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Abstract: A cocoon-like x-Fe;O3 nanocomposite with a novel carbon-coated structure was synthesized
via a simple one-step hydrothermal self-assembly method and employed as supercapacitor electrode
material. It was observed from electrochemical measurements that the obtained «-Fe,O;@C electrode
showed a good specific capacitance (406.9 Fg~! at 0.5 Ag~!) and excellent cycling stability, with 90.7%
specific capacitance retained after 2000 cycles at high current density of 10 Ag~!. These impressive
results, presented here, demonstrated that x-Fe,O3@C could be a promising alternative material for
application in high energy density storage.
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1. Introduction

With the development of the economy, environmental pressure has been increasing, and it is very
urgent to develop a new, low cost, environmentally friendly alternative energy source and energy
storage system [1-4]. Supercapacitors are considered to be a promising candidate material for energy
storage because of their advantages of high power density, excellent rate capacitance, long cycle life, and
so on [5-7]. The supercapacitor can be classified into two categories: electric double-layer capacitors
and pseudocapacitors. The charge storage capacitance in the double-layer capacitors is derived
from the electrostatic forces based on the electrical double layers. While it is derived from the rapid
Faraday oxidation-reduction reaction in the pseudocapacitors [8]. Electrode material is the main
factor in determining the performance of supercapacitors [9]. Due to the varied oxidation states
for efficient redox charge transfer and high theoretical specific capacitance, transition metal oxides
have been considered to be one of the most attractive electrode materials for supercapacitors [10,11].
Hematite (Fe;O3), a typical transition metal oxide, has attracted a lot of attention for application in
supercapacitors due to its low cost, environmental friendliness, and many other advantages [12-14].
However, Fe;O3 electrode material also exhibits some serious disadvantages, such as poor electrical
conductivity and large volume change, impeding their commercial applications [15]. Carbon-based
materials, thanks to their high electrical conductivity, excellent chemical stability, and superior
mechanical properties, can be composited with Fe;O3 to overcome the above-mentioned shortcomings
and improve electrochemical property in supercapacitors [16,17]. The coating carbon can increase
the electronic conductivity of the matrix material and function as a structural buffering layer to cushion
the mechanical stress caused by the large volume change during the cycling process. The coating
carbon is able to improve the electrical conductivity of the matrix material and also plays as a constraint
layer to buffer the cycle of large volume expansion in the charge and discharge process.
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In this work, «-Fe,O3 with a novel carbon-coated structure nanoparticle composite was fabricated
via a facile one-step self-assembly synthesis method and employed as electrode for supercapacitors.
The x-Fe,O3@C nanoparticles exhibited excellent charge storage properties in terms of high capacitance,
superior rate capability, and good cyclic stability. This unique structure is conducive to getting over
the above-mentioned shortcomings of Fe;Os. As a result, the performance of composite materials
as supercapacitors electrode could be enhanced to some extent. Therefore, the cocoon-like o-Fe,O3
nanoparticles with a novel carbon-coated structure have great potential for practical application in
the energy storage field.

2. Experimental Section

2.1. Synthesis of a-Fe,O3@C Composite

All of the chemicals were analytical grade and used as received. At first, 0.06 mol Ferric chloride
(FeCl3-6H,0) was dissolved in distilled water to form saturated FeCls solution. Then, the saturated
FeCl3 solution was slowly dropped into 100 mL boiling deionized water under continuous magnetic
stirring. In this process, Fe3*-containing solution was hydrolyzed to Fe(OH); colloid with negative
charge and presented evident Tyndall phenomenon. After several minutes, 10 mL Poly dimethyl diallyl
ammonium chloride ((CgH16CIN),, Mw < 100,000, 35 wt %, Aladdin) (PDDA) solution was gradually
added into the homogeneous colloid solution with the assist of magnetic stirring continuously for 3 h.
The mixture of the two solutions was then sealed in Teflon-lined stainless steel autoclave at 180 °C for
12 h and cooled down to room temperature. PDDA solution is a type of polycation electrolytes with
positive charge. Negatively charged Fe(OH)3 colloidal precursors and positively charged organics
were self-assembled under the action of Vander Waals molecular force in the hydrothermally reaction
procedure. In the boiling water, Fe** solution was hydrolyzed into Fe(OH); colloid. Then, the colloidal
particles were decomposed into Fe,Oj3 in the subsequent hydrothermal reaction. The relevant chemical
reactions are shown as follows:

Fe®* + 3H,0—Fe(OH); + 3H* (1)

ZFG(OH):J, —>F6203 + 3H,O (2)

The resulting suspension solution was centrifuged, and then the precipitate was washed with
distilled water and anhydrous ethanol. Finally, the collected precipitate was dried at 80 °C in air
followed by carbonization at 350 °C for 2 h under highly pure nitrogen (N) to obtain «-Fe,O3;@C
composite powder samples.

