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Facile Synthesis of Hematite Quantum-Dot/Functionalized
Graphene-Sheet Composites as Advanced Anode Materials
for Asymmetric Supercapacitors

Hui Xia,* Caiyun Hong, Bo Li, Bin Zhao, Zixia Lin, Mingbo Zheng,* Serguei V. Savilo,

and Serguei M. Aldoshin

For building high-energy density asymmetric supercapacitors, developing anode
materials with large specific capacitance remains a great challenge. Although
Fe,0; has been considered as a promising anode material for asymmetric
supercapacitors, the specific capacitance of the Fe,O;-based anodes is still low
and cannot match that of cathodes in the full cells. In this work, a composite
material with well dispersed Fe,O; quantum dots (QDs, ~2 nm) decorated

on functionalized graphene-sheets (FGS) is prepared by a facile and scalable
method. The Fe,0; QDs/FGS composites exhibit a large specific capacitance
up to 347 F g ' in 1 m Na,SO, between —1 and 0 V versus Ag/AgCl. An asym-
metric supercapacitor operating at 2 V is fabricated using Fe,O3/FGS as anode
and MnO,/FGS as cathode in 1 m Na,SO, aqueous electrolyte. The Fe,O;/
FGS//MnO,/FGS asymmetric supercapacitor shows a high energy density of
50.7 Wh kg™ at a power density of 100 W kg™ as well as excellent cycling sta-
bility and power capability. The facile synthesis method and superior superca-
pacitive performance of the Fe,0; QDs/FGS composites make them promising
as anode materials for high-performance asymmetric supercapacitors.

1. Introduction

Supercapacitors, also called as electrochemical capacitors, have
attracted considerable attention as energy storage devices for var-
ious applications such as portable electronics and electric vehicles,
which can be attributed to their desirable characteristics of high
power density, fast rates of charge and discharge, excellent cycling
stability, and low maintenance cost.'>) However, for practical

applications in various electronic devices,
the energy density of current supercapaci-
tors need to be further improved without
sacrificing the power density and cycle life.
According to the equation of energy density
E =1/2CV2, the specific energy of superca-
pacitors can be increased by increasing the
output voltage (V) and/or the specific capac-
itance.l! An effective way to increase the
operation voltage is to use ionic liquids or
organic electrolytes, which, however, suffer
from the poor ionic conductivity, short cycle
life, and toxicity, making them undesirable
in practical applications.”] A more desirable
strategy is to construct asymmetric super-
capacitors using environmentally friendly
aqueous electrolytes with fast ion transport.
For asymmetric supercapacitors, different
negative and positive electrode materials
having well-separated potential windows are
coupled to maximize the output voltage.®!
MnO,-based materials, exhibiting large
specific capacitance and high overpotential for oxygen evolu-
tion, are usually employed as cathode materials for asymmetric
supercapacitors using neutral aqueous electrolytes.*'% Carbon-
based materials, especially activated carbon (AC), are usually
used as anode materials due to their large surface, excellent
electrical conductivity, and good power capability.'!! However,
the low specific capacitance of carbon materials cannot match
the high specific capacitance of MnO,-based materials, thus
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limiting the energy density for asymmetric
supercapacitors.'?l Great efforts have been
devoted to studying transition metal oxides,
such as MoO;_,, V,0s, VN, RuO,, Bi,O3;, and
FeO,, to achieve large specific capacitance
for the anode materials.'*!1 Among them,
Fe, 05 attracts considerable attention because
of its large overpotential for hydrogen evo-
lution, low cost, and natural abundance.?’) FGS
Recently, several works have reported the
successful application of Fe,O; as anode for
asymmetric supercapacitors.222 However,
small surface area and poor electronic conductivity are still two
obstacles that limit the specific capacitance and power capability
of Fe,0s. In order to circumvent these problems, graphite car-
bons such as carbon nanotubes and carbon nanofibers are har-
nessed as conductive matrices to load Fe,O; nanoparticles for
improved performance.?*?4 Particularly, graphene, possessing
large surface area and excellent electronic conductivity, has
become one of the most appealing matrices for Fe,03.2527 It is
noteworthy, on the other hand, that the size and dispersion of
Fe, 05 particles on graphene are crucial factors determining the
electrode performance. Small particle size plus good dispersion
can endow the composite electrode a superior high surface area
and required conductivity,?®?° which are beneficial for large
specific capacitance and good power capability. According to
literature, however, most Fe,0;/graphene composites prepared
so far have relatively large particle size (>10 nm) for Fe,0; with
unsatisfying dispersions. Apart from that, the main routes com-
monly used for the preparation of the Fe,O3/graphene compos-
ites were carried out with complicated processes, which are not
applicable for large scale production.

