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Abstract Bicomponent CoO/CoFe,O, composites with
tunable particle sizes are prepared using Co-Fe layered
double hydroxides (LDHs) or Co-Fe hydroxides as pre-
cursors. Moreover, graphene-encapsulated CoO/CoFe,0,
composites (labeled as G-CoO/CoFe,Q,) are fabricated by
co-assembly of graphene oxide nanosheets and Co—Fe
LDHs/hydroxides, and then thermal decomposition of
Co-Fe LDHs/hydroxides. Compared to uncoated CoO/
CoFe,0,4, G-CoO/CoFe,0, composites exhibit enhanced
cycle performances and rate capabilities. The superior
performance may be attributed to the graphene encapsu-
lation that prevents the aggregation of CoO/CoFe,O, par-
ticles, buffers the strain from the volume variation of CoO/
CoFe,0,, and improves the electronic conductivity of the
composite electrode. The electrochemical properties of
G-CoO/CoFe,0, can be further improved by reducing the
particle size of CoO/CoFe,0, due to the enlarged interface
between graphene nanosheets and CoO/CoFe,0, particles.
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Introduction

Rechargeable lithium-ion batteries (LIBs) are one of the
most popular types of battery for portable electronics (e.g.,
laptops) due to many advantages such as high energy density,
long cycle life, no memory effect, and environmental
friendliness [1, 2]. As promising anode materials for LIBs,
metal oxides and their hybridization have been widely
investigated because of their high theoretical capacities and
relative abundance [3-5]. However, some drawbacks limit
their practical applications, including particle aggregation,
severe volume change of metal oxides during cycles, and
poor electronic conductivity, which eventually lead to
capacity fading upon cycling [6, 7]. Recently, to overcome
the issue of inferior cycling stability and rate capacity for
metal oxide anodes in LIBs, bicomponent metal oxides
composites, such as Co;0,@MnO, composites, have been
prepared and show better electrochemical properties than
each component of the composites due to their superior
synergistic effect in electrochemical reaction [8, 9]. Not-
withstanding, much effort has been still devoted to fabricate
an smart integrated architecture using a simple and facile
approach, in which the interface/chemical distributions of
bicomponent metal oxides composites are homogeneous at
the nanoscale.

LDHs, also known as anionic or hydrotalcite-like clays,
are described by a general formula of [M}* M3*(OH),]**
[AY,]" - mH,0, where M>*/M** is divalent/trivalent metal

cation and A is n-valent interlayer guest anion [10, 11].
LDHs have triggered tremendous interest due to their wide
applications as catalysts, luminescent materials, superca-
pacitor electrodes, and drug carriers [12—-15]. In particular,
they could also serve as precursors for the preparation of
bicomponent metal oxide composites, which may be used as
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high-performance anode materials for LIBs [16]. For
instance, CoO/CoFe,0,4 composites derived from Co—Fe
LDHs exhibited good cycle performance and rate capability,
which may be attributed to the homogenous dispersion of
bicomponent active CoO and CoFe,O,4 phases [17]. The CoO
particles were separated efficiently and spatially by the
coexisting FeCo,0, phase, exhibiting a superior synergistic
effect. However, the critical problems mentioned above for
metal oxides still exist and need to be overcomed.

