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Abstract: Lithium-ion batteries have attracted widespread public attention because of their
excellent energy density and extremely long cycle stability. Metal oxide has been widely
used in lithium ion batteries as high-capacity anode materials. However, due to the serious
volume expansion effect of metal oxide in the process of lithium removal, the cycle
stability and multiplier performance of the battery are very poor. The unique structure of
two-dimensional materials can give excellent performance to composite materials by
improving the electrical performance of lithium metal oxides. In this paper, a flexible
nitrogen-doped carbon-coated garnet-like cluster CoOx was designed by calcination in air
using a polyaniline-coated metal-organic framework MOF/ GO as a precursor and loaded
on a three-dimensional (3D) graphene skeleton composite (NC@CoOx@GF). This MOF
extension-transformed anode material is protected by a pomegranate-like NC@CoOx
carbon cluster and a robust 3D graphene skeleton, offering promising prospects for
high-performance cathode.

1. Introduction

Lithium-ion batteries are considered as energy storage for electric vehicles and short to medium
term stationary due to their excellent energy density [1, 2] and extremely long cycle stability as a
power source for automobiles and mobile electronics. Lithium ion batteries have attracted a lot of
public attention in the past two decades [3, 4], and the demand for better lithium ion batteries is
growing. Demand requires constant innovation to improve safety, extend service life, reduce size,
reduce weight and reduce cost. However, the theoretical capacity of commercial lithium-ion battery
graphite anode is limited (372 mAh g-1), which is difficult to meet the growing demand for power
supply. It is imperative to develop alternative anode materials with more efficient and higher
capacity [5]. Due to its higher reversible specific capacity, abundant sources and environmental
protection, transition metal oxide (TMO) based materials have attracted more and more attention [6].
However, it should be noted that most TMO electrodes still suffer from low conductivity, significant
volume exposure effect, and slow reaction kinetics caused by Li+ embedding/deembedding during
charge and discharge [7]. In addition, the powder state particles of MO also make it difficult to
apply in the field of flexible devices. Therefore, in order to design TMO with metal-organic frame
electrodes with high porosity, many efforts have been made to develop electrodes with high
conductivity [8], stable structure, and efficient ion transport [9]. For example, a coating with a
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carbon conductive structure or a garnet nanostructure [10] is introduced to ensure a close contact
between the active substance and the highly conductive component, or a TMO-based composite
with a flexible and highly conductive graphene matrix is constructed [11]. However, each of the
above specific methods can usually only solve one problem, but it is difficult to deal with another
problem [12]. Therefore, there are still major challenges in developing flexible TMO electrodes
with layered structures [13].

Herein, flexible nitrogen-doped carbon layer-encapsulated pomegranate-like clusters of CoOx
were designed and loaded on a three-dimensional (3D) graphene backbone composite
(NC@CoOx@GF) by using a polyaniline-coated metal-organic framework/graphene oxide as a
precursor. By in situ polymerization and subsequent calcination in air, the 3D NC@CoOx@GF
composites with the dual protection of garnet-like NC@CoOx carbon clusters and a robust 3D
graphene backbone offer a promising future for high-performance negative electrodes.

2. Experiment
2.1 Preparation of graphene oxide

The graphene oxide (GO) solution used in this experiment was prepared based on the modified
REDOX Hummers method. First, 10 g of 100-mesh graphite sheets and 7.5 g of sodium nitrate
were added into a 2L beaker, and then 300 mL of concentrated sulfuric acid was added. The
aluminum foil was cut to fit the beaker mouth, and the beaker mouth was covered to prevent ash
from entering. After stirring for half an hour, slowly add 40 g potassium permanganate in the
stirring state. Keep stirring for another two days and let it sit sealed for a week. Then add 1 L of
deionized water and 60 mL of 3% hydrogen peroxide solution in the stirring state, and let it stand
after the stirring reaction for 5 hours. Finally, the brown and yellow viscous liquid can be obtained
by centrifugation. After dialysis bag for a week, pure GO solution can be obtained. The
concentration of GO solution used in this experiment was 4 mg mL-1.

