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a b s t r a c t

A new nanoscale architecture of Fe3O4-carbon hybrid materials was developed by a vacuum incipient
wetness procedure. The amount of Fe3O4 nanoparticles were controllably confined inside the cavity of
the bowl-shaped hollow porous carbon nanocapsules (CNB). TEM images and TG curves proved that
different loading of Fe3O4 small nanoparticles (NPs) with a diameter less than 50 nmwere stored in CNB.
Benefiting from the synergistic effect of the appropriate amount of uniformly dispersed Fe3O4 NPs and
bowl-shaped carbon nano-capsules with high specific surface area, high conductivity and high amount of
Nitrogen (N) and oxygen (O) elemental doping of Fe3O4@CNB, the new architecture provides good
reversibility for the transport of electrolyte ions. When tested in supercapacitor devices, Fe3O4@CNB-2
(containing 40.3 wt% Fe3O4) exhibited the highest gravimetric (466 F g�1) and volumetric capacitance
(624 F cm�3). The supercapacitors based on these materials also showed excellent cycling stability (92.4%
capacitance retention after 5000 cycles). This class of Fe3O4-carbon hybrid materials has excellent
electrochemical properties, and its synthesis strategy can be extended to construct other hybrid mate-
rials for various applications, such as biomedicine, catalysis, energy harvest, energy storage and so on.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Supercapacitors have become one of the desirable energy stor-
age devices due to their versatility and energy efficiency for fast
energy storage and transmission [1e3]. Due to their outstanding
characteristics such as high-power density, fast charge/discharge
capabilities, broad operating temperature range, environmental
friendliness and excellent long service life, they have been widely
utilized in different fields, such as digital communication equip-
ment, backup power systems, hybrid vehicles, and portable elec-
tronics [4,5].
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There are two different types of mechanism for energy storage
in the supercapacitor devices, including double layer capacitance
(EDLCs) and Faradaic pseudocapacitance (PC). EDLCs can maintain
good electron or ion alignment in the interface of carbon electrode
and electrolyte which allows the accumulation of electric charges
on the electrode/electrolyte accessible surface. Carbon based ma-
terials such as porous carbon [6,7], carbon nanofiber [8], carbon
nanotubes [9], and graphene [10e12], are mostly used as EDLCs
electrode materials because they have a high specific surface area,
superior electrical conductivity and low cost. However, the limited
specific capacitance of EDLCs has limited its usage in practical po-
wer applications [13]. Faradaic pseudocapacitance, generating
capacitance by fast and reversible oxidation-reduction reactions or
chemical adsorption/desorption reaction via surface and near-
surface, exhibiting much higher capacitance value than that of
EDLCs. However, pseudocapacitance electrode material has poor
electronic and ionic conductivities, resulting in unsatisfactory rate
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capability and reversibility [14]. Therefore, to achieve higher overall
electrochemical performance, it is necessary to design composite
materials that combine these two mechanisms of charge storage
[15].

In the case of pseudocapacitive electrode material, Fe3O4 is one
of the cost-effective and environmental friendly materials [16,17],
which shows a high specific capacitance because of its oxidation
states and susceptibility to reversible redox Faraday reactions in the
aqueous solution [18]. Specifically, Vijayamohanan et al. [19]
investigated the Faraday reaction mechanism of Fe3O4 in aqueous
solution based on the following equation: Fe3O4 þ 2e� þ 4H2O /

3Fe(OH)2 þ 2OH�. However, due to their low specific surface area
and porosity, the trend to aggregate together, poor electrical con-
ductivity and sluggish ionic diffusion during the charge/discharge
process, pure Fe3O4 nanoparticles as an electrode material for
supercapacitors have an unsatisfactory specific capacitance, high
interfacial resistance, poor rate performance, and degraded cycle
life in aqueous electrolyte [20]. To solve this, one of the most
effective methods is to composite Fe3O4 nanoparticles with carbon
material with a higher specific surface area and better conductivity
[21]. Particularly, hollow carbon nanocapsules [22], as a new type of
nanostructure, due to their large specific surface area, low density,
large internal space, thin shell thickness, as well as high electrical
conductivity, have broad application prospects. The hollow porous
structure enhances the electrolyte diffusion/ion transport and the
internal hollow structure can be used to load oxide nanoparticles,
which greatly inhibits their degradation during electrochemical
processes [23]. However, in most research, the poorly conductive
Fe3O4 nanoparticles are often loaded on the outer surface of the
carbon sphere, which may block the pores of the carbon sphere,
reducing both the ionic and electric conductivities [24]. Moreover,
the direct exposure of Fe3O4 to the electrolyte made it less stable
during long periods of cycling at high current densities, resulting in
an insufficient enhancement for electrochemical performance
[25,26]. Therefore, it is essential to construct an optimized structure
to fully utilize the synergistic effect between the carbon and Fe3O4
nanoparticles for supercapacitors.