In this work, we designed a facile, scalable, and one-step
thermal decomposition method to synthesize Fe,O; quantum
dots (QDs) (=2 nm) decorated on functionalized graphene-
sheets (FGS) at a low temperature of 200 °C. For the composite,
FGS with oxygen functional groups on the surface were used
as the conductive matrix and the surface defective sites serve as
the initial nucleation sites for the controllable growth of Fe,0,
QDs.?% With a proper control for the Fe,0;/FGS mass ratio,
Fe,0; QDs can be well dispersed on the FGS without aggre-
gation and a large specific capacitance of about 347 F g™! can
be obtained. To the best of our knowledge, this specific capaci-
tance is the highest value has ever been reported for the Fe,O;-
based electrode materials using neutral aqueous electrolytes for
supercapacitors. Moreover, a 2 V asymmetric supercapacitor
was then successfully constructed by coupling a Fe,03/FGS
anode and a MnO,/FGS cathode. As expected, the Fe,03/FGS//
MnO,/FGS asymmetric supercapacitor exhibited large energy
density as well as outstanding cycling stability and power
capability.

2. Results and Discussion

Scheme 1 illustrates the composite electrode design and con-
struction of the asymmetric supercapacitor. A simple thermal
decomposition method was designed to prepare Fe,O;/FGS
composite as the anode material. It simply involves the mixing of
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Scheme 1. Schematic illustration of the composite electrode design and the construction of
asymmetric supercapacitor.

FGS and iron salt in solution and thermal annealing of the mix-
ture in air. The existence of covalent chemical bonding formed
through oxygen-containing defect sites on the graphene surface
(Supporting Information Figure S1) provides an opportunity to
tightly achor iron oxide on graphene. This method is scalable
and applicable to other metal oxide/graphene composites. In
the present study, MnO,/FGS composite was prepared as the
cathode material using the similar method.

Figure 1a shows the X-ray diffraction (XRD) patterns of the
pristine FGS, Fe,0;, and Fe,0;/FGS composites with different
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Figure 1. XRD patterns a) and the Raman spectra b) of the pristine FGS,
pure Fe,O;, and Fe,O3/FGS composites with different Fe,O3/FGS mass ratios.
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Figure 2. a,b) FESEM images of the Fe,03/FGS composite (1:1 sample). c) TEM and d) HRTEM
images of the Fe,O;/FGS composite (1:1 sample). The inset in ¢) shows a HRTEM image of the
Fe,03/FGS composite. The inset in d) shows the SAED pattern of the Fe,03/FGS composite.

Fe,03/FGS mass ratios (1:2, 1:1, 2:1). The pristine Fe,0; XRD
pattern shows two small diffraction peaks located at 34° and
35°, which can be attributed to the (104) and (110) reflections
of a-Fe,03 (JCPDS no. 33-0664). Small humps at similar loca-
tions were also observed for the XRD patterns of the Fe,0s/
FGS composites, indicating nanocrystalline feature and/or low
degree of crystallinity of the Fe,O; particles. The pristine FGS
XRD pattern shows a small hump at about 26°, which can be
attributed to the (002) reflection of graphite. Such small hump
is also observed in the XRD patterns of the Fe,03/FGS compos-
ites, probably indicating graphene sheets are highly disordered
stacking with low degree of graphitization.l’”! Figure 1b shows
the Raman spectra of the pristine FGS, Fe,03, and Fe,03/FGS
composites with different Fe,O3/FGS mass ratios. The D-band
located at 1325 cm™! and the G-band at 1598 cm™ are charac-
teristic Raman shifts of graphite, which can be observed in the
Raman spectra of both FGS and Fe,03/FGS composites. Four
Raman shifts can be observed between 200 and 700 cm™! for the
pristine Fe,O3; and Fe,0;/FGS composites, which correspond
to one A;, (218 cm™) and three E, (284, 397, and 594 cm™)
Raman modes of o-Fe,05.31 The XRD and Raman results con-
firm the successful synthesis of Fe,0;/FGS composite without
trace of impurity phase.

