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Abstract
Due to the intrinsic low electrical conductivity and large volume expansion of the CoFe2O4

based active materials, designing more novel structures is still one of the most important
challenges for its lithium ion battery application. In this work, the CoFe2O4/reduced graphene
oxide/carbon (CFO/rGO/C) composite with integrated multi-layer structure has been
synthesized through a facial two-step hydrothermal method. Benefiting from the introduction of
the graphene network and amorphous carbon coating layer, as well as the accompanying
synergistic effect, this composite can exhibit fast and reversible lithium intercalation/
deintercalation reactions. With the aid of a surface-induced capacitive process, the CFO/rGO/C
composite delivers a superior specific capacity (945 mA h g−1 at 0.1 A g−1) and excellent long-
term cyclic stability (421 mA h g−1 at 4 A g−1 with closely 100% Coulombic efficiency after
2000 cycles). Significantly, at a high current density of 1 A g−1, the reversible capacity exhibits a
rapid increasing after 100 cycles and finally shows an ultra-high-capacity of 1430 mA h g−1 over
500 cycles. This method could be generalized to the preparation of other similar transition metal
oxide-based materials for the development of high-performance energy storage systems.

Supplementary material for this article is available online
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1. Introduction

With ever-increasing energy consumption and the rapid
development of various electrical vehicles, a great deal of
effort has been devoted to widespread applications of multi-
functional materials for the high-performance energy storage
system [1–3]. Among these applications, rechargeable lithium
ion batteries (LIBs) are given very high expectations as a
promising energy storage conversion device due to stability,
low cost, safety and being eco-friendly [4, 5]. However,
the conventional commercial graphene materials have a low

theoretical lithium ion storage capacity of only 372 mA h g−1,
which can not fill the requirements of high power and high
energy density for LIBs in real applications. In order to better
improve the performance of LIBs, the preparation of more
novel and advanced alternative materials, especially anode
materials with higher energy density, larger rate capacity and
longer cycle life span for the next-generation LIBs, is cur-
rently one of the most important challenges.

Recently, a large number of scientific researchers have
focused their attention on the transition metal oxides (TMOs)
including many binary TMOs (e.g. Fe2O3, Co3O4, MnO,

Nanotechnology

Nanotechnology 30 (2019) 045401 (11pp) https://doi.org/10.1088/1361-6528/aaed56

0957-4484/19/045401+11$33.00 © 2018 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0003-0575-2191
https://orcid.org/0000-0003-0575-2191
mailto:lyshang@ee.ecnu.edu.cn
mailto:zghu@ee.ecnu.edu.cn
https://doi.org/10.1088/1361-6528/aaed56
https://doi.org/10.1088/1361-6528/aaed56
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aaed56&domain=pdf&date_stamp=2018-11-22
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aaed56&domain=pdf&date_stamp=2018-11-22


TiO2, etc) as well as ternary TMOs (e.g. CoFe2O4, ZnFe2O4,
CoMn2O4, NiCo2O4, etc) with rationally structure design.
They can deliver large theoretical capacity ranging from 500
to 1000 mA h g−1, which is higher than that of graphene
[6–12]. Compared with graphene, these TMOs based elec-
trodes possess a unique lithium storage conversion mech-
anism. The transition metal cations are electrochemically
reduced and embedded in the matrix of lithium oxide matrix.
Meanwhile, the electrochemical redox potential is determined
by the bonding state of the 3d orbital of the metal cation and
the 2p orbital of the oxygen ion [13, 14]. Therefore, from a
theoretical analysis, the lithium ion storage capacity of the
TMOs is related to the oxidation state of their metal cations.
Compared with the binary TMOs, the spinel bimetallic oxides
with a common formula of AB2O4 (A, B=Mn, Fe, CO, Ni,
Cu, Zn) possess two metallic elements leading to a higher
oxidation state for a higher theoretical capacity. In the crystal
structure, A2+ and B2+ metal cations occupy part or all of
tetrahedral and octahedral positions, tightly surrounding the
O2− ion arrays. In the meantime, these compounds are not
thermodynamic stable, which tend to generate abundant sui-
table vacancies and mixed metal valencies owing to the for-
mation of antisite defects between A and B sites. This
character could facilitate the insertion of lithium ions into the
host material, providing a prominent electrochemical activity
[15, 16]. Notably, according to the reaction mechanism
(CoFe2O4 + 8Li+ + 8e− Co + 2Fe +4Li2O, 8 mol lithium
per mol CoFe2O4 involve in the conversion process),
CoFe2O4 delivers a high theoretic capacity of 916 mA h g−1,
which is two times higher than that of graphene [17–19].
What is more, in its crystal structure, the O 2p orbital energy
level and Fe 3d orbital energy level are very close. It has a
trend to form more Fe–O bondings with covalent bonding
characteristics, which helps to enrich redox activity [20].
Moreover, CoFe2O4 also has some other merits, such as
abundant reserves, low cost, eco-friendliness and ease of
synthesis, which has shown great application prospects in the
field of LIBs. Nevertheless, due to the intrinsic low con-
ductivity and large volume expansion during the Li+ insertion
and extraction process, the pure CoFe2O4 based electrode still
faces the issues of rapid capacity degradation, terrible rate
performance and poor cycle stability [17, 21, 22].