Herein, a new nanoscale architecture of encapsulated Fe3O4
nanoparticles with bowl-shaped carbon nanocapsules was pre-
pared by a facile method. The amount of Fe3O4 nanoparticles were
controllably confined inside the cavity of the hollow porous bowl-
shaped carbon nanocapsules (CNB) by a vacuum incipient wetness
procedure. The bowl-shaped CNB with high conductivity can pro-
vide a smaller void volume, which could be filled with the appro-
priate amount of Fe3O4 nanoparticles. It overcomes the deficiency
of lower electrical conductivity and lower effective utilization of
Fe3O4 nanoparticles caused by the agglomeration and stacking. The
combination of the synergistic effect of Fe3O4 NPs, the bowl-shaped
geometry of CNB, the high specific surface area, the high concen-
tration nitrogen (N) and oxygen (O) elemental doping enables
outstanding gravimetric capacitance and volumetric capacitance,
excellent capacitance retention and high cycling stability of the
obtained Fe3O4@CNB.

2. Experimental section

2.1. Synthesis of CNB with bowl-shaped structure

CNB with a bowl-shaped structure was synthesized by a facile
method according to our previous work [27]. Typically, 0.5g SiO2

spheres with an average diameter of 190 ± 10 nm as a hard tem-
plate, were dispersed in 100 ml pre-mixed ethanol and water so-
lution (water: ethanol ¼ 7:3). Then, m-dihydroxybenzene
(resorcinol), formaldehyde, ethylenediamine and TEOS were added
in sequence under magnetic stirring at 35 �C for 24 h. After the
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reaction, the suspension was centrifuged at 7000 rpm. The as-
prepared samples were then washed with DI water and dried at
60 �C. Then they were carbonized at 900 �C for 2 h under Argon
(Ar). The obtained samples were denoted as SiO2@C/SiO2. Both the
enclosed silica and the silica entwined with carbon shells were
then removed by etching Silica@carbon spheresthe SiO2@C/SiO2
with 10% hydrofluoric acid (HF). The hollow porous spherical car-
bon shells were deflated and the CNBswith bowl-shaped structures
were obtained.

2.2. Synthesis of Fe3O4@CNB

Fe3O4@CNBcomposites were synthesized by the vacuum incip-
ient wetness impregnationmethod. Firstly, the CNBs were sealed in
a vessel and degassed at 80 �C for 1 h. Then, under vacuum, an
ethanol solution of 2 mol L�1 ferric nitrate was added dropwise on
the CNB until reaching the incipient wetness impregnation. Finally,
Fe3O4@CNB was obtained by sintering under a nitrogen atmo-
sphere at 350 �C for 2 h. For comparison, wet-impregnated samples
were also dried and then repeatedly wet-impregnated to obtain
Fe3O4@CNB composites with different Fe3O4 loadings. The samples
obtained by incipient wetness impregnations one, three and five
times are marked as Fe3O4@CNB-1, Fe3O4@CNB-2, and Fe3O4@CNB-
3, respectively.

2.3. Materials characterization

The obtained samples were characterized by the Scanning
Electron Microscopy SEM (TESCAN Mira3) and Transmission Elec-
tron Microscopy TEM (JEOL JEM-2100F). The X-ray diffraction XRD
patterns were collected on a Bruker D8 Advance Da Vinci operated
with Cu Ka radiation at 40 kV and 30 mA. The X-ray photoelectron
spectroscopy XPS tests were performed on a Kratos AXIS Ultra DLD
using monochromatic Al Ka X-ray source. The Raman spectra were
carried out using a Horiba Jobin Yvon HR 800 Raman spectrometer.
The thermo-gravimetric analysis (TGA) was investigated by a
NETZSCH STA 449F3 thermo-gravimetric analyzer at a heating rate
of 10 �C min�1 in the air. The Brunauer-Emmet-Teller (BET)
adsorption-desorption isotherms were tested on a TriStar 3000
analyzer at 77 K and the pore size distributions were calculated by
the Nonlocal density functional theory (NLDFT) model. The mag-
netic measurements were carried out on a Magnetic Property
Measurement System (Quantum Design MPMS3).