The morphology and microstructure of the Fe,O;/FGS com-
posite (1:1) was investigated by field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM). Figure 2a and 2b show the FESEM images of the Fe,0;/
FGS composite with low and high magnifications, respectively,
revealing a 2D morphology comprising of crumpled nanosheets
with numerous wrinkles and folds. Numerous macropores are
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observed between the nanosheets, which
results from the thermal exfoliation of FGS.
It is not able to observe the Fe,O; particles
on FGS by FESEM due to the small particle
size. Figure 2c shows the TEM image of the
Fe,03/FGS composite (1:1), revealing uni-
form dispersion of Fe,O; nanoparticles on
the transparent FGS without severe aggre-
gation. The enlarged TEM image inserted
in Figure 2c shows that the mean particle
size for the Fe,0; QDs is about 2 nm. The
bare Fe,0O; QDs synthesized by the similar
thermal decomposition method show sim-
ilar particle size (Supporting Information
Figure S2). The pores between the Fe,0;
QDs have the similar size as the particles,
representing a mesoporous structure for the
Fe,0; layer coated on the FGS. The high-
resolution transmission electron micros-
copy (HRTEM) image of the Fe,0; QDs in
Figure 2d shows clear lattice fringes with a
interplanar spacing of 0.27 nm, which can
be attributed to the (104) plane of Fe,Os.
The selected area electron diffraction (SAED)
pattern (inset in Figure 2d) shows two dif-
fraction rings, corresponding to the (104)
and (300) planes of Fe,0s3, respectively. The
carbon contents determined from the ther-
mogravimetric analysis (TGA) for the three
Fe,03/FGS composites (Supporting Information Figure S3) are
72, 53, and 34 wt%, respectively. In convenience, 1:2, 1:1, and
2:1 are still used in the following text to denote different Fe,0/
FGS composites.

The nitrogen adsorption—desorption isotherms and the pore
size distributions of the Fe,03;/FGS composites with different
Fe,03/FGS mass ratios are shown in Figure 3. Similar to FGS
(Supporting Information Figure S4), all Fe,0;/FGS compos-
ites show typical type-IV isotherms (Figure 3a), indicating the
existence of mesopores in the composites. The pore size dis-
tributions of the samples calculated by adsorption isotherm
using Barret-Joyner—Halenda (BJH) method are shown in
Figure 3b. Agreeing with the TEM results, all Fe,0;/FGS com-
posites show a pore size distribution below 5 nm, which could
be mainly contributed by the space between the Fe,O3; QDs. For
comparison, Brunauer-Emmett-Teller specific surface areas
and pore volumes of the pristine FGS and Fe,0;/FGS com-
posites are summarized in Table S1 (Supporting Information).
The specific surface areas are 216.5, 208.0, and 198.5 m? g™! for
the 1:2, 1:1, and 2:1 Fe,03/FGS composites, respectively, as a
result of the overall reduction in the specific surface area with
increased mass loading of Fe,0;. The large surface area of the
Fe,03/FGS composites undoubtedly shortens the ion diffusion
paths and improves the utilization of active materials, which
may lead to improved pseudocapacitive performance for the
composite electrodes.

The large surface area and good electrical conductivity
will endow the composite electrodes with promising elec-
trochemical performance for supercapacitors. Three Fe,Os/
FGS composites with different Fe,03;/FGS mass ratios were
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Figure 3. N, adsorption—desorption isotherms a) and BJH pore size dis-
tribution plots b) of the Fe,03/FGS composites with different Fe,O3/FGS
mass ratios at 77 K.