As a novel two-dimensional carbon matrix, graphene has
attracted enormous attention due to its extraordinary prop-
erties such as high electrical conductivity, unusual
mechanical strength, and ultralarge specific surface area
[18]. Therefore, it is usually used as a matrix to support
active materials for the improvement of their performances
instead of normal carbon materials [19, 20]. For instance,
graphene-based metal oxides and their hybridization exhibit
superior electrochemical performances due to the graphene
substrate that buffers the strain from the volume variation of
metal oxides and enhances the electronic conductivity of
graphene-based metal oxides [21-24]. In our previous
work, we successfully prepared graphene-encapsulated
mesoporous metal oxides by a modified stepwise hetero-
coagulation method [25, 26]. Herein, we describe a novel
strategy for the preparation of G-CoO/CoFe,0, composites
derived from GO-encapsulated Co-Fe LDHs (labeled as
GO-CoFe-LDHs), which showed better electrochemical
performances than uncoated CoO/CoFe,O, composites.
GO-CoFe-LDHs were first synthesized by co-assembly of
negatively charged GO nanosheets and positively charged
layers of LDHs generated by the replacement of a portion of
divalent metal cations with trivalent cations. Subsequently,
G-CoO/CoFe,0, composites were obtained after thermal
treatment of GO-CoFe-LDHs under N, protection. More-
over, the CoO/CoFe,04 and G-CoO/CoFe,04 composites
with large particle size (labeled as CoO/CoFe,O4-L and
G-CoO/CoFe,04-L) were also prepared by thermal
decomposition of Co—Fe hydroxides and GO-encapsulated
Co—Fe hydroxides (labeled as GO-CoFe-OHs), respec-
tively. The effect of particle size of CoO/CoFe,O, on their
electrochemical properties was also investigated.

Experimental
Materials

The materials used in the experiment are as follows: cobalt
nitrate hexahydrate (Co(NOj3),-6H,0, Sinopharm Chemical
Reagent Co. Ltd, AR), iron nitrate nonahydrate
(Fe(NO3)3-9H,0, Shantou Xilong Chemical Factory Guang-
dong, AR), cobalt chloride hexahydrate (CoCl,-6H,0, Sin-
opharm Chemical Reagent Co. Ltd, AR), chloride
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tetrahydrate (FeCl,-4H,0, Tianjin Bodi Chemical Co., AR),
sodium hydroxide (NaOH, Beijing Chemical Works, AR),
sodium carbonate (Na,CO;, Beijing Chemical Works,
AR), and hexamethylenetetramine (HMT) (CgH;,N,4, Shan-
tou Xilong Chemical Factory Guangdong, AR).

Preparation of Co—Fe LDHs and Co-Fe hydroxides

Co-Fe LDHs with small particle size and Co—Fe hydroxides
with large particle size were prepared according to the liter-
ature methods [10, 17]. In a typical synthesis of Co—Fe LDHs,
9.3 g of Co(NO3),-6H,0 and 6.5 g of Fe(NO3)3-9H,0 was
dissolved in 40 mL of distilled water. 3.1 g of NaOH and
3.4 g of Na,CO; were dissolved in another 40 mL of distilled
water. The two solutions were added simultaneously into a
250 mL beaker under vigorous stirring. The mixed solution
was then transferred into a teflon-lined stainless steel auto-
clave and heated at 80 °C for 48 h. After cooling down to
room temperature, the Co—-Fe LDHs were collected by cen-
trifugation, washed with water, and dried at 60 °C. In a typical
synthesis of Co—Fe hydroxides, 0.95 g of CoCl,-6H,0 and
0.40 g of FeCl,-4H,0 were dissolved in 400 mL of distilled
water. 6.3 g of HMT was dissolved in another 400 mL of
distilled water. The two solutions were added simultaneously
into a 1000 mL flask with vigorous stirring under N, protec-
tion. The mixed solution was then heated at a refluxing tem-
perature (120 °C) under continuous stirring for 5 h. After
cooling down to room temperature, the Co—Fe hydroxides
were collected by centrifugation, washed with water, and
dried at 60 °C.

Preparation of CoO/CoFe,0,4 and G-CoO/CoFe,0,
composites

GO was synthesized from natural graphite powders by a
modified Hummer’s method (see the Supporting Informa-
tion) [27]. G-CoO/CoFe,0, composites were fabricated by
co-assembly of graphene oxide nanosheets and Co—Fe
LDHs, and then thermal decomposition of Co—Fe LDHs. In
a typical process, 0.1 g of GO was dispersed in 80 mL of
distilled water by ultrasonication for 1 h, and the pH of GO
solution was then adjusted to ~ 8.0 with aqueous ammonia.
0.15 g of Co—Fe LDHs (or hydroxides) was dispersed into
another 80 mL of distilled water by ultrasonication for
0.5 h, and the suspension was added into the GO solution
under mild magnetic stirring for 1 h. The resulting pre-
cipitate was collected by centrifugation, dried at 60 °C, and
then placed into a tube furnace under N, protection for
calcination. The temperature was increased from room
temperature to 600 °C at a ramping rate of 2 °C min~' and
kept at that temperature for 2 h. The G-CoO/CoFe,0,
composites were obtained after being cooled down to the
room temperature. For comparison, the CoO/CoFe,O4
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composites were also prepared by thermal treatment of
Co—Fe LDHs (or hydroxides) under the same condition.