2.4. Electrochemical measurements

The electrochemical performances of materials were testedwith
a three-electrode configuration in the 6 M KOH electrolyte using a
CHI660E electrochemical workstation (Shanghai, China). Typically,
approximately 2.0 mg of active material was mixed with acetylene
black and PTFE (polytetrafluoroethylene) to form a homogeneous
slurry (80 wt% active material, 10 wt% acetylene black and10 wt%
PTFE) and coated on nickel foam (1 � 1 cm), and then dried at
100 �C for 12 h to obtain the working electrode. A piece of platinum
and a Hg/HgO electrode were used as counter and reference elec-
trodes, respectively. The scan rates of the cyclovoltammetry (CV)
were from 5 to 200 mV s�1 under a potential window from 0 V to
1 V, and the current densities of Galvanic charge-discharge (GCD)
varied from 0.2 to 10 A g�1. Electrochemical impedance spectros-
copy (EIS) was measured in a frequency range from 10�1e105 Hz.

3. Results and discussion

The synthesis procedure of the Fe3O4-carbon hybrid materials is
illustrated in Scheme 1. Firstly, the bowl-shaped hollow carbon
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Scheme 1. Schematic synthesis processes of Fe3O4@CNBs by vacuum incipient wetness. (EDA: ethylenediamine; TEOS: tetraethoxysilane; CNB: carbon nanobowl).
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nanocapsules prepared by our previous method [27] were used as
growth reactors for Fe3O4 nanoparticles. By using different ratios of
the carbon precursor and the porogenic agent tetraethyl orthosili-
cate (TEOS), the geometry of the carbon nanocapsules can be ob-
tained, from the hollow sphere, to the spherical crown, and to the
bowl shape. In detail, with Ethylenediamine (EDA) as the catalyst, a
layer of m-dihydroxybenzene (resorcinol)-formaldehyde contain-
ing a small amount of fine SiO2 nanoparticles was formed around
the surface of silica (SiO2) spheres (diameter 190 ± 10 nm), which
were carbonized to obtain SiO2@C intermediate product doped
with SiO2 small particles. Subsequently, the SiO2 spheres and the
smaller SiO2 NPs doped in the carbon shell were simultaneously
removed by etching. The thin porous spherical carbon shell cannot
self-support the spherical structure during the etching of the inner
SiO2 spherical template, and gradually collapses inward like a
deflated ball to form a bowl-like structure [28]. CNB with bowl
shape was then produced after all SiO2 had been removed. Notably,
the prepared CNB materials with bowl-shaped structures have a
high specific surface area, high concentrations of nitrogen (N) and
oxygen (O) elemental doping.

Then, Fe(NO3)3$9H2O in ethanol solution, as the precursor of
Fe3O4, was absorbed by the CNB. The absorption process was ach-
ieved completely by the vacuum incipient wetness method. The
CNB with semi-concaves could act as a nanoreactor. Pure CNB with
a hollow internal cavity structure has a high specific surface area,
indicating that the driving force behind the filling of the hollow
core of the carbon capsules by the inorganic compound solution is
the capillary motion through the mesopores of the carbon shell
during vacuum incipient wetness process. Then, the surface of CNB
was rinsed by rapid suction filtration of ethanol to remove the
Fe(NO3)3$9H2O precursor remaining on the surface of CNB. This
ensures that Fe3O4 will not grow on the outer surface of the CNB.
After evaporation of the ethanol solvent and subsequent thermal
treatment, Fe3O4@CNB was prepared. For comparison, Fe3O4-car-
bon hybrid materials with different Fe3O4 contents were obtained
by repeated vacuum initial wet impregnation of Fe(NO3)3$9H2O
ethanol solution, and the samples were labeled as Fe3O4@CNB-1
(one-time vacuum incipient wetness), Fe3O4@CNB-2 (incipient
wetness impregnation repeated three times), and Fe3O4@CNB-3
(incipient wetness impregnation repeated five times). The unique
structure of the Fe3O4-carbon hybrid materials can provide a
conductive shell with a stable structure for different contents of
Fe3O4 nanoparticles, thereby enhancing charge transfer and
improving the capacitance performance.