investigated by cyclic voltammogram (CV), and their CV curves
were compared with those of the pristine FGS and Fe,0O3 (Sup-
porting Information Figure S5). The CV measurements were
carried out in three-electrode cells between -1 and 0 V versus
Ag/AgClin 1 M Na,SO, electrolyte at different scan rates from
10 to 1600 mV s7!. For all scan rates, the CV curves of the pris-
tine FGS electrode remain the rectangular shape without dis-
tortion, indicating ideal capacitive behavior. On the contrary,
the CV curves of the pristine Fe,O; electrode are seriously
distorted, especially at high scan rates, indicating large cell
polarization due to the high resistance of the Fe,O; electrode.
Remarkably, it is noted that the CV curves of the Fe,O3/FGS
composite electrodes can still maintain good rectangularity
even at high scan rates such as 1600 mV s7!, similar to the
behavior of the FGS electrode. Only for the 2:1 sample, the CV
curves are slightly distorted from the rectangular shape at high
scan rates, which is probably due to the large content of Fe,05
in the composite. The specific capacitances of the pristine FGS,
Fe,0;, and Fe,03/FGS composite electrodes as a function of
scan rate are compared in Figure 4a. Although the FGS elec-
trode exhibits outstanding CV behavior, its specific capacitance
is only about 120 F g™! at the scan rate of 10 mV s™%. At the
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Figure 4. a) Specific capacitances of the pristine FGS, Fe,03, and Fe,O;/
FGS composite electrodes as a function of CV scan rate. b) Nyquist plots
of the pristine FGS, Fe,O;, and Fe,03/FGS composite electrodes.

same scan rate, the Fe,0; electrode exhibits a relatively larger
specific capacitance of about 200 F g~!, whereas it decreases
quickly as the scan rate increases, indicating poor rate capa-
bility. When FGS is incorporated into Fe,03; QDs, the Fe,03/
FGS composite electrodes display significantly enhanced spe-
cific capacitance as well as superior rate performance. In spe-
cific, the 1:1 Fe,03/FGS composite electrode exhibits a specific
capacitance up to 347 F g7! at a scan rate of 10 mV s7!, which
is the largest value reported for the Fe,0;-based electrodes in
neutral aqueous electrolytes. Table 1 summarizes the reported
electrochemical performance of the Fe,Os-based electrodes
in neutral aqueous electrolytes.l?>-37] Compared with the pre-
viously reported Fe,Oj-based electrodes, the Fe,O; QD/FGS
composite electrodes developed in the present work possess
obvious advantages in terms of specific capacitance and rate
capability, which could be attributed to the synergetic effect of
high conductivity of FGS and large capacitance contribution
from Fe,0; QDs. It is also noted that the mass ratio of Fe,03/
FGS is crucial to the electrochemical performance of the com-
posite electrodes. In specific, the 1:1 Fe,03/FGS composite
electrode shows larger specific capacitance compared with the
1:2 and 2:1 composite electrodes. To understand the difference

Adv. Funct. Mater. 2015, 25, 627635
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Table 1. Comparison of electrochemical performance for the Fe,O3-based electrodes in negative potential windows in neutral aqueous electrolytes.

Fe,0O;-based electrode Electrolyte Potential range Specific capacitance Rate capability Ref. (year)
[V vs. Ag/AgCl or SCE] [Fg™ [Fg
Fe,O3 nanosheet film 1 wm Li, SO, —09to-0.1V 173 at3Ag™! 117at123Ag" (2009) [29]
Fe,O; nanotube arrays 1 ™ Li,SO,4 -0.6t0 0V 138at1.3Ag™! 91at128Ag™ (2017) [30]
Fe,O; nanotube/rGO 1 m Na,SO, -1to0OV 215at2.5mV s 83 at 100 mV s™ (2012) [22]
Fe,O3 sheets on nickel foam 1 m Li,SO,4 -0.8t0-0.2V 147 at0.36 A g™ 98at3.6Ag’ (2014) [31]
Fe,03; mesocrystals/graphene 1M Na,SO, -1.2t0-0.2V 306at3Ag” 98at10A g™’ (2014) [24]
Fe,03/graphene composite 1 m Na,SO, -12t0-0.2V 193 at5mV s 100 at 100 mV s™ (2014) [32]
Fe,03/mesoporous carbon 1 m Na,SO; -1.0to-0.2V 235at0.5A ¢! 119at10A g™ (2014) [33]
Flower-like Fe,O; nanostructures 0.5 m Na,SO; -0.8to 0V 127at1Ag™! 40at14A g’ (2013) [34]
Fe,O; QDs/FGS 1 m NaSO4 -1to0V 347 at 10 mV s~ 140 at 1600 mV s~ This work

