore size distribution plots. As is
well-known, the large specific surface area and suitable pore
size distribution in the range of 2-5 nm is favorable for elec-
trochemical reactions*** because the large specific surface
areas can provide the high availability of electrode materials.
Meanwhile, appropriate pore size facilitates better diffusion
and accession of electrolyte ions through pore channels for
efficient redox reactions during the charge storage process.
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Fig. 3 TG profiles of GS/FesO4 composites with different weight
ratios.
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Fig. 4 Nitrogen adsorption—desorption isotherms (with the BJH pore
size distributions plots in the insets.) measured at 77 K for (a) GS/
Fe304—1, (b) GS/Fe304-2, (C) GS/Fe3O4—3A

From this viewpoint, the GS/Fe;0, composite papers could be
used as excellent negative electrode materials.

To characterize the composite paper in detail, TEM and SEM
of GS/Fe;04-3 paper were further investigated. From the top-
view images (Fig. 5a), the Fe;0, nanoparticles are uniformly
anchored on the surface of GS without any aggregates. The
cross-sectional image discloses the 3-D layered structure of the
GS/Fe;0,-3 paper with a thickness of ~8.88 um (Fig. 5b). To
further observe the inner morphology, TEM images are given in
Fig. 5c and d. Fe;04 nanoparticles of ~5 nm are homogeneously
dispersed on the surface of the GS. The inset of Fig. 5c shows
the selected-area electron diffraction (SAED) pattern. The rings
index to the (220), (311), and (400) planes of Fe;0,4, which is in
accordance with the XRD data. The HRTEM image (Fig. 5d)

Fig. 5 (a) Top-view SEM images of GS/Fez04-3 composite paper. (b)
Cross-sectional SEM image of GS/Fez04-3 composite paper. (c) TEM
image of GS/Fes04-3 composite. (d) HRTEM images of GS/Fez04-3
composite.
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reveals a lattice distance of 0.297 nm, corresponding to the (220)
plane of Fe;0O,. In the 3-D layered structure, GS improves the
dispersion of Fe;O, nanoparticles, while Fe;O, prevents the
agglomeration of GS. Therefore, the unique structure facilitates
electron transport, further boosting the accessible capacity of
the GS/Fe;0,-3 paper electrode.

To confirm the best mass ratio of the GS/Fe;O, papers as
negative electrodes, the electrochemical performance of the GS/
Fe;0, papers with different Fe;O, contents were evaluated by
cyclic voltammetry and galvanostatic charge-discharge. The CV
measurements of the GS/Fe;O, composite papers (Fig. 6a) were
recorded at 5 mV s~ " in the potential range of —1-0 V. The width
of the CV curves decreases in the order of GS/Fe;0,4-3 > GS/
Fe;04-2 > GS/Fe;0,4-1, demonstrating the reduction of specific
capacitance in this sequence. To evaluate this in detail, galva-
nostatic charge-discharge measurements of the GS/Fe;O,
composite papers were carried out at various current densities
in a potential window of —1-0 V. The specific capacitance was
calculated from the corresponding galvanostatic discharge
curves (Fig. 6b-d) according to the following equation:

o _ In
mAV

where Cj is the specific capacitance, I is the current density, m is
the mass of active materials in the electrode, and Vis the voltage
difference. As determined in Fig. 6e, the GS/Fe;0,-3 paper
shows much better capacitance performance when compared
with the others at all the current densities. The specific
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Fig. 6 Electrochemical characterization of GS/FesO4 composite
papers: (a) CV curves at a scan rate of 5 mV s~*. Galvanostatic charge—
discharge curves of GS/FezO4-1 (b) GS/Fes04-2 (c) GS/Fes04-3 (d) at
different current densities. (e) Average specific capacitance at different
current densities. (f) Cyclic performance at 5 A g%
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capacitance of GS/Fe;04-3 paper is calculated to be 368 F g~ ' at
a current density of 1 A g™ " based on the total mass of the paper.
However, the capacitance of the GS/Fe;0,-1 and GS/Fe;0,4-2
papers gradually decreases to 263 and 301 F g™, respectively,
which are both poorer than the GS/Fe;0,-3 paper. In addition,
the GS/Fe;0,-3 paper possesses a large specific capacitance of
225 F g7 ' even at a high current density of 5 A g~ '. After the
1000-cycle test at 5 A g~ (Fig. 6f), the specific capacitance of the
GS/Fe;0,-3 paper is still as high as 245 F g ', suggesting
excellent cyclic performance. It is worth noting that the GS/
Fe;0,4-3 paper presents optimized performance when compared
with the GS/Fe;O,-1 and GS/Fe;0,-2 papers at all current
densities, and is consistent with the conclusion of the CV
testing. We can explore why the GS/Fe;0,-3 paper displays the
best performance from its physical properties (Table 1). For
electrode materials, the specific surface area, mass ratio of
active materials, and conductivity are generally crucial for
specific capacitance. In this study, from GS/Fe;0,4-1 to GS/Fe;0,-
2 and GS/Fe;0,-3, the content of GS decreases gradually,
leading to the reduction of their specific surface areas and
conductivities. The two factors are unfavorable for specific
capacitance. While the mass ratio of Fe;O, as the active material
increases gradually, which may offer more Faradaic redox
reaction, further enhance the specific capacitance. This is
reasonable because even in the GS/Fe;0,-3 composite, we can
see that Fe;O, nanoparticles of ~5 nm are monodispersed on
the surface of GS from the TEM image. The Fe;O, content is not
enough to cover the GS. Therefore, GS/Fe;0,4-3, with the most
Fe;0, content, possesses the maximum contact points between
graphene and Fe;O, nanoparticles, as shown in Scheme 2.
Apparently, the specific surface area and conductivity of the
three GS/Fe;O, papers changes slightly; therefore, Fe;O,
content influences more significantly. Therefore, the compre-
hensive effect of three factors is that GS/Fe;0,-3 exhibits
optimal electrochemical performance.

To highlight the advantages of the unique 3-D GS/Fe;04-3
paper as a negative electrode, the conventional electrodes of
Fe;0, and GS/Fe304-3 (with 10 wt% acetylene black, 10 wt%
PTFE binder, and 80 wt% active material) were prepared by
slurry-coating technology, which are denoted as Trad. Fe;O,
and Trad. GS/Fe;0,, respectively. From the CV curves (Fig. 7a),
we can easily figure out that the capacitance of the GS/Fe;0,4-3
paper is much higher than those of Trad. Fe;0, and Trad. GS/
Fe;0,4. In addition, Trad. GS/Fe;O, has a better performance
compared to Trad. Fe;O,. Futhermore, galvanostatic charge-
discharge measurements were performed to further study their
electrochemical performance (Fig. S3t). Fig. 7b indicates the

Table 1 Physical properties of GS/FezO4 papers

Specific surface Resistivity

Samples Fe;0, contents area (m® g ") (ohm square ™)
GS/Fe;0,-1  48.4 346.1 14.5
GS/Fe;0,2  59.6 323.1 16.9
GS/Fe;0,-3  64.8 310 20.2

12072 | J. Mater. Chem. A, 2014, 2, 12068-12074
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Scheme 2 A schematic illustration of the GS/FesO4 composites with
different FezO4 content.
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Fig. 7 (a) CV curves of the GS/Fez04-3 paper, Trad. GS/FezO,4 and
trad. FesO, at a scan rate of 5mV s™2. (b) Average specific capacitance
at different current densities.