Among them, a common carbon-based material is gra-
phene with some properties of large specific surface area,
excellent electrical conductivity, superior mechanical strength.
It can not only act as a stress buffer layer, relieve volume
expansion, but also can be used as an excellent conductive
matrix to enhance conductivity, making it an ideal candidate
for excellent battery rate performance [23]. In our previous
work, we have successfully combined it with different metal
oxides and they all exhibited excellent electrochemical per-
formance in LIBs [24–27]. However, there are different
volume changes between the metal oxides and the graphene
during the charge and discharge process, which easily lead to
the peeling off of the metal oxide particles from the graphene
framework and result in the capacity degradation after several
cycles [28]. To effectively prevent the metal oxides nano-
particles seperating from the graphene, it has been reported that

amorphous carbon layer can be used as a protective layer of the
above composite. It can also serve as an additional conductive
layer, which is beneficial to the cycle stability and rate char-
acteristics of the active material [28–30].

In this work, taking the above two strategies into account,
we have successfully synthesized an integrated multi-layer
CoFe2O4/rGO/C hybrid through a facial two-step hydro-
thermal method with the introducing of graphene oxide and
fructopyranose. During the hydrothermal reaction, graphene
oxide (GO) was reduced into graphene flake and fructopyr-
anose was pyrolyzed into amorphous carbon, serving as the
structural framework and the protector, respectively. Com-
pared with the pure CoFe2O4 or CoFe2O4/rGO electrode,
this composite electrode delivers a large specific capacity
(945 mA h g−1 at 0.1 A g−1, 734 mA h g−1 at a high rate of
1 A g−1) and excellent cycle stability (421 mA h g−1 at
4 A g−1 with the coulombic efficiency closely to 100% over
2000 cycles). Interestingly, it even delivers an ever-increasing
capacity of 1430 mA h g−1 after 500 cycles at a high current
density of 1 A g−1. We also discussed the storage mechanism
of lithium ions from the internal battery structure and the
pseudocapacitive mechanism in detail. Substantially, all these
excellent electrochemical merits can benefit from this novel
structure design.

2. Experimental section

2.1. Material preparation

Graphene oxide (GO) was synthesized by the oxidation
of natural graphite nanoflakes according to a modified
Hummer’s method [31]. Typically, 60 mg GO was added to
15 ml deionized (DI) water, stirred for 24 h at room temper-
ature and then intensively ultra-sonicated using an ultra-
sonication probe (1000W) for 30 min to form a uniform GO
nanoflakes suspension A. 0.75 mmol Co(NO3)2·6H2O,
1.5 mmol Fe(NO3)3·9H2O were dissolved in 30 ml DI water
and stirred uniformly for 30 min as solution B. The above A
and B solution were homogeneous mixed, moderate amount
of ammonia is added dropwise under magnetic stirring for
another 30 min at room temperature to adjust the PH value of
∼10. Finally, the mixture was transferred into a 50 ml Teflon-
lined stainless steel autoclave and hydrothermally reaction at
200 ◦C for 10 h. After the autoclave cooled down to room
temperature, the black jelly-like products were collected and
washed with DI water and absolute ethyl alcohol several
times respectively. Then the above products were redispersed
in 20 ml DI water with adding 1 mmol fructopyranose and
magnetic stirred for 30 min at ambient temperature. The
solution was transferred into a 50 ml Teflon-lined stainless
steel autoclave and hydrothermally reaction at 200 ◦C for 10 h
again. The black products were centrifuged and washed with
DI water three times. The final CoFe2O4/rGO/C nano-
composites were obtained by freeze-drying for 30 h. For
comparison, pure CFO and rGO/CFO composite were also
prepared by a similar process without GO or fructopyranose
while keeping other conditions as constant.
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2.2. Materials characterization