in capacitive performance for the Fe,0;/FGS composite elec-
trodes, electrochemical impedance spectroscopy (EIS) meas-
urements were carried out and the obtained Nyquist plots, are
shown in Figure 4b. The 1:2 Fe,03/FGS composite electrode
shows only slightly larger charge transfer resistance compared
with the pristine FGS electrode, indicating excellent electrical
conductivity for this composite electrode. The charge transfer
resistance increases as the Fe,O; content increases in the com-
posite, indicating that having a high Fe,O; content in the com-
posite will take the price of low electrical conductivity. Apart
from the large charge transfer resistance, the 2:1 Fe,O3/FGS
composite also has a lower specific surface area, resulting in a
low utilization of Fe,O3; and smaller specific capacitance com-
pared with the 1:1 sample. On the other hand, if the Fe,0;
content is too low in the composite (such as the 1:2 sample),
the specific capacitance could be mainly contributed by the
FGS, which will also lead to a decrease in the specific capaci-
tance. Therefore, the Fe,03/FGS mass ratio in the composite
is a crucial factor to achieve the best electrochemical perfor-
mance. In the present work, the 1:1 Fe,03/FGS composite
represent the best electrode design as anode for asymmetric
supercapacitors.

To build the asymmetric supercapacitors, MnO,/FGS com-
posite with 37 wt% FGS (Supporting Information Figure S2)
was synthesized as cathode material by the similar thermal
decomposition method. Figure 5a shows the XRD patterns of
the pristine FGS and the MnO,/FGS composite. Except for the
(002) reflection from EGS, all other diffraction peaks can be
indexed to »MnO, (JCPDS No. 14-0644).3% Figure 5b shows
the Raman spectra of the pristine FGS and MnO,/FGS com-
posite. Together with D and G bands for FGS, the Raman spec-
trum of the MnO,/FGS composite also shows a Raman band
located at about 650 cm™, which can be attributed to the Mn—O
vibration perpendicular to the direction of the MnOg octahedral
double chains of MnO,.3% The XRD and Raman results con-
firm the successful preparation of the MnO,/FGS composite by
the thermal decomposition method.

The morphology for the MnO,/FGS composite was inves-
tigated by FESEM and TEM. Figure 6a,b shows the FESEM
images for the MnO,/FGS composite with low and high mag-
nifications, respectively. It can be seen that MnO, nanoparticles
are uniformly dispersed on the crumpled FGS without severe
aggregation, revealing a similar porous structure as the Fe,O3/

Adv. Funct. Mater. 2015, 25, 627-635
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FGS composite. Figure 6¢ shows the TEM image for the MnO,/
FGS composite, showing that the particle size of MnO, is in the
range of 50-100 nm. The HRTEM image in Figure 6d shows
clear lattice fringes for the MnO, nanoparticles, indicating a
high degree of crystallinity. The crystal lattice with a spacing
of 0.40 nm corresponds to the (110) plane of ¥MnO,. In
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Figure 5. a) XRD patterns and b) Raman spectra of the pristine FGS and
MnO,/FGS composite.
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addition, the SAED pattern (inset in Figure 6d)
shows a set of diffraction rings, which can
be clearly assigned to the diffractions of the
(111), (220), and (222) planes, respectively,
confirming the formation of -MnO, on FGS.

Figure 7a,b shows the CV curves of the
Fe,03/FGS (1:1) composite electrode and
the MnO,/FGS composite electrode in nega-
tive (-1 to 0 V vs Ag/AgCl) and positive (0 to
1 V vs Ag/AgCl) potential windows, respec-
tively, at different scan rates. Similar to the
Fe,03/FGS composite electrode, the MnO,/
FGS composite electrode exhibits rectan-
gular shaped CV curves at various scan rates
with near mirror-image current response
on voltage reversal, indicating ideal capaci-
tive behavior for the MnO,/FGS composite
electrode in the positive potential window.
Figure 7c compares the specific capacitances
of the Fe,03/FGS composite electrode and
the MnO,/FGS composite electrode at dif-
ferent scan rate from 10 to 1600 mV s It
can be seen that the specific capacitances