Sample characterization

Specimens were initially characterized using X-ray diffrac-
tion (XRD) on a Phillips X’pert Pro MPD diffractometer
with Cu K, radiation. The zeta-potentials of the GO and Co—
Fe LDHs suspensions were measured by a ZetaPlus zeta
potential analyzer (Brookhaven Instruments Corporation).
The Fourier transform infrared (FT-IR) spectra were recor-
ded on a nicolet-380 fourier transform infrared spectrometer
in the range of 400—4000 cm~'. X-ray photoelectron (XPS)
spectra were recorded on a Shimadzu Axis Ultra spectrom-
eter with an Mg K, = 1253.6 eV excitation source. Further
characterization was performed using transmission electron
microscopy (TEM), high-resolution TEM (HRTEM) on a
JEOL JEM-2011 electron microscope operated at 200 kV,
and scanning electron microscope (SEM) on a JEOL JSM-
6700F electron microscope at an accelerating voltage of
1 kV.

Electrochemical measurements

For electrochemical characterization, the composite elec-
trodes were fabricated by mixing the active materials,
acetylene black and polyvinylidene difluoride (PVDF)
dissolved in N-methyl-2-pyrrolidine (NMP) in a weight
ratio of 70:15:15. The mixed slurry was pressed onto a
copper foil and dried at 110 °C in vacuum for 24 h. Cell
assembly was carried out in an Ar-filled glove box. The
electrolyte was 1 M solution of LiPFg dissolved in a
EC:DEC:DMC solution with a 1:1:1 volume ratio. Elec-
trochemical performances were measured using a CR2032-
type coin cell with lithium metal as the negative electrode.
The galvanostatic charge—discharge performance was
measured with a LAND test system at the room tempera-
ture, and the voltage range was from 0.01 to 3.0 V (versus
Li/Li+), with a constant current of 100-1000 mA gfl.
Cyclic voltammetry tests were performed between 0.01 and
3.0 V with a scan rate of 0.5 mV s~!, and the electro-
chemical impedance spectroscopy (EIS) was carried out in
the frequency range from 100 kHz to 10 mHz on a
Princeton PARSTAT 4000 electrochemical station.

Results and discussion
Morphology and structural characterization
Figure 1a shows the overall synthesis procedure of CoO/

CoFe,0, and G-CoO/CoFe,0,. GO nanosheets were first
negatively charged in a weak alkaline solution (pH = ~38),
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Fig. 1 a Schematic illustration of the synthesis route for CoO/
CoFe,0, and G-CoO/CoFe,0O,4 composites. b Zeta potentials of GO
and Co—Fe LDHs in aqueous solution at different pH values

and then wrapped the positively charged Co—Fe LDHs
through their electrostatic interaction. The zeta potentials of
GO and Co-Fe LDHs in aqueous solution at different pH
values are shown in Fig. 1b. Apparently, the surface of GO
and Co-Fe LDHs was oppositely charged over the pH range
of 4-8, and thus Co—Fe LDHs could be adsorbed onto GO
nanosheets. Afterward, CoO/CoFe,0, and G-CoO/CoFe,04
composites were obtained by calcination of Co—Fe LDHs
and GO-CoFe-LDHs in N, atmosphere, respectively.