2.2. Materials Characterization

The structure of the material was examined by X-ray diffraction (XRD, D8 Advance, Bruker AXS,
Karlsruhe, Germany) with Cu Ko radiation (A = 1.5406 A) in the range from 5-80°. The X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) was
conducted with X-ray instrument with an Al Ko = 300.0 eV excitation source.

The morphology of the active as-prepared sample was examined by field emission scanning
electron microscope (FESEM, Zeiss Ultra Plus, ZEISS, Oberkochen, Germany) and transmission
electron microscopy (TEM, JEM 2100F, JEOL, Tokyo, Japan). The element mapping images were
obtained on an energy dispersive X-ray spectrometry (EDS, Oxford Instruments, Abingdon, UK).
Thermogravimetric analysis-Differential scanning calorimetry (TG-DSC, STA449F3, NETZSCH, Selb,
Germany) was conducted in air from room temperature to 1000 °C with heating rate of 10 °C/min.

Raman spectra (INVIA, Renishaw Co. Ltd., Gloucestershire, UK) were analyzed with 632.5 nm
argon ion laser from 100 to 1800 cm~!.  Fourier transform infra-red (FTIR) spectra (Nexus,
Thermo Nicolet, Madison, WI, USA) were conducted in the spectral ranges of 400—4000 cm~1L.
The specific surface areas of samples were recorded using nitrogen adsorption-desorption isotherms via
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Brunauer-Emmett-Teller (BET, ASAP 2020M, Micromeritics Instrument, Norcross, GA, USA) analysis
at77 K.

2.3. Electrochemical Measurements

All electrochemical measurements were performed on a CHI660E electrochemical workstation in
a typical three-electrode system, with platinum foil and Hg/HgO as the counter electrode and reference
electrode, respectively, and the electrolyte was 6 M KOH aqueous solution. The electrochemical
impedance spectroscopy (EIS) measurements were carried out on an electrochemical workstation
(CHI660E, Chenhua Co. Ltd., Shanghai, China), and the frequency of AC impedance ranges from
0.01-106 Hz with 5 mV amplitude.

The working electrode consisted of as-prepared o-Fe;O3@C sample, acetylene black and
polytetrafluoroethylene (PTFE) solution in a weight ratio of 70:20:10. The mixture was ground into
a mash and then pressed into a sheet by a double roller press and punched into small disks with
diameter of 1.0 cm. The disks were wrapped in nickel foam by rolling to form a sandwich structure
and used as the working electrode. Each working electrode contained about 2.5 mg o-Fe,O3@C active
material. The preparation process of sandwich structures working electrode was schematic illustrated
in Figure 1. Compared with electrode prepared via conventional method in which the slurry was
directly coated on the nickel foam, the electrode with the sandwich structure prepared by this method

was harder to fall off.
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Figure 1. Schematic illustration of preparation of sandwich structure working electrode.

3. Results and Discussion

XRD patterns of o-Fe;O3@C samples before and after calcination in Nj are shown in Figure 2.
After calcination, the crystal phase of the samples almost remained unchanged. All obvious diffraction
peaks were matched well with the standard o-Fe;O3 card (JCPDS No. 33-0664). No impurities phases
have been detected and the sample is hexagonal phase x-Fe,Oj3 crystalline structure. No carbon phase
peaks have been detected, which indicates that the coated carbon is amorphous. The carbonization
temperature under 350 °C is not enough to lead to organic matter graphitization, so the coated carbon
layer in this case is in the form of amorphous condition.