of the MnO,/FGS composite electrode are
Figure 6. a,b) FESEM images of the MnO,/FGS composite. ¢) TEM and d) HRTEM images  in good match with those of the Fe,0;/
of the MnO,/FGS composite. The inset in (d) shows the SAED pattern for the MnO,/FGS  gig composite electrode at various scan

composite. rates, indicating the negative electrode and
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Figure 8. a) The CV curves of the Fe,0;/FGS//MnO,/FGS asymmetric supercapacitor between 0 and 2 V at different scan rates from 10 to 3000 mV s
b) The galvanostatic charge/discharge curves of the asymmetric supercapacitor at different current densities. c) The Ragone plots of the Fe,O;/FGS//
MnO,/FGS asymmetric supercapacitor compared with reported data in literature. d) The cycle performance of the Fe,03/FGS//MnQO,/FGS asymmetric

supercapacitor.

positive electrode can be ideally coupled to make the asym-
metrical supercapacitor. Inset in Figure 7c shows the Nyquist
plots for both the Fe,0;/FGS composite electrode and the
MnO,/FGS composite electrode. The MnO,/FGS composite
electrode exhibits a similar small charge transfer resistance
as the Fe,0;/FGS composite electrode, indicating the hybrid
electrode design is efficient to achieve fast electrode kinetics.
Based on the operating voltage window determined by the
CV results (Figure 7d), an asymmetric supercapacitor using
the Fe,O3/FGS anode and the MnO,/FGS cathode is expected
to have a high working voltage up to 2 V in 1 M Na,SO,. As
shown in Figure 7d, the pristine FGS electrode also shows
good electrochemical stability in both negative and positive
voltage windows, indicating the possibility to build a 2 V sym-
metric supercapacitor by using two FGS electrodes (also see
Supporting Information Figure S6). However, the CV curves
of the pristine FGS electrode show much smaller loop areas
compared with those of the Fe,03/FGS the MnO,/FGS com-
posited electrodes, indicating much lower specific capacitance
and lower energy density for building the symmetric superca-
pacitor. An asymmetric supercapacitor was fabricated by using
the Fe,03/FGS as anode and the MnO,/FGS as cathode in a
two-electrode Swagelok cell. Figure 8a shows the CV curves
of the Fe,03/FGS//MnO,/FGS asymmetric supercapacitor
between 0 and 2 V at different scan rates from 10 to 3000 mV s~!
in 1 M Na,SO, aqueous solution. Noticeably, the CV curves retain
good rectangularity even at a high scan rate of 3000 mV s7,
indicating small resistance of the full cell and excellent rate
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capability. Based on the total mass of active materials from both
anode and cathode, the specific capacitance of the asymmetric
supercapacitor was calculated to be about 73.2 F g™! at a scan
rate of 10 mV s7%. Even at a high scan rate of 3000 mV s7., the
full cell can still deliver a specific capacitance of about 36.3 F g~
A 2V FGS//EGS symmetric supercapcitor has been success-
fully constructed for comparison and its CV curves at different
scan rates exhibit ideal rectangular shape (Supporting Infor-
mation Figure S7). However, the specific capacitance for the
FGS//FGS symmetric supercapacitor is only about 32.2 F g
at a scan rate of 10 mV s71, which is much lower than that of
the Fe,03/FGS//MnO,/ FGS asymmetric supercapacitor. The
large specific capacitance and excellent rate capability of the
Fe,03/FGS//MnO,/FGS asymmetric supercapacitor could be
attributed to the composite electrode design for both anode and
cathode with large surface area and good electrical conductivity.
Galvanostatic charge/discharge measurements were further
carried out on the asymmetric supercapacitor between 0 and
2V at various current densities from 0.1 to 32 A g'. As shown
in Figure 8D, the charge/discharge curves at various current
densities show the typical triangular shape with linear voltage
time relation, indicating ideal capacitive behavior. Based on
the charge/discharge curves, the energy densities and power
densities for the Fe,03/FGS//MnO,/FGS asymmetric superca-
pacitor at various current densities are shown in the Ragone
plots (Figure 8c) to compare with those of other reported sym-
metric/asymmetric supercapacitors. Remarkably, the present
Fe,03/FGS//MnO,/FGS asymmetric supercapacitor can deliver
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a maximum energy density of about 50.7 Wh kg! at a power
density of 100 W kg~!, which is significantly larger than those of
symmetric supercapacitors, such as MnO,/graphene//MnO,/
graphene supercapacitors (8.1 Wh kg ~!),*% AC//AC superca-
pacitors (<10 Wh kg™),*l and MnO,//MnO, supercapacitors
(<3.3 Wh kg™1),*2 and also larger than those of asymmetric
supercapacitors of CNT//MnO,/graphene (32.7 Wh kg™),*l
AC//MnO, (28.8 Wh kg™) [l FeOOH//MnO,(12 Wh kg1),5]
and Fe;0,//MnO, (8.1 Wh kg™!). *J Even at a high power
density of 32 kW kg!, the Fe,0;/FGS//MnO,/FGS asym-
metric supercapacitor still can reach an energy density of about
10 Wh kg™, indicating superior power capability. Apart from
the outstanding power capability, the Fe,03/FGS//MnO,/FGS
asymmetric supercapacitor also exhibits excellent cycle perfor-
mance. Figure 8d shows the capacitance retention of the Fe,03/
FGS//MnO,/FGS asymmetric supercapacitor as a function of
cycle number at a current density of 0.5 A g™! for 5000 charge/
discharge cycles. About 95% of its initial capacitance was
retained after 5000 cycles, indicating good cycling stability for
the asymmetric system. Such good cycle performance is com-
parable with that of other asymmetric supercapacitors and is
highly promising for practical applications.