average specific capacitance calculated from the galvanostatic
discharge curves at different current densities. The specific
capacitance values of the GS/Fe;0,-3 paper are 368, 288, 252,
236,and 225 Fg "at1,2,3,4and 5Ag ', respectively. For Trad.
Fe;0, and Trad. GS/Fe;0,, the values are 157, 88, 66, 56, 45 and
260, 176, 132, 108, 95 F g~ ', respectively. Moreover, the GS/
Fe;04-3 paper possesses a specific capacitance of 225 Fg™' at a
high current density of 5 A g~ ', which is ~61.1% of that at 1 A
¢ '. While for Trad. Fe;O; and Trad. GS/Fe;O,4, the corre-
sponding capacitance retention is 28.7% and 36.5%, respec-
tively. In addition, the specific capacitance values stabilize at
245, 95 and 45 Fg~' for the GS/Fe;04-3 paper, Trad. GS/Fe;O,
and Trad. Fe;O, after 1000 cycles, respectively. Evidently, the
GS/Fe;04-3 paper possesses the best capacitance and rate
performance, followed by Trad. GS/Fe;0O,4, and Trad. Fe;0, is
the worst.

The superior performance of the GS/Fe;0,-3 paper can be
attributed to the following reasons. (i) As a flexible confinement
material to support Fe;O, nanoparticles, the GS prevents the
agglomeration of the Fe;O, nanoparticles. Thus, it increases
their effective availability and improves the accessible capaci-
tance. (ii) GS provides good electrical contact and paves a route
for electron transport, further boosting the rate performance
and cycle stability. and (iii) the Fe;04 nanoparticles separate GS
and prevent restacking, providing better immersion and diffu-
sion of the electrolyte ions through pore channels for efficient
redox reactions during the charge storage process. These three
reasons explain that the introduction of GS can promote the
electrochemical performance, further verifying that there are
more advantages with GS/Fe;0,-3 paper and Trad. GS/Fe;O,
than Trad. Fe;0, as a supercapacitor. When compared with
Trad. GS/Fe;0,, the GS/Fe;0,-3 paper has its own unique
merits. First, the flexible paper acts as an electrode and avoids
the addition of an electrically insulating polymer binder, which
promotes the charge transfer rate. Second, GS offers a

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 The CV cycles of the GS/Fez04-3 paper at different bending
times (The inset is the digital photo of GS/Fe30O4-3 paper.).

continuous conductive network to efficiently decrease the
particle-particle interface resistance, improving the availability
of the Fe;0, during redox reactions. Third the interlayer spacing
of the paper facilitates electrolyte ions transportation. There-
fore, this unique layered GS/Fe;0,-3 paper can dramatically
improve cycling stability and rate capability of Fe;O, as an
anode material for supercapacitors.

As is well-known, the mechanical flexibility and bending
properties of the paper electrode are significant because they
are critical for device assembly. To prove the mechanical flexi-
bility of GS/Fe;0,4-3, the CV curves of GS/Fe;0,4-3 paper were
measured at different bending times. As shown in Fig. 8, after
the paper electrode was bended for 50 and 100 times, the CV
curves are almost identical with those with no bending. There is
no capacitance loss after bending, which further proves that the
GS/Fe;0, paper is a prospective candidate as a flexible
supercapacitor.

4. Conclusion

In summary, a three-step approach is presented for the
construction of flexible GS/Fe;O, composite paper. Fe;O,
nanoparticles of ~5 nm are uniformly grown in situ and
anchored on the surface of GS by covalent chemical bonding.
The graphene sheet simultaneously functions as a conductive
agent and binder. Rapid charge transport from the Fe;O,
nanoparticles to the underlying graphene provides efficient
redox reactions. The optimized GS/Fe;0, paper (64.8%) exhibits
excellent rate performance and cyclic stability. It could achieve a
high specific capacitance of 368 Fg 'at 1Ag ', and 225 Fg " at
5 Ag~', making the GS/Fe;0, paper a promising candidate for a
flexible negative electrode material. This work opens up a
universal and economic strategy to fabricate other GS/metal
oxide composite papers for flexible energy-storage devices.
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