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ABSTRACT: Porous a-Fe,0;/graphene composites (S-
PIGCs) have been synthesized by a simple hydrothermal
method combined with a slow annealing route. The S-PIGCs
as a supercapacitors electrode material exhibit an ultrahigh
specific capacitance of 343.7 F g™' at a current density of 3 A
g™, good rate capability, and excellent cycling stability. The
enhanced electrochemical performances are attributed to the
combined contribution from the optimally architecture of the
porous a-Fe,0;, as a result of a slow annealing, and the
extraordinary electrical conductivity of the graphene sheets.
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R-PIGCS
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S upercapacitors with long cycle life and short charging time
are one of desirable energy storage devices.' > a-Fe,Q; is a
promising material for supercapacitors because of its good
pseudocapacitive feature, natural abundance, and environ-
mental harmlessness.* ® Nevertheless, its practical application
is severely hindered by the poor electrical conductivity.
Graphene, a single layer of two-dimensional carbon atoms
with extraordinary electrical conductivity, has attracted
unparalleled attention as an ideal conducting support to modify
transition metal oxides in supercapacitors.” For example, Lee et
al. fabricated a-Fe,O; nanotubes anchored on reduced
graphene oxide, which exhibited excellent specific capacitance
(216 F g™!) and cycling life.® Very recently, we also reported a
novel a-Fe,O; mesocrystals/graphene nanohybrid used as a
supercapacitor electrode, which exhibited high specific
capacitance (306 F g7').° Although the compositing of
graphene offers an effective processing protocol to improve
the electrochemical performances of a-Fe,0;, exploiting the
teature of a-Fe,O; is required in order to enhance both the
kinetics and the capacitances of the a-Fe,0; based electrodes.
Research has generally been focused on the design of diverse
architecture of the constituent a-Fe,O; on graphene, such as
nanotubes or mesocrystals. The controlled microstructure and
crystallinity of a-Fe,O; nanoparticles on graphene has gained
less attention. Achieving a precise control is particularly
challenging in the composites consisting of graphene and
transition metal oxides because the combination of the
graphene makes the synthesis of the inorganic oxides with
specific architectures more complicated.®

Transition metal oxides with porous nanostructures have
been found to be an effective alternate to improve the charge
storage of supercapacitors because of their high surface area,
short electron and ion transport pathway, and enhanced
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interaction with the electrolyte ions.”"' Numerous research

efforts for preparation of porous inorganic materials with
various structure have been developed, especially by soft-
templating and hard-templating method.'* However, the block
copolymer derived metal oxides only have amorphous frame-
works, whereas porous metal oxides prepared by the hard-
templating method have been proven to be very difficult to
control the mesopore diameters.''* Although some porous
metal oxides have been synthesized by thermal treatment, their
pore sizes and crystallinity are uncontrollable.'® Therefore,
developing practical methods for the preparation of porous
metal oxides with well-controlled pore sizes and crystallinity,
accompanying with high capacitance, still remains a challenge.
In addition, it is highly desirable to fabricate such architecture
for supercapacitors to overcome the diffusion limitation,
improve the surface area, and optimize the crystallite size effect.

Herein, we report a simple hydrothermal method combined
with a slow annealing route to prepare porous a-Fe,Os-
graphene composites (S-PIGCs). The pore size and crystallinity
can be controlled by varying the heating rate. As a control
experiment, the other PIGCs was also prepared by a similar
method but using a rapid annealing process, designated as R-
PIGCs. The S-PIGCs exhibit an ultrahigh specific capacitance,
good rate capability, and excellent cycling stability in a mild
aqueous electrolyte. As far as we know, this is the highest
capacitance ever reported for Fe,O; nanostructures (see Table
S1 in the Supporting Information) ,#7616 which is attributed to
the controllable pore size and crystallinity of the porous a-
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Fe,0;, as well as the extraordinary electrical conductivity of the
graphene sheets.

X-ray diffraction (XRD) pattern of the composites (RGO-
FeOOH) before annealing corresponds well to that of goethite
(FeOOH) (Figure 1), signifying the successful growth of
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Figure 1. XRD patterns of RGO-FeOOH composites, R-PIGCs, and
S-PIGCs.