Compared with previously reported asymmetric supercapaci-
tors, the present Fe,03/FGS//MnO,/FGS asymmetric super-
capacitor exhibits superior energy and power densities, which
can be attributed to the unique composite electrode design and
rational cathode-anode coupling. The carbon-based anodes
usually limit the energy density of the asymmetric superca-
pacitors due to their relative lower specific capacitance. The
present Fe,O; QDs/FGS composite exhibits greatly improved
specific capacitance due to the synergetic effect of highly con-
ductive FGS providing fast electron transfer and large surface
area and well-dispersed Fe,O; QDs contributing large pseudo-
capacitance. The thermal decomposition is a facile yet efficient
method to synthesize high-quality Fe,0; QDs/FGS composite
for application in asymmetric supercapacitors. In the com-
posite electrode, FGS not only provides fast electron transfer in
the electrode but also suppresses the agglomeration of Fe,0;
QDs. The size down to several nanometers, good dispersivity
of Fe,0; QDs, and the compact contact between Fe,O; QDs
and FGS are beneficial for maximizing the specific capacitance
for the composite electrode. The large specific capacitance of
the present Fe,0; QDs/FGS composite is comparable with that
of the MnO,/FGS composite, making the desirable anode—
cathode coupling to build a 2 V asymmetric supercapacitor with
both high energy density and power density.

3. Conclusion

In summary, we have presented a facile method to synthe-
size Fe,0; QDs/FGS composites featuring several nanometer
sized Fe,0; QDs well dispersed on FGS with large surface
area. The Fe,0;/FGS mass ratio in the composites plays an
important role in determining the supercapacitive perfor-
mance of the composite electrodes. As the FGS content was
tuned to 53 wt%, the Fe,O3/FGS composite electrode can
reach a maximum specific capacitance of about 347 F g!
which is much larger than the reported values for the Fe,0;-
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based electrodes in neutral aqueous electrolyte. Besides large
specific capacitance, the Fe,0;/FGS composite electrode also
exhibits excellent rate capability, which can be attributed to the
synergetic effect of the highly conductive FGS and ultrafine
Fe,0; QDs. A 2 V asymmetrical supercapacitor has been fab-
ricated using Fe,O3/FGS as anode and MnO,/FGS as cathode
in 1 M Na,SO, electrolyte. The Fe,03/FGS//MnO,/FGS
asymmetric supercapacitor can deliver an energy density of
50.7 Wh kg™! at a power density of 100 W kg™! and an energy
density of 10 Wh kg™! at a power density of 32 kW kg™!, indi-
cating outstanding energy density and power density. In addi-
tion to high energy density and power density, the asymmetric
supercapacitor also exhibits good cycling stability with 95%
of initial capacitance retained after 5000 cycles. The facile
electrode material synthesis and superior supercapacitive
performance make the Fe,03;/FGS//MnO,/FGS asymmetric
supercapacitors promising for practical applications in high
performance energy storage systems.