2.2 Preparation route of flexible carbon-nitrogen coated Co oxide/graphene composites

The synthesis of NC@CoOx@GF is shown in Figure 1. The Co-MOF particles are first
uniformly anchored to the GO surface by electrostatic and coordination interactions (Co-MOF@GO)
[14]. PANI was then coated on Co-MOF@GO surface by in-situ polymerization to form
PANI@Co-MOF@GO core-shell structure. After concentration and freeze-drying of the
pre-prepared PANI@CoMOF@GO, 3D macropore structure can be obtained, while PANI is
carbonized into nitrogen-doped carbon at 350°C. Due to the protective action of PANI, the cyanide
organic ligand of Co-MOF is also directly carbonized during this thermal process. At the same time,
MOF is crushed and converted into ultra-small CoOx particles and coated with cyanide ligands
derived from PANI doped carbon and MOF. Finally, a flexible carbon-nitrogen coated Co
oxide/graphene composite with pomegranate cluster structure NC@CoOx@GF was obtained.
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2.3 Material structure and morphology test
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Figure 1: Material preparation process of NC@CoOx@GF

The morphology and structure of the samples were measured by field emission transmission
electron microscope (TEM, JEOL JEM-2100F) and scanning electron microscope (SEM, JEOL
JSM 7500F). The material generation was tested by X-ray diffraction (XRD, X'Pert PRO MPD)
analysis.

2.4 Electrochemical performance test of materials

NC@CoOx@GF, CoOx@GF and NC@GF are directly pressed into thin films. Due to the
flexible properties of graphene, they can be directly used as negative electrodes without any
adhesive. For NC@CoOx and pure CoOx, adhesive coating assembly is required. The active
material powder, carbon black and polyvinylidene fluoride are mixed at a mass ratio of 8:1:1, and
the slurry is mixed for 1-3 h. The above slurry is evenly coated on copper foil (99.6%) and then put
into vacuum drying oven. After drying, it is cut into rounds by a tablet press and used as negative
electrode material for lithium-ion battery assembly.

All charge and discharge tests were carried out by the blue CT2001A test instrument with
potential range of 0.01-3.0V. The current density is 100 mA g-1 for the constant current test and
1000 mA g-1 for the long cycle test. The current densities measured by magnification are 100, 200,
400, 800, 1000, 2000, 4000, 6000 and 8000 mA g-1, respectively.

A CHI 760D electrochemical workstation used cyclic voltammetry (CV) to test the electrode
performance of the lithium-ion half battery. It is tested according to the connection of working
electrode, counter electrode and reference electrode. The CV scanning rate are 0.1, 0.2, 0.5, 1, 2, 5,
10 mV s-1. The sweep voltage range is 0.01-3 V.

3. Results and discussion
3.1 Morphology characterization

The morphology changes of CoOx@GF and NC@CoOx@GF composites before and after heat
treatment are shown in Figure 2 and Figure 3. The Co-MOF nanoparticles prepared at
COMOF@GO were generated by the interaction of cobalt ions with cyanide ligands and were
uniformly anchored to the GO sheet prior to carbonization (Figure 2a). After 2h calcination in 350°C
air, the organic ligands of Co-MOF nanoparticles are fully decomposed into nitrogenous gas and
crushed into a large number of ultrafine CoOx nanoparticles, which are highly crystalline on the
graphene surface of CoOx@GF composite (Figure 2b-c, Figure 3c). TEM characterization clearly
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showed that Co-MOF particles were successfully coated by PANI layer and formed core-shell
structure (Figure 2d). After carbonization, most of the polyaniline is converted into nitrogen-doped
carbon layer. Due to the protection of the nitrogen-doped carbon layer derived from polyaniline in
the cyanide complex, Co-MOF is decomposed into nitrogen-containing gas and directly carbonized.
This phenomenon is similar to the process of chemical vapor deposition, in which the organic
ligands of Co-MOF degrade to produce nitrogen-containing gases. Due to the double protection of
carbon from the polyaniline and cyanide ligand, the desired pomegranate-like NC@CoOx cluster is
formed in the final NC@CoOx@GF composite (Figure 2e-f). High-resolution transmission electron
microscopy (HR-TEM) also showed that the (400) surface of Co-MOFs with a lattice of 0.25 nm
was confined to nitrogen-doped carbon (Figure 2g). In addition, the element mapping analysis of
NC@CoOx@GF also shows the uniform distribution of C, N, O and Co in the composites (Figure
2h-1). It can be seen that C and N components are uniformly distributed on the surface of the
composite, while Co and O components are only visible in the clusters, which further indicates that
CoOx particles are successfully limited by N-doped carbon. For comparison, the morphologies of
NC@CoOx, pure CoOx and NC@GF samples were also standardized by SEM and TEM (Figure
3d-h). NC@CoOx, CoOx particles are coated with solid N-doped carbon layers (Figure 3 d-e). For
pure CoOx, the CoOx particles show a porous structure after MOF calcination (Figure 3f-g). At the
same time NC@GF shows the macroporous structure.

Figure 2: TEM images of (a)Co-MOF@GO, (b, c) CoOX@GF, (d) PANI@Co-MOF@GO, (e-q)
NC@CoOx@GF, the scanning TEM images of (h) NC@CoOx@GF, the corresponding elemental
mapping images of (i) C, (j) N, (k) O, and (I) Co.
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Figure 3: SEM image of (a) PANI@Co-MOF@GO, (b) NC@CoOx@GF, (c) CoOX@GF. SEM
image and TEM image of (d-e) NC@CoOx. SEM image (f) and TEM image (g) of pure CoOXx.
SEM image of (h) NC@QGF.