The crystal structures and crystallinity of the nanocomposites
were characterized by x-ray diffraction (XRD, Bruker D8
Advance diffractometer) with Cu-Kα radiation (λ=1.541 8Å)
from 10° to 80°. X-ray photoelectron spectroscopy (XPS) was
performed on a RBD upgraded PHI-5000C ESCA system
(PerkinElmer) with Mg-Kα radiation (hν=1 253.6 eV). Raman
spectra were measured by a Jobin-Yvon LabRAM HR 800
micro-Raman spectrometer equiped with a 532 nm laser. Ther-
mogravimetric analysis (TGA, TAInstruments 2000) was carried
out over a temperature range from 30 ◦C–800 ◦C in air with a
heating rate of 10 ◦C min−1. The morphologies features and
microstructures of nonocomposites were analyzed by field
emission scanning electron microscopy (JEOL-JSM-6700F)
equipped with energy dispersive x-ray spectroscopy (EDS). The
transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) of the samples were obtained
by TEM (FEI Tecnai G2 F20) with an acceleration voltage of
200 KV.

2.3. Electrochemical measurement

The electrochemical properties of the nanocomposities were
studied in CR2025 coin-type cells. The working electrodes
were prepared by mixing as-fabricated samples, acetylene
black, and polymer binder (polyvinylidene fluoride) with a
mass ratio of 7:2:1 using N-methyl-2-pyrrolidinone as a sol-
vent under magnetic stirring for 3 h at room temperature.
Then the mixed slurry was uniformly pasted onto Cu foil as
current collector and dried in a vacuum oven at 60 ◦C over-
night. The mass of loading active materials in each working
electrode with a diameter of 12 mm was about 0.8 mg cm−2.
For the LIB test, the CR2025 half-cells with lithium foil as the
counter electrode were assembled in an argon-filled glove box
(Milkrona, Germany), where the concentrations of the oxygen
and moisture below 1 ppm. The Celgard 2400 membrane and
1 mol L−1 LiPF6 solution in a 1:1:1 (by volume) mixture of
ethylene carbonate, dimethyl carbonate, ethyl methyl carbo-
nate were used as the separator and the electrolyte respec-
tively. Galvanostatic charge/discharge experiments were
carried out in a LAND CT 2001A battery test system over a
voltage window of 0.01–3.0 V (versus Li/Li+) . The cyclic
voltammetry (CV) curves at a sweep rate of 0.1–10.0 mV s−1

within a potential window of 0.01–3.0 V were performed on a
CHI660 electrochemical workstation and the electrochemical
impedance spectroscopy (EIS) were also tested in a CHI660
electrochemical workstation using an alternating current
voltage with an amplitude of 5 mV in a frequency range of
0.01 Hz–100 kHz. All electrochemical experiments were
conducted at room temperature.

3. Results and discussion

3.1. Structure and composition analysis

The preparation process and growth mechanism of the inte-
grated multi-layer CFO/rGO/C composite is schematically

illuminated in figure 1(a). First and foremost, there are
abundant hydrophilic oxygen-containing functional groups on
the surface of GO. After a certain period of stirring and ultra-
high power ultrasonic process, GO can become remarkable
uniformly dispersed in the DI water and could be reduced
to graphene over the entire hydrothermal process. Then,
Co(NO3)2·6H2O and Fe(NO3)3·9H2O precursors were
mixed sufficiently with GO solution. With the help of elec-
trostatic attraction, hydrolyzed metal cations Co2+, Fe3+ in
the solution can be absorbed in the oxygen-containing groups
of the negatively charged graphene oxide flakes. During the
heating process, the growing CFO nanoparticles were
anchored on the surface of graphene, where the graphene
flakes acted as the substrates and the functional groups served
as the nucleation sites. With the further reaction progress,
CFO nanoparticles were sufficiently embed in graphene flakes
and can not be easily separated from the substrates. In return,
G flakes with large area can prevent nanoparticles stacking
together and provide a strong tendency for the composites to
come into being a multi-layer structure, which can provide a
large number of reaction sites favorable for energy storage.
Subsequently, after a facial hydrothermal treatment again,
fructopyranose was pyrolyzed into outer amorphous carbon
film coated on the previous product resulting in the final
integrated and stable multi-layer structure. Through this two-
step hydrothermal reaction, outside amorphous carbon coat-
ing layer and inner graphene formed a multi-layer conductive
framework, which can reduce the diffusion resistance of the
ions and electrons and alleviate volume expansion during the
charge/discharge process.