The geometry and the surface morphology and microstructure
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of the as-prepared CNB and Fe3O4@CNB samples were character-
ized by SEM and TEM. As shown in Fig. 1aed, both CNB and
Fe3O4@CNB have similar uniform bowl-shaped structure with a
200 nm (±10 nm) diameter on average, and all Fe3O4@CNB samples
have smooth surface with only a tiny amounts of impurities, indi-
cating that Fe(NO3)3$9H2O was perfectly impregnated into the
hollow interior of CNB by the vacuum incipient wetness method.
When the number of impregnation times of Fe(NO3)3$9H2O solu-
tion was repeated more than five times, as shown in Fig. S1, some
small Fe3O4 particles are attached to the outer surface of CNB,
which may not be conducive to enhancing the conductivity and
chemical stability of the sample. TEM images (Fig. 1eeh) revealed
that CNB has a uniform bowl-shaped structure.

The thickness of the carbon shell is about 8 nm and Fe3O4
nanoparticles with a size less than 50 nm are uniformly distributed
in the hollow interior of CNB. Clearly, Fe3O4@CNB samples with
different Fe3O4 loadings can be obtained by controlling the
repeated impregnation times. Only a small amount of Fe3O4
nanoparticles is located at the bottom of the cavities in Fe3O4@CNB-
1, while more than half of the hollow interior is filled with Fe3O4
nanoparticles in Fe3O4@CNB-2, and the cavities are nearly filled
with Fe3O4 nanoparticles in Fe3O4@CNB-3. As shown by the low
magnification TEM (Fig. S2), the small Fe3O4 nanoparticles tend to
agglomerate inside the CNB in the hollow interior of CNB, which
may result from the shrinkage of the inorganic components in the
precursors during heating. The Energy-Dispersive Spectroscopy
(EDS) mapping analysis (Fig. S3) also proves that all Fe is concen-
trated in the internal of the hollow interior of the Fe3O4@CNB-2,
indicating that nanoscale architecture of Fe3O4-carbon hybrid ma-
terials can be obtained by vacuum incipient wetness impregnation
method.

Thermogravimetric analysis (TGA) was performed to evaluate
the thermal stability and to figure out the Fe3O4 content of the
Fe3O4-carbon hybrid materials. As shown in Fig. 2a, the weight
retentions of pure CNB, Fe3O4@CNB-1, Fe3O4@CNB-2, and
Fe3O4@CNB-3 after high temperature calcination are 2.6%, 33.3%,
45.7% and 67.7%, respectively. The lowweight retention of pure CNB
confirms its high purity. During the calcination in the air atmo-
sphere, all the Fe3O4 is oxidized to form Fe2O3, and the carbon in the
composite product is correspondingly oxidized to carbon dioxide
[29]. According to these two conversion reactions, the contents of
Fe3O4 in the four samples were roughly estimated to be 0, 22.5%,
36.6% and 57.4%, respectively. The Fe3O4 content increased gradu-
ally, which was consistent with the TEM results.

The crystallinity of the samples was examined by powder X-ray



Fig. 1. Scanning Electron Microscope (SEM) images of Fe3O4-carbon hybrid materials with different Fe3O4 contents, (a) CNB, (b) Fe3O4@CNB-1, (c) Fe3O4@CNB-2, and (d)
Fe3O4@CNB-3; Transmission Electron Microscopy (TEM) images of (e) CNB, (f) Fe3O4@CNB-1, (g) Fe3O4@CNB-2, and (h) Fe3O4@CNB-3.

Fig. 2. (a) The thermogravimetric analysis (TGA) curves, (b) the XRD patterns of CNB, Fe3O4@CNB-1, Fe3O4@CNB-2 and Fe3O4@CNB-3 samples, (c) the Nitrogen
adsorptionedesorption isotherms, (d) the magnetic hysteresis curves for Fe3O4-carbon hybrid materials of CNB, Fe3O4@CNB-1, Fe3O4@CNB-2 and Fe3O4@CNB-3 samples. (A colour
version of this figure can be viewed online.)
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diffraction (XRD). Fig. 2b displays XRD spectra of pure CNB and
Fe3O4@CNB composites. For CNB, the two typical broad peaks at
24.4�and 44� are from the (002) and (001) crystal planes of carbon
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(JCPDS 75e1621) [30]. For Fe3O4@CNBs, the diffraction peaks at
18.5�, 30.2�, 35.7�, 37.3�, 43.4�, 53.5�, 56.8�, 62.9�, 71�, 74.3� and
78.7� of Fe3O4@CNB composites can be indexed as (111), (220),
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(311), (222), (400), (422), (511), (440), (620), (533) and (622) planes
of face-centered cubic magnetite Fe3O4 (JCPDS 19e0629) [31]. It
indicates that the precursor Fe(NO3)3$9H2O is converted to Fe3O4
with no byproducts after the annealing process. In addition, two
peaks appeared in Raman spectroscopy (Fig. S4a) of Fe3O4@CNB-2
at about 270 cm�1 and 671 cm�1 are associated with Eg and A1g
modes of Fe3O4. Combined with the TEM results, it can be
confirmed that Fe3O4 nanoparticles were formed in the hollow
cavity of CNB. The typical D and Gmodes at 1357 and 1594 cm�1 are
present in both CNB and Fe3O4@CNB, corresponding to the defec-
tive carbon and sp2 graphitic carbon, respectively.

