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Abstract: Expanded graphite embedded with amorphous
carbon-coated aluminum particle (C@Al–EG) composites
were in situ synthesized by chemical vapour deposition
(CVD) and ball-milling methods using EG and metallic
aluminum as raw materials. Using the characterization
and analysis of scanning electron microscopy, X-ray
diffraction, alternating current impedance and first
charge–discharge curves, the different Al contents in
C@Al–EG composites were studied, and the experimental
results show that the best performing content for Al was
30wt%. The C@Al–EG composites exhibited high capa-
city, excellent cycle stability and rate performance as
anode materials for lithium-ion batteries. At a current
density of 100mAh/g, the first reversible capacity of
C@Al–EG composites was 401mAh/g, and the decreasing
speed of capacity was slow, with the specific capacity
remaining at 381mAh/g after 50 cycles. The retention rate
was up to 95%.

Keywords: amorphous carbon coated aluminum parti-
cles, electrochemical property, expanded graphite

1 Introduction
Lithium metal (with its theoretical specific capacity of
3,860mAh/g) [1,2] was used as the cathode for the lithium-
ion battery (LIB) over the past few years. However, dendrite
formation of lithium in the cycling process may occur due to
its nonuniform deposition, which leads to potential safety
hazards. Lithium is an active metal, which can form an alloy
with many metals or nonmetals, such as Si, Sn, Al, Ge, Sb,
In, Ag etc. [3–7]. The formation process of lithium alloy is
reversible, which increases the amount of lithium storage.
Meanwhile, the potential of lithiation reaction is relatively
low. The lithium alloy can also avoid the formation of
lithium dendrite as the anode material, which is beneficial
in terms of safety performance. Therefore, lithium alloy
anode materials have high capacity, high conductivity, high
rate performance and safety advantages.

However, the formation of lithium alloy will have a
relatively large volume effect as a negative electrode
material, which will pulverize the active material during
the repeated cycles, flaking off from the surface of the
copper foil current collector, and causing reversible
capacity attenuation. Therefore, the effective buffer of
lithium volume change is the key factor of such a
material in the process. Many organic compounds and
polymers can form amorphous carbon materials under
high-temperature pyrolysis in an inert atmosphere,
which have always been used as carbon coatings for
metal anode materials with their excellent electrical
conductivity, high mechanical strength and high lithium
storage capacity. Carbon-coated metal anode materials
[8–11] have become a hot-spot research at present.
Expanded graphite (EG) [12–14] possesses a long-range-
ordered layered structure, a larger interlayer lattice
distance (>0.34 nm) and extraordinary properties such
as good flexibility, great chemical tolerance, high
electrical and thermal conductivities and outstanding
thermal shock resistance. Many investigations have been
carried out on the thermal conductivity and electro-
chemical properties of EG. EG is very suitable for LIB
applications with the synergetic effect of reversible
capacity, cycling stability and safety issues.
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In this paper, carbon-coated aluminum(C@Al)–EG
composites were synthesized by in situ CVD and ball-
milling methods. The influence of Al contents on the
electrochemical properties of C@Al–EG composites and
the mechanism of Al intercalation/deintercalation of the
composites were investigated.

2 Experimental

The flake graphite (98%) and KMnO4 (analytical pure
grade, as the oxidizing agent) were mixed and saturated
with acids such as concentrated sulfuric acid (98%) and
nitric acid (65%) under magnetic stirring at 25℃ for
30min. The mixture was washed with deionized water to
a pH of 5 and dried at 80℃. Then, EG was obtained by
rapid expansion and exfoliation after putting it into a
muffle furnace at 1,000℃ for 10 s. EG was cleaned, dried
and ball-milled with aluminum powders in acetone. The
mixture was heated to 550℃ and maintained for 30min
under argon protection, and then the acetone was
decomposed into amorphous carbon to coat the surface
of aluminum particles (C@Al nanoparticles), embedding
into EG, and C@Al–EG composites were obtained. Figure 1
shows the preparation of C@Al–EG composites.

Electrochemical experiments were carried out by using
CR2025 coin-type cells. The working electrodes contained
84wt% active materials, 10wt% carbon black and 6wt%
polyvinylidene fluoride. The electrolyte was 1M LiPF6 in a
solution of 1:1 volume ratio of ethylene carbonate and
diethyl carbonate. Celgard 2300 film was used as the
separator, and pure lithium metal foil was used as the
counter electrode. The coin cells were assembled in an
argon-filled glove box (H2O < 0.1 ppm and O2 < 0.1 ppm).

The microstructure and morphology of the composites
were analyzed by scanning electron microscopy (SEM; JSM-
6700F; JEOL), transmission electron microscopy (TEM;
Tecnai G2 F30, FEI), X-ray diffraction (XRD; X’Pert PRO
MPD, PANalytical, λ = 0.154 nm) and Raman spectroscopy
(514 nm, LabRAM HR800; Horiba Jobin Yvon), and electro-
chemical measurements were carried out by using a CHI
650D electrochemical workstation (Shanghai Chenhua Co.,
Ltd, China) with a coin cell at the scan rate of 0.1mV/s.
Galvanostatic charge–discharge measurements were con-
ducted in the voltage range of 0.01 to 3V with a
multichannel battery analyzer (BTS-5V10mA; Shenzhen
Neware Technology Co., Ltd, China) at room temperature.