In figure 1(b), the crystalline structure and phase infor-
mation of the as-prepared samples were analyzed. The XRD
characteristic diffraction peaks located at 18.3°, 30.0°, 35.4°,
43.1°, 53.4°, 57.0°, 62.6°, 74.0° can be indexed to the (111),
(220), (311), (400), (422), (511), (440), (533) crystal faces of
face-centered cubic spinel CoFe2O4 structure (space group:
Fd3m, JCPDS card no. 22-1086) [17, 19]. As can be seen, all
three XRD patterns are consistent and there are no other extra
peaks corresponding to carbon or other impurities, indicating
the fine crystallinity. In other words, amorphous coating
carbon has little effect on the the crystallinity of the as-syn-
thesized products.

The Raman spectra of CFO/rGO and CFO/rGO/C
nanocomposites are shown in figure 1(c). A series of vibration
peaks appear in low-wavenumber region (100–1000 cm−1)
corresponding to A g1 , Eg and 3T2G of CoFe2O4 crystal [32].
In addition, Raman spectra exhibits two main peaks, dis-
ordered (D) and graphite (G) bands, where the D band
(1350 cm−1) comes from a breathing mode of k-point pho-
non of A g1 symmetry and the G band (1590 cm−1) arises
from the first-order scattering of the E g2 phonon of carbon
atom. In figure S1, available online at stacks.iop.org/
NANO/30/045401/mmedia, the CFO/rGO and CFO/
rGO/C nanocomposites display the increased intensity ratio
of the D and G band (D/G) compared with GO, indicating
that the degree of disorder increases and graphene is
reduced. It can be ascribed to the restoration of numerous
graphitic in-plan sp2 domains and the increased number of
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the domains [33, 34]. As shown in figure 1(d), the weight
percentage of CoFe2O4 nanoparticles, graphene and amor-
phous carbon were estimated based on TGA analysis of
CFO/rGO and CFO/rGO/C compounds. At about 100 ◦C,
because of the evaporation of residual solvent, a small
amount of weight loss of 2% is emerging. When the

temperature reaches above 420 ◦C, graphene and amorphous
carbon were completely oxidized and decomposed, resulting
in 16.5% and 22.3% weight loss in CFO/rGO and CFO/
rGO/C compounds, respectively. It further certifies the
present of amorphous carbon coating layer of 5.8 wt% after
the second hydrothermal.

Figure 1. (a) Schematic illustration of the synthesis procedure for CFO/rGO/C nanocomposites with multi-layer structure; (b) XRD patterns
of as-prepared nanocomposite; (c) Raman spectra of CFO/rGO, and CFO/rGO/C composites; (d) TGA of CFO/rGO, CFO/rGO/C
composites.

Figure 2. High-resolution XPS for the CFO/rGO/C nanocomposite: (a) C 1s, (b) Co 2p, (c) Fe 2p and (d) O 1s, respectively.
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To investigate the valence state and surface chemical
composition, XPS was conducted. Figure 2 displays the entire
XPS spectrum containing all the characteristic peaks, which
revels the presence of C 1s, Co 2p, Fe 2p and O 1s without
any other impurity element. The high-resolution C 1s spec-
trum (figure 2(a)) exhibits four peaks at 284.7 eV, 285.4 eV,
286.3 eV and 288.2 eV, corresponding to non-oxygenated C,
C–O, C=O, HO–C=O, respectively [35]. The dominating
non-oxygenated C reflects the good conductivity for CFO/
rGO/C. In the Co 2p spectrum (figure 2(b)), the first two
dominating peaks with binding energy of about 780.7eV and
785.4 eV corresponding to Co 2p3 2 and its shakeup satellite
peak. Obviously, we could see that the strong satellite peaks
locate at around 4.7 eV above the binding energy of the Co
2p3/2 peaks, indicating that there are a good deal of divalent
Co ions in the as-synthesized products [17]. The de-con-
voluted Fe 2p spectra (figure 2(c)), the first fitting peaks
(located at 710.8eV and 712.9 eV) for Fe 2p3/2 are consistent
with the tetrahedral and octahedral sites, respectively. How-
ever, the other higher peaks with the binding energy of about
724.9, 718.5 and 732.0 eV belong to Fe 2p1/2 and its shakeup
satellite peaks, revealling that the iron element is 3+ in the
sample [36]. In addition, the high-resolution O 1s spectra
(figure 2(d)) can be fitted into three peaks at 530.2eV,
530.8 eV and 532.3 eV, which can be assigned to the lattice
oxygen in (Co/Fe)-oxygen framework, surface absorbed
hydroxyl oxygen or carbonate species, and C–O or O=C–O
functional groups in graphene, respectively [37, 38]. As a
result, the entire XPS spectrum demonstrates the formation of
cobalt ferrite nanoparticles.