FeOOH on graphene under hydrothermal conditions. After
annealing, all peaks of the XRD pattern of S-PIGCs and R-
PIGCs can be indexed to the rhombohedral phase of hematite
(a-Fe,0;, JCPDS No. 33—0664) (Figure 1). It is clear that the
S-PIGCs show lower crystallinity compared to R-PIGCs. On
the basis of the Scherer equation, the mean crystallite sizes of a-
Fe,0; are estimated to be 15.3 and 33.2 nm for S-PIGCs and
R-PIGCs, respectively, which are larger than that of a-Fe,0; in
a-Fe,0; mesocrystals/graphene nanohybrid (11 nm) reported
by our group.® This indicates that the annealing route can
significantly improve the crystallinity of a-Fe,0; and tune the
crystallinity of a-Fe,O; through changing the heating rate. The
control over the crystallinity is highly desired, because it is well-
established that the electrode materials with an appropriate
crystallite size could show higher capacitances than that of
either amorphous or crystalline material, especially when
possessing the porous structure.”'”'® No peaks of graphene
sheets are detected, suggesting that the graphene sheets are
disorderly stacked with a low degree of graphitization because
the porous a-Fe,O; on the gragphene sheets prevent the
graphene sheets from restacking.s’l From the TEM image, the
as-made FeOOH nanoparticles with short rodlike shape are
uniformly dispersed on the graphene sheets under hydro-
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Figure 2. (a) TEM image of RGO-FeOOH composites, (b, c) TEM images of S-PIGCs, (d) HRTEM image of porous a-Fe,Os.
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Figure 3. (a) Nitrogen adsorption and desorption isotherms and the corresponding pore size distribution curve of S-PIGCs. (b) Raman spectra of S-

PIGCs and GO.
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Figure 4. (a) CV curves of S-PIGCs at different scan rates, (b) CD curves of S-PIGCs at different current densities, (c) CD curves for S-PIGCs and
R-PIGCs at a current density of 3 A g™, (d) Variation of specific capacitance against current density for S-PIGCs and R-PIGCs.

thermal treatment (Figure 2a). After annealing, the original
rodlike shape and the dispersion of the nanoparticles on the
graphene sheets were well-preserved, whereas the FeOOH
nanoparticles in situ transformed to porous a-Fe,O; nano-
particles along with an improved crystallinity (Figure 2b and
Figure S1 in the Supporting Information). The FFT pattern of
a-Fe,O; nanoparticles also confirms that S-PIGCs have lower
crystallinity than R-PIGCs (see Figure S2 in the Supporting
Information). Additionally, the graphene sheets have numerous
wrinkles and folds (as indicated by the red arrows in Figure 2b),
which provide more reactive sites and functionalities for tuning
the reaction barrier and reaction energetics of graphene.”®”!
Further information about the porous a-Fe,O; nanoparticles
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can be obtained from a zoom-in TEM image (Figure 2c). It is
confirmed that the a-Fe,O; nanoparticles possess slit-like pores
open to the outer surface with the pore width of 3—4 nm. From
the high-resolution TEM (HRTEM) image (Figure 2d), the
fringe spacing of about 0.27 nm corresponds to the value of the
(104) plane of a-Fe,O5 phase, which is in agreement with the
powder XRD result. The tight contact between a-Fe,O;
nanoparticles and the graphene sheets can be demonstrated
by the fact that the a-Fe,O; nanoparticles do not separate from
the graphene sheets even after long time sonication. The
integration of porous a-Fe,O; nanoparticles possessing tunable
crystallinity (or crystallite size) and pore size with crumpled
graphene can reduce the diffusion path of ions, accommodate
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more electroactive species, and provide highly accessible surface
area and excellent electrical conductivity in supercapacitors.”'®

The pore structure and the specific surface areas of S-PIGCs
were further characterized by nitrogen adsorption/desorption
measurement and analyzed using the Barrett—Joyner—Halenda
(BJH) and Brunauer—Emmett—Teller (BET) methods. The
typical IV isotherms with type H4 hysteresis loops (Figure 3a)
confirm the formation of the slitlike pores,”* generated from
the local decomposition and the removal of water.”® The
average pore diameter was calculated to be 3.4 nm, based on
the BJH plot (the inset of Figure 3a). This result is consistent
with the TEM observation. The BET specific surface area and
pore volume of the S-PIGCs are 95.9 m* ¢! and 0.29 cm® g7/,
respectively, which are higher than those of RGO-FeOOH
(61.7 m? g™" and 0.25 cm® g!) and R-PIGCs (51.1 m* g~* and
0.23 cm® g~') (see Figure S3 in the Supporting Information).
The large surface area and pore volume are essential for the
electrode materials to achieve large capacitance, because they
could reduce ion transport limitation in electrodes and ensure
full utilization of electrode materials.