Fig. 2c illustrates the nitrogen (N2) adsorption/desorption iso-
therms for pure CNB, Fe3O4@CNB-1, Fe3O4@CNB-2, and
Fe3O4@CNB-3 samples, and the corresponding pore size distribu-
tion curves are shown Fig. S4b. Type IV isotherms with H4-type
hysteresis loops were observed, indicating the presence of micro-
pores, mesopores and macropores in the materials. The specific
surface area of CNB, Fe3O4@CNB-1, Fe3O4@CNB-2, and Fe3O4@CNB-
3 is 1400, 527, 467 and 374 m2 g�1 (Table S1). The total volumes of
pores in the samples are 0.92, 0.45, 0.42 and 0.41 cm3 g�1,
respectively. Not surprisingly, the surface area and pore volume
were sharply reduced after Fe3O4 was incorporated into CNB [32].
The corresponding NLDFT pore size distribution curves demon-
strate a similar pore size distribution from 0.56 to 30 nm, indicating
the co-existence of micropores/mesopores in the samples. Since
most Fe3O4 nanoparticles are larger than 20 nm (Seen from the
TEM images) and located inside the hollow cavity of CNB, the
introduction of Fe3O4 nanoparticles will neither block the pores nor
greatly change the pore size distribution of CNB.

The magnetic saturation of magnetic materials can be studied
through the hysteresis loop at room temperature. The magnetic
hysteresis curves of Fe3O4-carbon hybrid materials under ±30 kOe
magnetic field are shown in Fig. 2d. All Fe3O4-carbon hybrid ma-
terials have no obvious magnetic hysteresis and show good
superparamagneticity. As the amount of Fe3O4 in Fe3O4-carbon
hybrid materials gradually increases, the magnetic saturation (Ms)
increases correspondingly. The observed magnetic saturation of
Fe3O4@CNB-1, Fe3O4@CNB-2 and Fe3O4@CNB-3 are 17.2 emu g�1,
27.6 emu g�1 and 43.3 emu g�1, respectively, which are lower than
the theoretical value of bulk Fe3O4 (92 emu g�1). Nevertheless, it
still indicates that the prepared Fe3O4-carbon hybrid composites
have good magnetic properties.

Magnetic nanoparticles can benefit from the action of the
magnetic field to obtain a response, which can induce not only
surface electrostatic doping (electric double layer capacitance) but
also interfacial redox reactions (Faraday pseudocapacitance)
[33,34]. When the magnetic capacitor is in a charged state, elec-
trons accumulate at the Fe3O4/electrolyte interface. This may
change the local electronic structure of Fe3O4 and cause some Fe3þ

to transform into Fe2þ, which leads to an increase in the net mag-
netic moment [35]. On the contrary, when Fe2þ is converted to Fe3þ,
the saturation magnetization in the discharge decreases. The
capacitance enhancement of the magnetic field on the Fe2O3-gra-
phene hybrid can be doubled under an external 0.072 T magnetic
field [36].