3.2. Surface morphologies

The as-synthesized CFO, CFO/rGO, CFO/rGO/C have been
characterized by SEM and TEM to further evaluate the
morphology and microstructure shown in figures 3(a)–(f) and
figure S3. Obviously, all the samples present a dense
appearance and the nanoparticles are closely packed. Parti-
cularly, with the participation of GO, the hybrids exhibit an
integrated interconnected structure with CFO nanoparticles,
which are uniformly decorated on graphene flakes. The high
magnification SEM image of CFO/rGO/C composite
(figure 3(b)) clearly reveals that the G flakes and those
ultrafine CFO nanoparticles combine to form sheets. They
were alternately arranged and formed a multi-layer structure,
which is evidenced from the folded edges. On the one hand,
with the help of confining effect of graphene flakes, the CFO
nanoparticles are homogeneously distributed in the carbon
frameworks instead of stacking together. On the other hand,
CFO nanoparticles can act as separator, which effectively
separate graphene and prevent agglomeration due to its
hydrophobic nature. Consequently, the formed conductive
network can facilitate the transport of lithium ions and elec-
trons during the charge–discharge process.

Figures 3(c) and S4 show the TEM image of CFO/rGO/
C and CFO/rGO nanocomposities and further confirm that
the CFO nanoparticles are well dispersed on the graphene
substrate before and after the carbon coating process. The
CFO nanoparticles have a size of about 10 nm in the mag-
nified TEM image (figure 3(d)). In figure 3(e), the wrinkled
fringes at the edge indicate a graphene conductive matrix and

Figure 3. (a) SEM and (b) high magnification SEM images of the CFO/rGO/C nanocomposite. The black arrows indicate the multi-layer
structure composite. (c)–(f) TEM, high magnification TEM, high-resolution TEM images and high-resolution TEM images of the CFO/
rGO/C nanocomposite. The inset image of (d) shows the SAED pattern. (g)–(i) The corresponding elemental mapping images of C, O, Fe
and Co for the CFO/rGO/C nanocomposite.
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a outer amorphous carbon layer, respectively, which can
facilitate the transport of Li ions. Moreover the graphene
marked by the arrow in figure 3(d) is thin and transparent,
indicating a single graphene layer of CFO/rGO/C. Compared
with it, the graphene layer is darker and less transparent than
that of CFO/rGO as noted in figure S4. It suggests that the
successful wrapping of amorphous carbon is attached to
the outer layer of the composite and it is consistent with the
results from the previous TGA test. The high-resolution TEM
image (figure 3(f)) exhibits the lattice fringes of 2.43Å,
2.53Å and 4.87Å corresponding to the (222), (311) and
(111), respectively and further reflects the good crystallinity
of the CFO nanocrystalline. Impressively, the EDS elemental
mapping (figures 3(g)–(i)) further reveals the well distribution
of C, O, Fe and Co through the entire composite, confirming
that the CFO nanoparticles are homogenously dispersed on
the graphene network from another point of view.

3.3. Energy storage applications

In order to study the effect of the introduction of the graphene
and amorphous carbon on the electrochemical performance,
the CFO, CFO/rGO and multi-layer CFO/rGO/C were
evaluated as electrode materials for lithium batteries.
Figures 4(a)–(c) display the similar CV of these three elec-
trodes for the initial five cycles at a scan rate of 0.5 mV s−1 in
the potential window from 0.01 to 3.0 V versus Li/Li+,
indicating the similar electrochemical reactions. Consistent
with the previous reports, CFO, CFO/rGO and CFO/rGO/C
electrodes distinctly exhibit the dominating peaks at 0.51 V,
0.53 V and 0.52 V in the first cathodic scan, which can be
attributed to the reduction of Fe3+ and Co2+ to metallic Fe0

and Co0 along with the formation of the amorphous solid
Li2O, as well as the irreversible reaction with the electrolyte
and come into being a solid electrolyte interface (SEI) film
[18, 21, 22]. As compared with the first cycle, the cathodic
peak intensity minish and shift to the high potential in the
following cycles, implying the irreversible phase transfor-
mation in the first cycle and can result in a capacity decay
during this electrochemical process [39]. Meanwhile, the
weak and broad anodic peaks located at 1.80, 1.72 and 1.65 V
(for CFO, CFO/rGO and CFO/rGO/C) are corresponding to
the oxidation of metallic iron and cobalt to Fe3+ and Co2+ in
the first anodic scan [22, 40], which shift to high voltage
about 1.93V, 1.87 V and 1.9 V in the second and following
cycles resulting from the polarization of electrode materials. It
is worth noting that the subsequent CV profiles tend to stable
and almost overlap, implying the good electrochemical
reversibility and cyclic stability for the CFO/rGO/C elec-
trode. Moreover, the entire electrochemical process can be
expressed as follows: [17–19, 41]