As shown in Figure 3a, six Raman scattering peaks are observed at 200-600 cm ! referring to
typical hematite [18], which indicates that the iron oxide precursor has been successfully synthesized
by a one-step hydrothermal self-assembly process. The D band is associated with disorder carbon,
resulting from various types of defects, while G band is associated with the Eo; mode of the crystalline
graphite [3]. The intensity ratio of D peak and G peak is used to characterize the degree of graphitization
of carbon. After calcination, the relative intensity of D peak and G peak is enhanced due to carbonation
of organic matter during the calcination process under the high purity N». The peaks appeared at
~1320 cm~! and ~1580 cm ™! are ascribed to the disordered (D) and graphitic (G) band, respectively.
Compared with D peak, the intensity of G peak is very weak, indicating that the coated carbon is
mainly in an amorphous state. This result is consistent with the XRD analysis of Figure 2.



Energies 2017, 10, 1296 40f13

(104)

— P
@0 —
— ey g
< =) = =
~ & §3 _=Z =8
=) 2y S 2o
= =4 s o
2 = [ 8
IS o=
<

After calcination

Intensity (a.u.)

Before calcination

- ‘ L
JCPDS No.33-0664

T n T b T . T Lf T T T
10 20 30 40 50 60 70 80
20 (deg.)

Figure 2. X-ray diffraction (XRD) patterns of x-Fe,O3@C nanoparticle composite before and
after calcination.
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Figure 3. (a) Raman spectrums and (b) FTIR of a-Fe,O3;@C nanoparticle composite before and
after calcination.

From Figure 3b, there is a broad absorption peak located at in ~3430 cm ™! corresponding to

the stretching vibration of hydroxyl (-OH) mode of crystallized water or physically adsorbed water on
the material surface. The intensity of this peak decreases after calcination, which result from the loss of
some crystalline water caused by the calcination process. The absorption peaks appearing at the ~480
and ~580 cm ™! correspond to the Fe-O vibrational mode of typical hematite [19,20]. In the fingerprint
peak part (~800-1700 cm~1), the absorption peaks located at 1126, 1432, and 1630 cm ! are attributed
to the C-C, C-O, and C=C groups of carbon, respectively [21]. The peaks at 1036 cm ! and 880 cm !
are attributed to the characteristic breathing mode of residual organic matter [22]. After calcination,
the relative absorption peak intensity becomes larger. All the above-mentioned absorption bands
are matched well with spectroscopic characterizations of typical hematite and amorphous carbon
structures, indicating the successful formation of o-Fe;O3@C composite via one-step self-assembly
method. This result is in agreement with the XRD and Raman analysis results presented above.

As shown in Figure 4, the «-Fe;O3@C sample presents uniform cocoon-like oval spheres with
small particle size of ~500 nm in diameter and ~1 pum in length. The particles are distributed evenly
without agglomeration. It is worth noting that «-Fe,O3@C sample clearly reveals its hollow pore
structure on the surface (Figure 4c), which can effectively buffer the volume change of Fe;O3. This pore
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structure provides a high specific surface and more active sites and increases the electronic conduction
for energy storage [23].

Figure 4. (a—c) field scanning electron microscopy (FESEM) and (d—f) transmission electron microscopy
(TEM) images of x-Fe;O3@C nanoparticle composite. The insert is the selected area electron diffraction
(SAED) image.

TEM was employed to further investigate the microstructures of the x-Fe,O3;@C sample.
As shown in Figure 4d, there is a light colored coating layer in the edge of the cocoon-like oval
ball. With clear lattice fringes, the x-Fe,O3@C samples present typical crystalline structure of x-Fe,Os.
While, no lattice fringes are observed in the coating layer of the edge of x-Fe,Os, indicating that
the coating layer is amorphous carbon. The uniform and continuous coating layer has a thickness of
a few nanometers (Figure 4e).

The HRTEM images (Figure 4f) display a set of parallel fringes with the space separation of
0.22 nm, corresponding to the (113) plane of crystalline x-Fe,O3 (JCPDS No. 33-0664). The selected
area electron diffraction (SAED) image (the insert in Figure 4f) indicates that the x-Fe,O3@C sample
has a perfect crystal structure. In the «-Fe;O3@C nanocomposites, the carbon coating layer not only
serves as a conductive network but also prevents iron oxide particles from volume variation, which is
crucial in improving the performance of Fe,O3 electrode [24].