The morphology and structure of Co—Fe LDHs/hydrox-
ides and their decomposition products were elucidated by
SEM and TEM. As shown in Fig. S1, both Co—Fe hydroxides
and Co-Fe LDHs exhibited a characteristic platelet-like
morphology. Moreover, the particle size of Co—Fe hydrox-
ides was more than 1 pm in diameter, much larger than that
of Co-Fe LDHs (200-250 nm in diameter). Their decom-
position products (CoO/CoFe,0,4) had similar morpholo-
gies, except for the formation of various pores in composites.
The presence of pores may increase the interface between the
electrolyte and the CoO/CoFe,O4 composite, and shorten the
Li" ion diffusion length. Moreover, the particle size of CoO/
CoFe,0,4 can be simply controlled by the fabrication of
different Co-Fe precursors, which is also related to the
migration of Li* ions and the volume change of metal oxides.
Figure 2a—d show the SEM and TEM images of GO-CoFe-
LDHs and G-CoO/CoFe,Q,, respectively. The transparent
and wrinkled graphene/GO nanosheets could be observed
and completely wrapped Co—Fe LDHs or CoO/CoFe,0O,
composites. HRTEM image of G-CoO/CoFe,O, (Fig. 2e)
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Fig. 2 SEM and TEM images of a, ¢ GO-CoFe-LDHs, and b, d G-CoO/CoFe,0,. HRTEM image of e G-CoO/CoFe,0O4

revealed that the nanoparticles exhibited a well-defined lat-
tice spacing of ~0.21 and ~ 0.48 nm, corresponding to the
(200) plane of CoO crystal and (111) plane of CoFe,Oy4
crystal, respectively. In addition, the CoO and CoFe,O,
crystals were separated with each other, and the synergistic
effect of CoO/CoFe, O, can be expected. 3-5 layer graphene
nanosheets with a lattice spacing of ~0.37 nm were
observed at the edge of G-CoO/CoFe,Qy,, corresponding to
the basal spacing of highly reduced GO [28], but larger than
that of graphite (~0.34 nm). It is interesting that Co-Fe
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hydroxides could be also wrapped by GO nanosheets using
the same method based on the SEM and TEM observations
(Fig. 3). The possible explanation is that Fe*" in Co—Fe
hydroxides was unstable and easily oxidized to Fe** by O, in
air and GO in solution [10], which gave the layers of
hydroxides positive charge.

The phase composition of specimens was further
determined by XRD. The characteristic peaks in XRD
patterns of Co-Fe LDHs and Co-Fe hydroxides (Fig. 4)
could be indexed as a rhombohedral and a brucite-like
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Fig. 3 SEM and TEM images of a, ¢ GO-CoFe-OHs, and b, d G-CoO/CoFe,04-L

structure, respectively, which were consistent with previ-
ous reports [10, 17]. The basal spacing of Co-Fe LDHs was
expanded to ~0.76 nm due to the intercalated anions, in
contrast with an initial value of ~0.46 nm for brucite-like
Co-Fe hydroxides. The XRD results of their decomposi-
tion products showed the two-phase coexistence of CoO
and CoFe,QOy, implying the formation of G-CoO/CoFe,Oy.
The disappearance of GO peak at ~11° and graphene peak
at ~26° indicated that the aggregation or restacking of
GO/graphene nanosheets was prevented. The reduction
degree of GO in G-CoO/CoFe,0, was evaluated by FT-IR
and XPS. Figure 5a shows the FT-IR spectra of GO and
G-CoO/CoFe,0y4. In the FT-IR spectrum of GO, the
absorption bands at ca. 1728, 1383, 1223, 1063, and
1620 cm™' were assigned to the stretching vibrations of
C=0 (carboxyl or carbonyl), O-H (carboxyl or intercalated
water), C—OH (hydroxyl), C-O (epoxy or alkoxy), and the
skeletal vibration of C=C from unoxidized graphitic
domains, respectively. However, the C=0 and C-O bands
disappeared in the spectrum of G-CoO/CoFe,0,4, and the