+ +  + ++ - ( )eCoFe O 8Li 8 Co 2Fe 4Li O 12 4 2

+ « + ++ - ( )eCo Li O CoO 2Li 2 22

+ « + ++ - ( )e2Fe 3Li O Fe O 6Li 6 . 32 2 3

To better shed light on the electrochemical kinetics of the
CFO based electrodes, we analyzed the stepwise lithium
mechanism by measuring the CV curves of CFO, CFO/rGO
and CFO/rGO/C electrodes at various scan rates. In
figures 4(d)–(f), it is clear that the shape of the CFO based
electrodes redox peaks almost have no change when the scan
rate is varried from 0.1 to 1.0 mV s−1. Furthermore, compared
with CFO and CFO/rGO, the peak voltage offsets of CFO/
rGO/C with the increase of sweep rate are very tiny, sug-
gesting the fast lithium intercalation and deintercalation
kinetics of the electrode with the small polarization. Along
with the lithiation process, the effects of diffusion-controlled
intercalation process (DIP) and surface-induced capacitive
process (SCP) can be distinguished from the power-law
relationship: i=aν b [42–44], where the i and ν represent the
measured current and the scan rate, respectively. Note that,
the value of b can be obtained from the slope of the log(v)–log
(i) plot and a, b values are approaching. In particular, for the
DIP part, b equals to 0.5 and the i is proportional to the square
root of the ν and controlled by the semi-infinite linear diffu-
sion. For the SCP part, b equals to 1 and the i is related to the
ν. As shown in figure 4(i), the log(V )–log(i) plots of CFO/
rGO/C electrode are well presented. The values of b are fitted
to be about 0.78 and 0.87 for the anodic and cathodic peak
when the scan rate rangs from 0.1 to 1.0 mV s−1. Obviously,
these b values are higher than bare CFO (figure 4(g)) or CFO/
rGO (figure 4(h)) electrodes. It indicates that they can provide
the flexible electron and ion transport path, enhance the sur-
face conductivity after the introducing of graphene network
and amorphous carbon coating layer. Therefore, the CFO/
rGO/C electrodes exhibit the surface-induced capacitive
dominated mechanism and the fast reaction kinetics. In the
light of the general relationship: i=k1ν + k2ν

1/2 [45, 46],
the percentage of capacitive contribution of surface capaci-
tance effects can be quantitatively obtained through calcu-
lating the coefficient fraction of k1 and k2 at every potential
voltage. In the red region of figure S6, higher than 87.8% of
the total capacity was verified as the capacitive contribution
for the CFO/rGO/C electrode at 1.0 mV s−1, which was
higher than 87.2% of CFO/rGO sample and 46.4% of CFO
sample. And these qualified results matched well with the the
slope feature of the log(V )–log(i) plots (figures 5(g)–(i)), the
higher value of b, the better reaction kinetics of in the multi-
layer 3D architecture electrode. It can realize faster charge
transfer and led to improved electrochemical performance. It
can also be seen that there is a change in the slope at lager
sweep rate rang from 3 to 10 mV s−1 (figure S5). When the
rate >3 mV s−1, the slopes decrease to 0.64 and 0.57 for the
anodic and cathodic peaks, respectively. As previously
described, when the DIP dominated, the values of b will
approach to 0.5, which result in the limitation to the rate
capability. This is probable because that there is an increase in
the ohmic contribution originating from SEI resistance, active
material resistance, or diffusion limitation [47, 48].

The galvanostatic charge–discharge curves of the CFO/
rGO/C electrode for the 1st, 2nd, 5th, and 30th cycles with
the current density of 100 mA g−1 over the voltage window
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between 0.01 and 3 V are presented in figure 5(a). In the first
discharge process (i.e. the lithium ion insertion process), the
CFO/rGO/C hybrids demonstrate a long potential plateau at
about 0.78 V during the lithium ion insertion process. It can
be seen that there is also an observable discharge plot ran-
ging from 0.87 to 0.01 V. This may be relevant to the
insertion of lithium ion into carbon composed of graphene
and amorphous coating carbon [17], which reflects the
capacity contribution of the carbon materials. The theoretical
capacity value of CFO/rGO/C electrode can be calculated
as follow: Capacitytheoretical=Capacitycarbon×wt% (carbon) +
CapacityCoFe O2 4