The EDS element mapping of the a-Fe,O3@C sample was also studied. In order to avoid carbon
pollution, the powder samples were ultrasonically dispersed in an ethanol solution, dropping on
aluminum foil for test. The Fe, O and C elements are found and distributed evenly in the surface
of cocoon-like nanospheres (Figure 5b). The signal of C comes from the carbon-coated layers
formed during the calcination process with the organic material PDDA, demonstrating that carbon
is successfully coated on the Fe;,O3 surfaces. As shown in Figure 5f, the Al peak is derived from
aluminum foil, and the carbon weight fraction in x-Fe;O3@C sample was about 4.09%. The quality
ratio of iron and oxygen element is 66.33% and 29.58%, respectively, agreeing well with the composition
ratio of iron oxide.

In order to determine the weight fraction of carbon coated in the o-Fe,O3@C sample more
accurately, TG-DSC analysis was conducted. As shown in Figure S1, the carbon quality content in
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a-Fe;O3@C sample was about 3.91%, which was almost the same as the result of EDS elemental
analysis in Figure 5f. These analyses indicate that carbon has been ideally grown on the surface of
Fe;O3 and the amount of the coating carbon is about 4.0%.

500nm 500nm
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—

Element Wt% At%
66.33 35.17
29.58 54.74

4.09 10.9
100 100

Fe

Fe

500nm

Figure 5. Energy dispersive X-ray spectrometry (EDS) element mapping of «-Fe,O3@C nanoparticle
composite. (a) The original FESEM images; (b) the total element mapping; (c) the Fe Kol mapping;
(d) the O K1 mapping; (e) the C Ka1 mapping; (f) the EDS spectra of x-Fe;O3@C nanoparticle.

The XPS analysis was further employed to determine the chemical compositions and bonding
conditions of a-Fe,O3@C nanoparticle composite. One can observe clearly the peaks of Fe2p at
~720 eV, Cls peak at 285.0 eV and O1s peak at 530.5 eV from the full-range XPS survey (Figure 6a).
The high-resolution spectra of Fe2p, Ols and C1s were plotted in Figure 6b—d, respectively. The Fe2p1 /»
and Fe2p;3/, peaks were observed at 710.8 eV and 724.4 eV, respectively, with the binding energy
deference is 13.6 eV. There are two typical satellite peaks (719.3 and 732.3 eV) near the main peak,
indicating that iron exists as a trivalent form of Fe3+ [25-27].

In Figure 6¢c, the Ols binding energy is 530.0 eV, corresponding to the typical binding energy
of Fe-O bonding, while the peak at 531.3 eV is assigned to C-O, C=0, and O=C-O bonds [28,29].
In Figure 6d, Cls peak can be best fit with four components which is matched well with C sp? (C=C,
284.1 eV), C sp® (C-C, 284.6 eV), C-O (285.7 V), and C=0 (288.5 eV) [30]. The C sp? and C sp® peaks
represent graphitized carbon and amorphous carbon, respectively [31]. The C sp® peak content is 77.9%,
indicating that the coating carbon on o-Fe,O3 surface mainly exists in the form of amorphous carbon.
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectrum of «-Fe,O3@C nanoparticle composite.
(a) The full-range XPS survey and the high-resolution spectrum of (b) Fe2p, (c) Ols and (d) C1s.

The specific surface area of the nanoparticles samples was calculated by the BET method
with Nitrogen adsorption-desorption isotherms. The Nitrogen adsorption-desorption isotherms
of a-Fe;O3@C composite exhibit type IV characteristics, which indicate the presence of mesoporous
in the sample [32]. As shown in Figure 7, the corresponding pore size distributions are estimated by
the Barrett-Joyner-Halenda (BJH) method. The average pore diameters and pore volume are estimated
to be ~17 nm and ~0.0001 cm?® g~! nm~!, respectively, indicating that the «-Fe,03@C composite has
a mesoporous structure. During the carbonization process of organic matter PDDA, the organic matter
can be used as pore-forming agent to increase the pore size by the generation of bubbles [33]. The BET
specific area of «-Fe;O3@C sample is ~4.66 m? g~ 1. A large surface area can increase the contact area of
electrolyte/electrode and reduce the current density per unit surface area during the electrode reaction
process [34]. Moreover, the large specific area and pore diameter can promote the diffusion and mass
transfer of the electrolyte. The internal pores of the electrode material can be used as active sites for
charge storage, improving the capacitance properties of the electrode material [35,36].