intensity of the C=C band was higher than that of the
C-OH band, demonstrating that most of the oxygen-con-
taining groups of GO were eliminated [29]. Four elements
(C, O, Fe, and Co) were detected in a survey XPS spectrum
of G-CoO/CoFe,0, (Fig. 5b), suggesting the presence of
graphene and CoO/CoFe,O, in the composite. Further-
more, the peaks corresponding to Co 2p3, and Co 2p;)
doublet with binding energies of 780.0 and 795.5 eV, Fe
2ps» and Fe 2p;,, doublet with binding energies of 711.5
and 724.9 eV could be observed in the Co 2p and Fe 2p
XPS spectra of G-CoO/CoFe,0,4 (Fig. 5c, d), respectively,
which were characteristic of CoO/CoFe,O, and agreed
with the previous report [24]. The C 1s XPS spectra of GO
and G-CoO/CoFe,0, (Fig. Se) showed four peaks at 284.6,
286.6, 287.6, and 288.8 eV, which could be assigned to the
carbon atoms in different functional groups (C-C, C-0O,
C=0, and O=C-0) [29]. The relative content of C-O,
C=0, and O=C-0O bonds decreased sharply after hydro-
thermal treatment, indicating the high reduction degree of
GO in G-CoO/CoFe;04. The XPS characterization of
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Fig. 5 a FT-IR spectra of GO and G-CoO/CoFe,0,. b Survey, ¢ Co 2p, and d Fe 2p XPS spectra of G-CoO/CoFe,0,. e C 1s XPS spectra of GO

and G-CoO/CoFe,0,

GO-CoFe-OHs was also performed to investigate the pos-
sible reaction happened on the surface of Co-Fe hydrox-
ides. In the Fe 2p XPS spectrum of GO-CoFe-OHs (Fig.
S2a), the peaks corresponding to Fe 2ps, and Fe 2p;,
doublet were located at 711.4, 724.8 eV, similar to the Fe
2p XPS peaks of G-CoO/CoFe,0,, suggesting that Fe*" in
the surface layers of Co-Fe hydroxides was oxidized to
Fe** [30]. Furthermore, compared to the C Is peaks in
spectrum of GO, the intensities of these peaks related to the
oxidized groups decreased in the spectrum of GO-CoFe-
OHs (Fig. S2b), illustrating that GO was partially reduced
in GO-CoFe-OHs. Consequently, Co—Fe hydroxides were
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first positively charged owing to the oxidation Fe*" to Fe’ ™
in the surface layers, and then wrapped by the reduced GO

nanosheets.
Electrochemical performance

The electrochemical properties of CoO/CoFe,O, and
G-CoO/CoFe,0, electrodes were investigated by cyclic
voltammetry and galvanostatic measurements. Figure S3
shows the cyclic voltammograms (CV) of CoO/CoFe,0,4
and G-CoO/CoFe,0y; in the 1st, 2nd, Srd, and 5th cycles. In
the first cathodic scan, two reduction peaks were observed
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at ~0.80 and ~0.41V for CoO/CoFe,O4, ~1.10 and
~0.62 V for G-CoO/CoFe,0,, which could be assigned to
the reduction of CoO-Co and CoFe,O,—Co&Fe, respec-
tively [17]. In the first anodic scan, two overlapped oxi-
dation peaks were present at ~2.12 and ~ 1.79 V for CoO/
CoFe,0,4, ~2.10 and ~1.77 V for G-CoO/CoFe,0,, cor-
responding to the oxidation of Co and Fe to CoO and
Fe, 03, respectively [17]. The shift of reduction peak in the
subsequent cycles might be related to the polarization of
electrode. Furthermore, the almost overlapped CV curves
of subsequent cycles (Fig. S3b) revealed a good cycleablity
of G-CoO/CoFe,0,. Figure 6a shows the charge—discharge
curves of CoO/CoFe,0, and G-CoO/CoFe,0, for the first
cycle at 100 mA g~'. There are two flat plateaus in the
first-cycle discharge curve, which was in accordance with
the CV results. The charge and discharge capacities of