The Fe3O4@CNB samples were examined by X-ray photoelectron
spectroscopy (XPS) to obtain the elemental composition and
valence state information. The XPS spectrum of Fe3O4@CNB
confirmed the presence of Fe, O, N and C elements in the samples
(Fig. 3a). The high resolution N 1s, O 1s and Fe 2p XPS spectra peaks
confirmed the successful doping of N and O in the Fe3O4@CNB
(Fig. 3bed). And the survey spectrum also gives the contents of C
(71.2 at%), N (4.4 at%), O (16.82 at%) and Fe (7.52 at%) (Table S2).
Based on the high-purity carbon of CNB, it can be calculated that
the content of Fe3O4 in Fe3O4@CNB-2 is 52 wt%. The high N doping
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can be attributed to the introduced EDA into reaction system, which
was used as both a base catalyst and nitrogen precursor, to achieve
in-situ N doping in CNB during annealing treatment. The high ox-
ygen content is originated from monomer resorcinol. In detail, the
spectrum of N1s can be fitted into three dominant peaks at
398.3 eV, 400.4 eV, 401.2 eV, corresponding to pyridinic N, pyrrolic
N, graphitic N, respectively. Pyridinic N and pyrrolic N can enhance
electrical conductivity and provide partial pseudo-capacitance, and
graphitic N can favorably promote electron transfer in electrode
materials [37]. In the O 1s spectra, a large FeeO peak was observed
at 530.1 eV and peaks due to CeO and CeOeC were observed at
531.4 and 533.1 eV, respectively [38]. Fe 2p spectra show the peaks
at 710.8 and 724.9 eV, which is assigned to Fe 2p3/2 and Fe 2p1/2
spin-orbit peaks, further demonstrating the existence of Fe3O4
nanoparticles in the composites [39]. Since CNB was first obtained
at 900 �C, higher than the heat-treatment temperature at 400 �C for
the subsequent thermal decomposition of Fe(NO3)3$9H2O to obtain
Fe3O4, there should be no direct formation of FeeC bond in the
composite material. The peaks at 711.1 and 713.6 eV in the Fe 2p3/2
region were attributed to Fe2þ and Fe3þ, and are related to the
peaks at 724.4 and 726.9 eV in the Fe 2p1/2 region [40]. In addition,
the peaks observed at 718.6 and 732.7 eV are the satellite peaks of
Fe2þ and Fe3þ, respectively [41].

The as-prepared Fe3O4-carbon hybrid materials with well-
dispersed Fe3O4 nanoparticles inside the cavity of CNB, developed
porous structures and proper pore size distributions are expected
to exhibit superior electrochemical performance as electrode ma-
terials for supercapacitors. Cyclic voltammetry (CV) and Galvano-
static Charge/Discharge (GCD) were performed in a conventional
three-electrode configuration using 6 mol L�1 KOH solution as
the electrolyte. Fig. 4a shows the CV curve of CNB and Fe3O4@CNB
with different Fe3O4 contents (scan rate of 5 mV s�1). These CV
curves of CNB show a rectangular shape, indicating that the electric
double layer capacitor (EDLC) is dominant with weak Faraday
pseudocapacitance generated by N-doping and O-doping. Hetero-
atom doping (oxygen and nitrogen) may trigger redox reactions
with changing electronic states at the doping sites or adjacent
carbon atoms [42]. On the other hand, the Fe3O4@CNB composites
exhibit a distorted rectangular shape and the integrated areas of
curves are larger than pure C, which are due to the co-existence of
EDLC and pseudocapacitance contributed from Fe3O4 and CNB. The
pseudocapacitive characteristics of Fe3O4 originate from the redox
reaction between Fe2þ and Fe3þ in KOH electrolyte [43].

The CV curves of samples at different scanning rates were dis-
played in Fig. 4b and Fig. S5 (from 5 to 200 mV s�1). With the
scanning rate going higher, the current response increases corre-
spondingly. Even at a very high scan rate of 200 mV s�1, the CV
curves could also maintain a nearly-rectangular shape, because of
the simultaneous occurrence of faradaic and non-faradaic pro-
cesses to store energy [44]. As the scan rate increases, the deviation
from the rectangularity of the CV curves becomes obvious, indi-
cating that the effective interaction between the ions and the
electrode is greatly reduced. In general, the CV curves of
Fe3O4@CNB samples are almost rectangular, indicating the main
double-layer capacitor properties during charging and discharging
and the contribution of pseudo-capacitance to the total capacitance
[45].