To evaluate the properties of the «-Fe,O3@C sample as supercapacitors electrodes, we performed
CV (—1.05-(—0.3 V)) and galvanostatic charge-discharge (—1.0—(—0.3 V)) measurements. According to
the Randles Sevcik equation [37,38], if taking the peak current values of CV curves and plotting
logarithm of peak current values versus logarithm of scan rate, the slope is ~0.75, indicating that
the «-Fe;O3@C mainly shows double-layer capacitance and pseudocapacitive behavior. Therefore,
this system could be described as a supercapacitor.

The CV curves of x-Fe;O3@C exhibit a pair of typical redox peak, indicating good faradaic
reactions at the electrode surface with the pseudocapacitance charging mechanism. The anodic
oxidation peak corresponds to the oxidation of Fe?* to Fe** and the cathodic peak corresponds to the
reduction of Fe®* to Fe?" [39,40]. With the scanning rate increasing, the potential difference between
the anodic and the cathodic peak in the CV curve does not change too much. This indicates a good
electrochemical reversibility of a-Fe;O3@C electrode material, which results from the kinetics of the
interfacial faradaic redox reactions as well as the rapid electron transport [41].
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Figure 7. N, adsorption-desorption isotherm of «-Fe,O3@C nanoparticle composite. The insert is BJH
pore size distribution.

As can be seen from Figure 8b, the discharge branch consists of two parts. The voltage drops
quickly at the beginning of the discharge curve and is then followed by a slow decay, which is
related to the capacitance and internal resistance of the electrode [42]. For the Fe,Os;@C electrode,
there is a combination of and Faraday capacitance and electric double layer capacitance, with
a Faraday charge transfer and associated with electric double-layer charge transfer, resulting in
longer discharge duration.

The mass specific capacitances (C) were calculated by equation C = (I x At)/(m x AV) where ]
is the constant discharge current (A), At is the discharging time (s), m is the mass of active electrode
material x-Fe,O3@C (g), and AV is the voltage drop upon discharging (V). The value of capacitances
are 406.9, 354.4, 304.9, 272.6, 224.3, and 162.8 Fg_l at current densities of 0.5, 1.0, 2.0, 5.0, 10.0, and
20.0 Ag~!, respectively.

The cycling life is an important indicator of the performance of supercapacitors, therefore
the cycling stability of «-Fe,O;@C was investigated by repeating the charge-discharge tests at
a high current density of 10 Ag~! for 2000 cycles. It is found that after 2000 cycles, the specific
capacitance of a-Fe;O3@C electrode material is 191.3 Fg~! by remaining 90.7% of its initial specific
capacitance (210.8 Fg~1). In addition, the last 10 charge-discharge cycles at a current density of 10 Ag !
demonstrate a stable and reversible characteristic without obvious downward trend. This may be due
to the sandwich structure of x-Fe;O3@C electrode. The electrode material is not easy to fall off, and
both sides of the Ni foam current collector are easy to charge conduction.

According to the literature [43], nickel foam also has a certain specific capacitance. In order
to avoid the interference of Ni foam, CV (—1.0-(—0.3 V)) and galvanostatic charge—discharges
(—1.0~(—0.3 V)) were performed in a three-electrode cell equipped with a piece of Ni foam
(1 cm x 1 cm) as working electrode (without any active electrode material loaded on this Ni foam).
The results were shown in Figure S2. The values of capacitances of blank Ni foam are 1.17, 0.94, and
0.81 Fg~! at current densities of 0.1,0.2, and 0.5 Ag™!, respectively. The specific capacitance of the blank
Ni foam is rather small, indicating that the excellent specific capacitance performance is mainly derived
from the «-Fe,O3@C electrode material.
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Figure 8. (a) CV curves of x-Fe,O3@C electrodes at different scan rate; (b) charge-discharge curves of
«-FepO3@C electrodes at different current density; (c) the specific capacitance of o-Fe,O3@C electrodes
at different current densities; (d) cycling stability of x-Fe,O3@C electrodes at the current density of
10 Ag~!, the insert is the last 10 charge-discharge cycles.