0 10 20 30 40 50 60 70
Cycle number

T 0 - T T T T

80 0 10 20

Cycle number

30

G-CoO/CoFe,0, were ca. 836 and 1286 mA h g™, higher
than those of CoO/CoFe,04 (ca. 725 and 1139 mA h gfl).
The initial irreversible capacity loss could be mainly
ascribed to the initial irreversible reaction and the forma-
tion of SEI layer. Figure 6b shows the cycle performances
of CoO/CoFe,0,; and G-CoO/CoFe,O, at 100 mA g_l.
After 80 cycles, the capacity of CoO/CoFe,O, decreased
dramatically to ~300 mA h g~', whereas a reversible
capacity up to ~600 mA h g~' was maintained for
G-CoO/CoFe,0,4. The rate capabilities of CoO/CoFe,0,
and G-CoO/CoFe,0, at 100-1000 mA g_1 are shown in
Fig. 6¢. Apparently, G-CoO/CoFe,0, also exhibited better
rate capability than CoO/CoFe,04. For instance, the
capacity of G-CoO/CoFe,O, at 1000 mA g~' was
~400 mA h g~', much higher than that of CoO/CoFe,0,
(~220 mA h g_l) at the same current density. Moreover,
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the capacity of G-CoO/CoFe,O4 increased to
~630 mA h g=' when the current density recovered to
100 mA g~', still higher than that of CoO/CoFe,Oy4
(~410 mA h g~"). The superior electrochemical perfor-
mance of G-CoO/CoFe,04 may be ascribed to the graphene
encapsulation, which separated CoO/CoFe,O, composites,
restrained the volume change of CoO/CoFe,O4 and
enhanced the electrical conductivity of the composite
electrode. The charge transport properties of these samples
were characterized by EIS, and the equivalent circuit
model is shown in the inset of Fig. 6d. The symbols of R.,
R, Cq, and Z, denoted the electrolyte resistance, the
charge transfer resistance, the double layer capacitance,
and the Warburg impedance, respectively [26]. Figure 6d
shows the Nyquist plots containing a semicircle in the high
frequency range and a sloping straight line in the low
frequency range. Note that the radius of the semicircle for
G-CoO/CoFe,0, was much smaller than that for CoO/
CoFe,0,4, manifesting that the electrical conductivity of the
electrode was improved by the introduction of graphene.

On the other hand, although the capacities of CoO/
CoFe,O, and G-CoO/CoFe,0, electrodes decreased with
enlarging the particle size of CoO/CoFe,O,, the cycle and rate
performances of G-CoO/CoFe,O4-L were still better than
those of CoO/CoFe,O4-L due to the graphene encapsulation
(Fig. 7). For instance, the capacity of G-CoO/CoFe,0,4-L was
~480 mA h g~'at 100 mA g~ after 80 cycles, larger than
that of CoO/CoFe,0,4-L (~230 mA h g_l), and even larger
than the theoretical capacity of graphite (~370 mA h g~ ).
When the current density increased to 1000 mA g~', the
capacity of G-CoO/CoFe,0,-L decreased to ~310 mA g~ ',
but still larger than that of CoO/CoFe,Oy4-L (150 mA g_l).
The reduction of particle size of CoO/CoFe,O, might be
conducive to increase the electrode—electrolyte interface,
shorten the diffusion paths of Li* ions and importantly,
increase the interface between graphene nanosheets and CoO/
CoFe,0,, giving rise to the improved electrochemical per-
formances [26].

Conclusions

In this paper, we report a facile approach for the fabrication
of G-CoO/CoFe,0, as an anode material for LIBs. This
novel composite was prepared by co-assembly of graphene
oxide nanosheets and Co—-Fe LDHs/hydroxides, and then
thermal decomposition of Co—Fe LDHs/hydroxides. Com-
pared to uncoated CoO/CoFe,0,4, G-CoO/CoFe,0, showed
highly improved electrochemical properties such as higher
reversible capacity and better cycle/rate performance.
Moreover, the particle size of CoO/CoFe,O, could be
simply tuned by the control of the particle size of its

@ Springer

precursors (Co—Fe LDHs or Co—Fe hydroxides), and highly
influenced its electrochemical performance. This novel
synthetic method may offer an attractive alternative
approach for the preparation of graphene-encapsulated
LDHs and their decomposition products with a wide range
of applications.
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