The local structure of S-PIGCs was investigated by Raman
analysis comparing with that of GO (Figure 3b). The two
bands located at around 1338 and 1585 cm™" correspond to the
typical D and G band of GO, respectively. The Raman
spectrum of S-PIGCs shows several characteristic peaks at 212,
275, 385, 485, and 579 cm™! from a-Fe,0;, whereas the D and
G peaks from graphene were also observed.® Also, the higher
D/G intensity ratio of S-PIGCs than that of GO indicates that
the formation of a-Fe,O; nanoparticles on GO sheets leads to
the disorderly stacking of the graphene sheets and significantly
decreasing of the graphene layer numbers.** The thermogravi-
metric analysis (TGA) confirms the content of a-Fe,O; in S-
PIGCs (Figure S4 in the Supporting Information). It is found
that the mass ratio of a-Fe,O; is 81.6%.

Figure 4 shows the results of the electrochemical measure-
ments tested using a three-electrode cell in 1 M Na,SO,
aqueous solution within a potential window from —0.3 to —1
V (vs Ag/AgCl). The cyclic voltammetry (CV) curves at
various scan rates are shown in Figure 4a. The good
reversibility behavior is testified by the nearly mirror-image
current response in the CV curves. In addition, the S-PIGCs
deliver an obvious pseudocapacitive characteristic, which can be
attributed to the reduction/oxidation of Fe3* and Fe'/Fe.’
Figure 4b shows the charge—discharge (CD) curves of the S-
PIGCs electrode at different current densities. The smooth
sloping voltage profiles indicate a pseudocapacitive feature,
consist with the CV results. The specific capacitance is
calculated according to the discharge curves. Compared with
R-PIGCs (2279 F g™') (Figure 4c), the S-PIGCs achieve a
higher specific capacitance of 343.7 F g™' at a current density of
3 A ¢!, which is also higher than the recently reported values
of other a-Fe,Oj-based electrodes, such as mesoporous
hematite nanostructures (116 F g™'),* nanoscale iron oxide-
carbon nanoarchitectures (84 F g_l),16 and a-Fe,O; meso-
crystals/graphene nanohybrid (306.9 F g™!).° Furthermore, the
S-PIGCs showed good rate performance with a capacitance of
182.1 F ¢! retained at a current density as high as 10 A g™
(Figure 4d). Although the rate performance is lower than that
of the R-PIGCs because of the limitation of H" and Na* ions
diffusion and some inaccessible pores and voids at high current
density, the specific capacitance is still very high at such high
current density (Figure 4d). It is well-established that there is a
trade-off between the electrical conductivity in the solid phase
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and the ionic transport in the pores." The superior electro-
chemical properties of the S-PIGCs were further confirmed by
the electrochemical impedance spectroscopy (EIS) (see Figure
S5 in the Supporting Information). Obviously, excellent
capacitive behavior can be obtained when RGO-FeOOH
composites are annealed at a slow heating rate. This
phenomenon might be attributed to the fact that S-PIGCs
obtained at a slow heating rate possess higher open porosity,
larger surface area, and appropriate crystallinity (or crystallite
size).

The electrochemical stability of the S-PIGCs electrode was
examined under continuous charge/discharge test at a current
density of 10 A g™ for 50000 cycles (see Figure S6 in the
Supporting Information). The capacitance retention of the S-
PIGCs is 95.8% after 50,000 cycles, suggesting a long-term
cycling stability of the S-PIGCs electrode. The high Columbic
efficiency (~98.6%) of the S-PIGCs electrode indicates a highly
reversibility of the electrode material (see Figure S7 in the
Supporting Information). We postulate two factors in
improving a long cycle life and a high reversibility for S-
PIGCs electrode. First, the open porous in a-Fe,O; nano-
particles effectively reduces the diffusion length of ions
promoting fast Faradaic charging and discharging of a-Fe,0;
nanoparticles. Second, the graphene sheets serve as a
conductive matrix, not only minimizing the aggregation of a-
Fe,O; nanoparticles but also maximizing the electrochemically
accessible area and facilitating the charge-transfer process.

In summary, we have successfully synthesized porous a-
Fe,05-graphene composites (S-PIGCs) using a facile hydro-
thermal process followed by a slow annealing. The as-prepared
material has a large specific surface area of 95.9 m*> g~'. The
ultrahigh capacitance of the composites results from the
synergetic effect of optimally mesoporous crystalline nature of
a-Fe,O; and the crumpled structure of graphene sheets. The
porous a-Fe,O; facilitates electrolyte access to the electro-
chemical sites and ensures short ion diffusion path lengths, and
the crumpled graphene sheets enhance the electrical con-
ductivity of the whole electrode. The fantastic structure of the
obtained S-PIGCs also holds the potential promise in other
energy storage applications.
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