Total charge storage in an electrode consists of the non-faradaic
contribution from the double-layer capacitance and faradaic con-
tributions from charge transfer processes (referred to as pseudo-
capacitance) [46]. The contribution of faradaic behaviour to en-
ergy storage can be quantified based on the power-law relationship
by separating the current (i) into capacitive effects(k1v) and fara-
daic behaviour (k2v1/2) according to Ref. [47]:



Fig. 3. (a) The X-ray photoelectron spectroscopy (XPS) survey spectrum, and high-resolution spectra of (b) N1s, (c) O 1s and (d) Fe 2p from Fe3O4@CNB-2. (A colour version of this
figure can be viewed online.)
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i ¼ k1v þ k2v
1/2 (1)

where v is the sweep rate, k1 and k2 are constants (Fig. 4c). As
shown in Fig. 4d, the Fe3O4@CNB-2 have about 69% pseudocapa-
citance contribution by the redox at a scan rate of 5 mV s�1. The
pseudocapacitance contribution gradually decreases with an in-
crease in scan rates and drops to 26% at 200mV s�1. This means that
the kinetics of redox is slower than the scan rate [48].

The GCD curves of CNB and Fe3O4@CNB composites with
different Fe3O4 contents are shown in Fig. 4e. All GCD curves are
approximately isosceles triangular with no significant IR drop,
indicating reversible supercapacitor behaviour and superior
Coulomb efficiency. The gravimetric capacitances (Cg) of pure CNB,
Fe3O4@CNB-1, Fe3O4@CNB-2, and Fe3O4@CNB-3 electrodes are
calculated from GCD curves at different current densities from
1 A g�1 to 10 A g�1 (Fig. S6) by the following formula,

Cg ¼ IDt/mDV (2)

where I is the current density, Dt is the time of the discharge pro-
cess, m is the mass of active materials, and DV is the electrical
potential range. Compared with pure CNB (only 242 F g�1), the
introduction of Fe3O4 Nanoparticles enables the increasing of Cg of
Fe3O4@CNB-1, Fe3O4@CNB-2, and Fe3O4@CNB-3 to 334, 466 and
387 F g�1, respectively. All Fe3O4@CNB composites have higher Cg
than pure CNB, showing the combined contribution of the EDLC of
CNB and the pseudocapacitance of Fe3O4. Notably, the maximum Cg
of 466 F g�1 achieved for the Fe3O4@CNB-2 samples was higher
than Fe3O4@CNB-3 where the Fe3O4 nanoparticles filled the hollow
interior of the CNB. The inherent problem of pure Fe3O4 as an
electrode material is that only a very thin surface layer participates
in the charge-discharge mechanism, while the Fe3O4 bulk core is
difficult to induce faradaic reaction because of its low conductivity
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[49]. Specifically, the large amount of Fe3O4 nanoparticles is
aggregated in Fe3O4@CNB-3, resulting in a lower electrical con-
ductivity and reducing the effective utilization of the active
component, which negatively affects the electrochemical perfor-
mance. On the other hand, even at the highest current density
(10 A g�1), Fe3O4@CNB-2 still shows a high gravimetric capacitance
of 341 F g�1 with the capacitance retention of 73.2% (Fig. 4f) due to
both carbon-encapsulation and good utilization of Faradaic reac-
tion of Fe3O4 nanoparticles. Therefore, Fe3O4 @ CNB-2with a proper
amount of Fe3O4 nanoparticles is more suitable to obtain better
electrode materials for supercapacitors.

Volumetric capacitance (Cv) is also an important parameter for
supercapacitor devices, especially when used in micro and portable
electronic systems [50]. The bowl-shaped CNB structures formed
due to the collapse of hollow spheres have a higher packing density
as the particles are better stacked. The packing densities (r) were
evaluated by the previously reported method (Fig. S7) [51]. By
vacuum incipient wetness method, Fe3O4 nanoparticles are
perfectly grown inside the CNB without changing the original
bowl-shaped structure of CNB, which can increase the packing
density of electrode materials (Table S1). Based on the GCD results,
Cv can be obtained by the equation of Cv ¼ Cg � r. As shown in
Fig. 5a, Fe3O4@CNB-2 has the largest volume specific capacitance
(624 F cm�3), which is more than twice that of CNB (247 F cm�3).
Compared with other electrode materials for supercapacitor
(Fig. 5b and Table. S3), the unique bowl-like structure of
Fe3O4@CNB and the appropriate loading of Fe3O4 nanoparticles give
it superior gravimetric capacitance Cg and volumetric capacitance
Cv simultaneously under similar current densities [52e58].