×wt% (CoFe2O4)=372mA h g−1×22.3wt%
+ 916mAh g−1×77.7wt%=795mAh g−1. Obviously, the
CFO/rGO/C electrode exhibits the initial discharge and charge
capacity of 1465mA h g−1 and 979mA h g−1, much higher
than the therotical capacity. It may be ascribed to the synergistic
effect of the CFO and carbon-based materials (graphene and
coating carbon). Nevertheless, the initial columbic efficiency is
only 67% and the initial irreversible capacity loss can be
attributed to the partial conversion of Fe2O3 and CoO2 and the
partial deposition of eletrolyte. The formation of a SEI film
could also result in the irreversible lithium ion loss [18, 21, 39].
However, in the second cycle, the discharge and charge capa-
city are 960 and 950mA h g−1, respectively, with a higher
columbic efficiency of 99%. Meanwhile, after the first cycle, the

discharge and charge profiles are almost overlaped without the
significant change for the 2nd, 5th and 30th cycles, demon-
strating the good cyclic stability and reversibility.

To better evaluate the rate performance of the CFO based
electrodes, the cells were tested at various current density
ranging from 0.1 A g−1 to 4 A g−1, as shown in figure 5(c).
The CFO/rGO/C composite dispalys the average discharge
capacity of 945, 892, 826, 734, 610 and 484 mA h g−1 at the
current density of 0.1, 0.2, 0.5, 1, 2 and 4 A g−1, respectively,
with the corresponding charge and discharge profiles in
figure 5(b). Particularly, when the current density is restored to
0.1 A g−1, the average discharge capacity can be recovered to
as high as 963 mA h g−1 quickly, implying excellent rate
performance for fast lithiation/delithiation. Obviously, the
CFO/rGO/C electrode exhibits the superior rate performance
and good stability than other controlled electrodes at the high
current density stage. Especially, for the bared CFO electrode,
without the graphene and coating carbon, the discharge capa-
city significantly declines from initial 912 mA h g−1 to ultima
10mA h g−1 with increasing current density. Even when the
current goes back to 0.1 A g−1, it can only return to
143 mA h g−1, which is much lower than the CFO/rGO/C
hybrid. When the CFO/rGO/C electrode was tested in a short-
term cycling process at a small current density of 0.1 A g−1

(figure 6(a)), it exhibited a ever-increasing capacitance. It is

Figure 4. The pseudocapacitance mechanism analysis of lithium storage behavior (a)–(c) CV curves of the CFO, CFO/rGO and CFO/rGO/
C electrodes at a scan rate of 0.5 mV s−1 in the window of 0.01–3.0 V versus Li/Li+. (d)–(f) CV curves at different scan rates for the CFO,
CFO/rGO and CFO/rGO/C electrode. (g)–(i) Relationship between logarithm peak current and logarithm scan rates for the CFO, CFO/rGO
and CFO/rGO/C electrodes, respectively.
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worth noting that, even at the high current density of 4 A g−1,
the long-term cycling performance of CFO/rGO/C electrode
displays a substantially steady profile (figure 6(b)) with aN
average high reversible capacity of 421 mA h g−1 with almost
100% coulombic efficiency over 2000 cycles, reflecting the
outstanding durability for this hybrid. Therefore, such superior
electrochemical performance of CFO/rGO/C can be attributed
to the cleverly structural design with multi-layer graphene and

coating carbon. On one hand, the multi-layer graphene as the
conductive matrix contributes to the transport of lithium ion
and electron because of its extraordinary conductive properties.
On the other hand, the outer carbon coating film can further
enhance the conductivity of the material and act as a protective
layer to avoid some unfavorable side reactions between CFO
and the organic electrolyte in the charge–discharge process.
Futhermore, the integrated multi-layer framework can not only
efficiently provide the volume change buffer space, but also
inhibit the self-agglomeration of CFO particles during the
cycling process. To further demonstrate remarkable rate per-
formance and good cyclability of the CFO/rGO/C hybrid, the
EIS measurements were performed. In figure 5(d), it is obvious
that all these three EIS have similar semicircles in the high/
medium frequency regions, corresponding to the contact
resistance and charge transfer resistance, as well as sloping
lines due to the mass transport of lithium ions in the low
frequency region. Notably, the CFO/rGO/C electrode shows
the smallest semicircle and the steepest sloping line in the
impedance spectrum, manifesting the lowest charge transfer
resistance and fast lithium ion diffusion kinetics profited by the
multi-layer graphene and carbon coating layer. All these fea-
tures are in good agreement with the above mentioned
improved rate performance for novel CFO/rGO/C electrode.