4. Experimental Section

Synthesis of FGS: Graphene oxide (GO) was synthesized from purified
natural graphite according to the method reported by Hummers and
Offeman.*l The dried GO was thermally exfoliated at 300 °C for 5 min
under air atmosphere, and then treated at 900 °C in N, for 3 h with a
heating rate of 2 °C min™' to obtain the functionalized FGS.[*/]

Synthesis of Fe,O; QDs/FGS Composites and MnO,/FGS Composites:
The Fe,03 QDs/FGS composites were synthesized by a facile thermal
decomposition method. In a typical synthesis, certain amount of
Fe(NO;3)3-9H,0 was first dissolved in ethanol (35 mL). 50 mg FGS was
then added into the solution followed by 10 min ultrasonication to form
a suspension. The suspension was magnetically stirred in a fume hood
with slow evaporation of ethanol. After evaporation, the sample was
collected and dried at 40 °C for 24 h in a blast drying oven. The dried
Fe(NO3);3-9H,0/FGS composite was finally heated at 200 °C in an oven
for 10 h to obtain the Fe,O; QDs/FGS composite. Various amounts
of Fe(NO3)3.9H,0 were added in the precursors and three batches of
Fe,O; QDs/FGS composites with theoretical Fe,O;/FGS mass ratios
of 2:1, 1:1, and 1:2 were prepared. For comparison, bare Fe,O; QDs
were also prepared by the heat treatment of Fe(NO3)3;-9H,0 at 200 °C
for 10 h. To construct the asymmetric supercapacitors, the MnO,/FGS
composite with a MnO,/FGS mass ratio of 2:1 was prepared by a similar
method using Mn(NO3),.9H,0 and FGS.

Materials Characterization: The crystallographic information and
phase purity of the products were investigated by XRD (Shimadzu X-ray
diffractormeter 6000, Cu Ko radiation), Raman spectroscopy (Jobin-
Yvon T6400 micro-Raman system). The morphology and microstructure
of the products were investigated by FESEM (Hitachi S4300), TEM
(FEI-Philips CM300 UT/FEG), and HRTEM. N, adsorption—-desorption
isotherms were measured at the liquid nitrogen temperature using a
Micromeritics ASAP 2010 instrument. The precise carbon contents in
different composites were determined by TGA (Shimadzu DTG-60H).
FTIR spectrum of the pristine FGS was collected from 4000 to 500 cm™'
using a Nicolet-670 FTIR spectrometer.

Electrochemical ~Measurements: To prepare the electrodes for
electrochemical measurements, 80 wt% active material (Fe,O;/FGS,
FGS, Fe,03, and MnO,/FGS), 10 wt% carbon black, and 10 wt%
polyvinylidene difluoride dissolved in N-methylpyrrolidone were
mixed to form a slurry. The slurry was pasted on Ti foil and dried in
an electric oven at 80 °C for 12 h. The mass loadings for both Fe,O3/
FGS and MnO,/FGS electrodes are in the range of =2-3 mg cm™2.
The electrochemical tests of individual electrodes (Fe,O3/FGS, FGS,
Fe,03, or MnO,/FGS) were performed using three-electrode cells with
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a platinum foil counter electrode and an Ag/AgCl reference electrode.
An asymmetric supercapacitor with Fe,O3;/FGS anode and MnO,/FGS
cathode was assembled in Swagelok cell using porous nonwoven fabric
as the separator. For both three-electrode cells and two-electrode cells,
1 M Na,SO, was used as the electrolyte. CV and EIS measurements of
different electrodes were measured using a CHI660D electrochemical
workstation. Galvanostatic charge/discharge measurements were
carried out on a battery testing system LAND CT2001A.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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