In order to better understand the crystal structure of the composites, NC@CoOx@GF,
CoOxX@GF, pure CoOx, PANI@Co-MOF@GO, NC@CoOx and NC@GF were characterized by
XRD (Figure 4). For PANI@Co-MOF@GO, it shows clear peaks at 17.2924.5934.99and 39.4°
Corresponds to the typical Co-MOF (JCPDS#77-1161)[15]. After calcination, for NC@CoOx@GF,
it has only a small peak at 17.22and a wide peak near 24.59 which is attributable to
CoOx(JCPDS#77-1161). This result is in good agreement with the HRTEM observation. NC@QGF
only a wide peak appears near 24.5<indicating the presence of an amorphous carbon layer.
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Figure 4: (a) XRD patterns of NC@CoOx@GF, CoOx@GF, CoOx. (b) XRD patterns of
NC@CoOx, NC@GF, PANI@Co-MOF@GO

In the electrochemical performance characterization and analysis, CV curves, charge-discharge
tests, cross-flow cycle performance tests, rate performance tests, impedance tests, long cycle tests
and full battery tests were respectively tested for the main sample and the contrast sample (Figure 5).
The detailed properties are analyzed below: Figure 5a illustrates the cyclic voltammetry (CV) of the
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flexible binderless NC@CoOx@GF electrode. For the first cathode scan, three clear reduction
peaks were observed at 0.5, 0.8, and 1.4V vs. Li/Li+. This is due to the multi-step reduction reaction
of CoOx with Li+, the deoxidation of CoOx to cobalt metal, and the irreversible reduction reaction
of electrolyte to form the solid electrolyte interface (SEI) film [16]. In subsequent cycles, the three
peaks become weaker and move to higher voltages (one at 0.69V, another at 1.38V, and the other
disappears) due to intense structural degradation and large volume strains due to lithium
embedding/deembedding. For the following anode scan, there are two oxidation peaks (1.03V and
1.37V) in the following anode process. The significant 1.37V peak was attributed to the oxidation
of Co to CoOx, while the small but insignificant peak at 1.03V was due to the decomposition of LiF
and Li2CO3 in the SEI component. Moreover, the typical charge/discharge curve of
NC@CoOx@GF shows a plateau at 0.69-1.38V (Figure 5b), which is completely consistent with
the CV test results. Meanwhile, the charge-discharge curve of NC@CoOx@GF in the second cycle
is almost consistent with that in the 10th, 50th and 100th cycles, showing excellent electrochemical
performance and cycle stability.
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Figure 5: Electrochemical characterizations of NC@CoOx@GF, CoOx@GF, CoOx: (a) CV of
NC@CoOx@GF at scan rate of 0.1 mV s-1 ; (b) Charge-discharge curves of NC@CoOx@GF; (c)
Cycling capability of NC@CoOx@GF, CoOx@GF, CoOx; (d) Rate capability of NC@CoOx@GF,
CoOx@GF, CoOx; (e) Long cycle capability of NC@CoOx@GF.

4. Conclusion

In this paper, cobalt chloride hexahydrate, potassium hexadecyanocobaltate and graphene oxide
were combined as raw materials, and aniline hydrochloric acid was added overnight to coat
polyaniline. Flexible Co oxide/graphene composites coated with carbon and nitrogen layers were
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successfully prepared by in-situ polymerization. Morphologic analysis shows that the
pomegranate-like NC@CoOx carbon clusters grow uniformly on the solid 3D graphene skeleton.
The nitrogen-doped carbon layer and graphene provide double protection. The crystal structure of
the composite was proved by XRD characterization. The electrochemical performance test shows
that the pomegranate NC@CoOx cluster can effectively inhibit the volume expansion of CoOx in
the charging and discharging process. Meanwhile, a large number of nitrogen-doped carbon from
organic ligands around CoOx can act as a multi-micro collector, which is beneficial to electron
transmission, thus achieving higher rate performance. The flexible 3D graphene skeleton facilitates
the diffusion and transport of Li+ ions, thus achieving ultra-long stability. Obviously, the excellent
electrochemical performance of NC@CoOx@GF composite can be attributed to the synergistic
effect of pomegranate NC@CoOx cluster and 3D graphene framework. The composite material has
great application prospects, especially in the field of new energy conversion and storage, which lays
a foundation for the study of high-performance flexible electrodes and two-dimensional materials
and metal oxide composite electrodes.
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