To better demonstrate the advantages of the cyclic per-
formance properties of the CFO/rGO/C hybrid for LIBs, the
long-term cycling profiles at a rate of 1 A g−1 are presented in
figure 7(a). Evidently, in this long-term cycle, the specific

Figure 5. (a) Galvanostatic charge–discharge curves for 1st, 2nd, 5th and 30th cycle of the CFO/rGO/C electrode at 0.1 A g−1. (b) Charge
and discharge voltage profiles of the CFO/rGO/C electrode and (c) the rate performance of the CFO based electrode at different current
density varying from 0.1 A g−1 to 4 A g−1. (d) The electrochemical impedance spectra (EIS) for the active materials.

Figure 6. (a) Short-term and (b) long-term cycling performance and
coulombic efficiency of CFO/rGO/C at 0.1 A g−1 and 4 A g−1,
respectively.
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capacity of CFO/rGO/C is higher than that of other samples
overall. More interestingly, the entire cycle profile of CFO/
rGO/C seem to be divided into three stages, which goes
through stabilization, transient increasing and durability pro-
cess, respectively. In the early stage, due to the formation of
SEI film on the surface of the electrode and partial deposition
of electrolyte, the cell is incompletely activated and exhibits
the average specific capacity of only ∼435 mA h g−1 in the
first 100 laps. With the gradual penetration of electrolyte,
deeper activation of internal materials, the storage of lithium
has been significantly improved. Finally, it adapts to the rapid
volume change caused by the insertion and extraction of
lithium ions, and the structure tends to be stable. The hybrid
possesses a capacity up to 1430 mA h g−1 after 500 cycles,
which is much higher than previous reported capacity of CFO
based materials. Such a charming electrochemical phenom-
enon deservedly benefits from the rational structural design.

Figure 7(b) describes the whole half-cell structure and the
transport kinetics of electron and lithium ion during the entire
charge–discharge process in detail. Firstly, graphite has the
loose porous structure characteristics that can help the rapid
penetration of the electrolyte. It could facilitate the CFO
nanoparticles to sufficiently contact with the electrolyte,
minimize the lithium ion transmission path during the lithium
ion intercalation and deintercalation process. At the same
time, graphene can in turn act as a conductive matrix,
accelerating the flexible transport of electron. Meanwhile, the
multi-layer graphene framework can effectively inhibit self-
agglomeration of CFO particles in the reaction. It could also
well limits the volume expansion of the internal structure and
the pulverization of the electrode, guaranteeing satisfactory

rate and cycle properties. Furthermore, the outer layer of
amorphous carbon coating acts as a protector of the internal
electrode, suppressing some of the adverse reactions. On the
other hand, the layer is also a kind of conductive element, and
further contribute to the fast charge transfer. Moreover, the
integrated hybrid structure can generate the synergistic effects
among CFO nanoparticles, graphene and carbon layer,
forming a surface-induced capacitive dominated mechanism.
It realizes the fast reaction kinetics and eventually producing a
steadily strengthened pseudocapacitance much higher than
the theoretical capacity value of CFO or graphene.

4. Conclusion

In summary, we have demonstrated a novel strategy to
synthesis an integrated CoFe2O4/rGO/C hybrid with multi-
layer structure through a facial two-step hydrothermal
method. The graphene acts as a structural framework, fruc-
topyranose becomes the outer carbon coating layer and the
CoFe2O4 nanoparticles are well confined in this 3D con-
ductive framework. Benefited form this novel structural
design, the CFO/rGO/C electrode delivers a large specific
capacity of 945 mA h g−1 at 0.1 A g−1, 734 mA h g−1 at a
high rate of 1 A g−1 and a stable cycle capacity of
421 mA h g−1 at a high rate of 4 A g−1 over 2000 cycles. In
particular, the reversible capacity exhibits a rapidly increasing
phenomena and eventually up to 1430 mA h g−1 at 1 A g−1 in
a 500-lap cycle, much higher than the other CFO based
materials. All these outstanding electrochemical properties
can be ascribed to the introduction of graphene and

Figure 7. (a) Cycling performance at a rate of 1 A g−1 for the as-synthesized cells; (b) schematic illustration of the internal half-cell structure
and improved ion charge transfer mechanism.
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amorphous carbon coating layer, which mitigate the volume
expansion of the electrode, shorten the ion transport path and
enhance charge transfer. Moreover, the synergistic effect of
the CFO nanoparticles, graphene and carbon coating layer
could realize the strengthened pseudocapacitive storage.
Therefore, we believe that the novel structure design, mech-
anism analysis, and excellent electrochemical properties could
bring references to related TMO-based materials as well as
promote the development and application for high-perfor-
mance energy storage devices.
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