Table 1 summarizes some results of Fe,Os-based material used as supercapacitor electrodes in
recent reports. Itis also noted that our result in this paper exhibits higher specific capacitance than those
reported in the literature at the corresponding current density. This excellent capacitive performance
may be due to the fact that this unique carbon coating structure maintains the rapid transmission
of electrolyte ions and electrons across the electrode, which efficiently utilizes pseudo-layers and
double-layer capacitance to effectively improve the electrochemical performance of Fe; O3 electrode
material [44,45]. This outstanding capacitance performance enables the x-Fe;O3@C nanocomposites to
be promising electrode materials for next-generation energy storage and conversion devices.

The EIS behaviors of Fe;O3@C sandwich structure working electrode were further investigated
(Figure S3). The Nyquist plots in the high frequency region show low internal resistance with a small
equivalent series resistance (<0.1 ), the inset of Figure S3), due to the carbon coating improves
the conductivity of the Fe,O3 material. In the low frequency region, the Nyquist plots exhibit a straight
line, representing the diffusion limited electron transfer process of Fe,O3@C electrode.
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Table 1. Comparison of Fe,O3-based electrode reported in recent literature using three-electrode
system for supercapacitor applications.

Potential Specific Reference
Fe;O3-Based Electrode Synthesis Method Electrolyte Range Capacitance (vear)
V) (Fg~/(Ag™) Y

solution-based 151.8/1.0

Fe,O3-graphene hydrothermal 2 M KOH —0.85-0 94/16 [46] (2012)

193/1.0

Porous «-Fe,O3 Sol-gel route 0.5 M NaySO3 —0.8-0 90/5.0 [47] (2013)

g-C3Ny / o-Fe, O fonic fiquid assisted 5 5 1 Liy50, ~1-0 AN [20] (2014)
260.1/2.0

N-doped grphene/Fe;O3 hydrothermal 1 M Na,SOy4 —0.85-(—0.1) 145.1/5.0 [48] (2014)

N-rGO/Fe,Os hydrothermal 1M KOH ~1~0 21638%4/5260 [17] 2015)

o-Fer O3 Template method 6 M KOH —1.2-(—0.5) 330/0.5 [49] (2016)

Fe,O3 NDs@N-graphene  one-pot solvothermal 2 M KOH —-1.0-0 %éllgg [50] (2016)

Fe,05@MnO, two-step method 3MKOH —04-04 289.9/1.0 [40] (2017)
118.3/5.0
211.4/0.5

Fe,O3@C-rGO hydrothermal 1 M Na,SOy4 —0.5-0.5 177.2//20 [51] (2017)

262/1.0

«-Fe; O3 NTs/rGO hydrothermal 1 M Na,SOy4 —0.8-0 [52] (2017)

196.3/5.0
hydrothermal 304.9/2.0 .
Fe,Os@C self-assembly 6 M KOH —1.0-(—0.3) 162.8/20 This work

As shown in Figure S4a,b, the nickel foam has a homogeneous porous structure, which facilitates
the separation of the electrolyte and electrons. The pore size is about 200 nm. Before the cycling,
the Fe,O3@C nanospheres, acetylene black and polytetrafluoroethylene (PTFE) are evenly distributed.
The linear object is the binder (PTFE). After the cycling, the Fe,O3@C nanospheres morphology remain
intact, with no significant expansion and rupture, which is due to the protective effect of carbon
coating. Generally, the structure of Fe,O3 particles will break and collapse during the cycling process.
The morphology and structure of Fe;O3@C sample were almost unchanged and still maintained
the cocoon-shaped oval spherical structure. This further illustrated that the carbon coating can
effectively buffer the volume expansion of Fe,O3 material to maintain structural stability and improve
electrical properties [53].

4. Conclusions

In conclusion, we have successfully synthesized cocoon-like o-Fe,O3@C nanocomposites
with a novel carbon-coated core-shell structure via a simple one-step hydrothermal self-assembly
method and employed it as supercapacitor electrode material. The coating carbon layer improves
the conductivity of x-Fe;O3 and also buffers its volume change during cycling. The porous structure
of a-Fe,O3@C provides more active sites for charge storage, which effectively enhance the specific
capacitance, cycling stability, and rate performance of x-Fe;O3. This one-step synthesis method is
simple and efficient. It is suited for the large-scale production of other carbon-coated metal oxide
materials. This cocoon-like «-Fe; O3 nanoparticle with a novel carbon-coated structure has potential
for energy storage applications.
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