The electrochemical impedance spectroscopy (EIS) was used to
study the capacitance resistance and charge transfer kinetics of
electrode materials. All the Nyquist plots of the prepared electrode
materials in Fig. 6a are composed of two parts: a small semicircle at



Fig. 4. (a) The Cyclic Voltammetry (CV) curves tested at 5 mV s�1 for all samples, (b) CV curves at the various scan rates for Fe3O4@CNB-2, (c) The determination of the k1 and k2 at
1.0 V for Fe3O4@CNB-2, (d) Contribution ratios of capacitances from the capacitive behavior and faradaic (redox) behavior at various scan rates for Fe3O4@CNB-2, (e) The Galva-
nostatic charge-discharge (GCD) curves measured at 0.2 A g�1 for all samples, and (f) corresponding gravimetric capacitance versus discharge current density from 0.2 A g�1 to
10 A g�1. (A colour version of this figure can be viewed online.)
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high frequency along with an inclined line at the low frequency
corresponding to a diffusion process of the electroactive species.
The inclined lines at low frequency deviate more from the Y-axis
with the increasing content of Fe3O4, indicating that more Fe3O4
nanoparticles filled in CNB are not conducive to the diffusion of
electroactive species and the adsorption onto the electrode surface
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of ion. Notably, the charge transfer resistance (Rct) of CNB,
Fe3O4@CNB-1, Fe3O4@CNB-2, and Fe3O4@CNB-3 are 0.68, 0.75, 0.78,
and 2.21 U, respectively, which is explained by the gradual increase
of Fe3O4 with low conductivity. Combined with TEM results in
Fig. 1eeh, it is deduced that an appropriate amount of Fe3O4
nanoparticles filled inside the CNB can have good contact with the



Fig. 5. (a) The volumetric capacitances vs gravimetric capacitances of Fe3O4-carbon hybrid materials at 0.2 A g�1, and (b) Cv vs. Cg of the as-prepared electrode materials with
previously reported related materials at 0.5 A g�1. (A colour version of this figure can be viewed online.)

Fig. 6. (a) The Nyquist plot (the inset is the enlarged spectrum in the low impedance regime), and (b) cycling performance at 5.0 A g�1 for 5000 cycles. (A colour version of this
figure can be viewed online.)

L. Wang, F. Liu, A. Pal et al. Carbon 179 (2021) 327e336
inner wall of the CNB, but too many Fe3O4 nanoparticles filled in-
side CNB such as that for Fe3O4@CNB-3, may exert significant ion
transmission limitations. The cycling stability of the samples was
obtained by performing the charge/discharge tests repetitively at a
current density of 5.0 A g�1. As shown in Fig. 6b, both CNB and
Fe3O4@CNB composites have excellent capacitance retention even
after 5000 cycles, demonstrating the long-term cycling stability of
the materials. Therefore, it is evident that bowl-shaped hollow
porous carbon nanocapsules with high pore volume and large
hollow interior void can act as a buffer, which can relax the volu-
metric and structural changes caused by the Fe3O4 during the
charge-discharge processes [59].

4. Conclusions

In summary, a new nanoscale architecture of Fe3O4-carbon
hybrid materials prepared by a vacuum incipient wetness process
was successfully developed and used for supercapacitor devices.
The amount of Fe3O4 nanoparticles were controllably confined in-
side the cavity of the bowl-shaped hollow porous carbon nano-
capsules (CNB). The bowl-shaped CNB possess a large surface area,
hierarchical porosity, conductive carbon shell, high nitrogen (N)
and oxygen (O) elemental doping and a hollow interior, which can
not only provide stable electric double layer capacitance, but also
serve as an excellent protective container for storing active mate-
rials. Fe3O4 nanoparticles are uniformly distributed in the hollow
interior of CNB, which overcomes the deficiency of lower electrical
conductivity and lower utilization of Fe3O4 for electrode material
during the process of charging and discharging. Furthermore, the
unique encapsulation of the Fe3O4 nanoparticles by the bowl-
shaped CNB not only maintains the structural stability, shortens
the pathway of electrolyte ions diffusion, but also enhances the
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volumetric capacitance of Fe3O4-carbon hybridmaterials. Results of
electrochemical tests reveal that when the Fe3O4@CNB with the
appropriate amount of Fe3O4 were used as electrode materials, the
supercapacitor devices can exhibit higher gravimetric capacitance
Cg (466 F g�1) and volumetric capacitance Cv (624 F cm�3), and
enhanced cyclic stability. This work provides a promising strategy
for the preparation of hollow carbon nanocapsules loaded with
metal oxide nanoparticles, and can also be easily extended to other
metal sulfides/oxide-carbon hybrid materials structures for various
emerging applications in the future.
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