3 Results and discussion

Figure 2 shows the SEM images and corresponding energy
dispersive X-ray analyzer (EDX) elemental analysis of
C@Al–EG composites. Figure 2(a)–(e) are the SEM images
of the C@Al–EG composites with different aluminum
contents. As can be seen from these pictures, C@Al–EG
composites exhibit a higher transparency than pure EG. It
can be seen that the spherical aluminum nanoparticles are
embedded into the EG layers. This may be due to the
prolonged sonication, the reduction of the EG lamella and
the coating of a few layers of graphene sheets. With the
changing contents of Al nanoparticles, the embedding
effect is different. The embedding effect gradually
improves with the increase in Al nanoparticle contents,
but is not very good when the content of Al nano-
particles is about 50%. The possible reason is that large
amounts of Al nanoparticles are easily oxidized under
high temperature conditions with the increase in Al

Figure 1: The preparation process of C@Al–EG composites.
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nanoparticle contents, which affect their electrochemical
properties. From the EDX measurements shown in
Figure 2(f), we can see that the elements C, O, S and Al
exist and it can be further proved that Al metal
nanoparticles were successfully embedded in the graphite
layers, with an obvious embedded effect. Sulfur existed
due to the presence of concentrated sulfuric acid in the
process of preparing EG, oxygen was mainly from the
slight oxidation of aluminum to produce a small amount
of Al2O3 during the preparation process, and the presence
of carbon shows that carbon has been successfully
encapsulated on the outer surface of Al metal nanopar-
ticles, which mainly comes from the thermal decomposi-
tion of ferrocene.

Figure 3 shows the TEM images of C@Al–EG
composites with an Al content of 30%. Figure 3(b) on

the bottom right shows the selected area electron
diffraction pattern. The EG sheet structure is clearly
shown in Figure 3(a), and the sheet is small because of
the ultrasonic treatment. The inter-slice distribution of
black spots indicates the carbon-coated Al nano-
particles, which confirms that the carbon-coated Al nano-
particles have been successfully embedded in EG. The
average spacing of Al nanoparticles embedded in the EG
(002) crystal face is about 0.5 nm as shown in Figure 3(b),
which is significantly larger than that of graphite and EG.
The selected area electron diffraction pattern of C@Al–EG
composites is a characteristic polycrystalline spectrum, in
which the dotted shape indicates the hexagonal crystal
structure of the graphite material, and the presence of the
ring means that the aluminum metal is successfully
embedded in the layers of EG.

Figure 2: SEM images and corresponding EDX elemental analysis of C@Al–EG composites.
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Figure 4 shows the XRD patterns of C@Al–EG compo-
sites prepared with different Al contents. The character-
istic diffraction peaks of EG were at 2θ = 26.5° and 54.5°
corresponding to the (002) and (004) planes. The
characteristic diffraction peaks of Al were at 2θ = 38.5°,
65.1° and 82.4° corresponding to the (111), (220) and (311)
planes. From the XRD patterns, it can be seen that the
XRD spectrum does not change much with the increase
in contents of Al. However, when the Al content is 30%,
the characteristic diffraction peaks of Al are much
sharper and stronger than when the content is 20%
and 50%. The reason may be that 20% Al content is
inherently low, causing a lower intensity, while 50% Al
content has a large amount of Al, and part of the Al may
be slightly oxidized into Al2O3 during the preparation
process, which causes the corresponding characteristic
peak intensity decrease. The characteristic peaks of

Al2O3 are not shown because the content is too low.
Therefore, 30% of the Al content is the best embedded
amount.

Figure 5 shows the alternating current (AC) impe-
dance of C@Al–EG composites with different Al
contents. The AC impedance spectra are composed of
the oblique portion in the low frequency region and the
semicircular portion in the high frequency region. The
oblique portion in the low frequency region is at the top
right of the figure, while the semicircle portion in the
high frequency region is located at the below left of the
figure. The oblique portion is related to the diffusion of
lithium ions in the electrode material, and the semicircle
portion is related to the electrode interface and the
charge transfer impedance. The smaller the radius of the
semicircle in the high frequency region, the smaller
the charge transfer impedance; the higher the electron

Figure 4: XRD patterns of C@Al–EG composites prepared with
different Al contents.

Figure 5: Electrochemical impedance spectra of C@Al–EG compo-
sites with different Al contents after 100 cycles.

Figure 3: High-resolution transmission electron microscopy images of C@Al–EG composites.
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conductivity, the better the corresponding electroche-
mical performance. It can be seen clearly that the
C@Al–EG composites have the smallest radius of
semicircle in the high frequency region when the Al
content is 30%, indicating that the charge transferring
impedance is the smallest.

Figure 6 shows the cyclic voltammetrys (CVs) of C@Al–EG
composites containing 30% Al nanoparticles. The negative
direction indicates the lithiation process (reduction) and the
positive direction indicates the delithiation process (oxida-
tion). In the first cycle, the reduction peak at 0.8 V
corresponds to the formation of the solid electrolyte
interface (SEI) film, which disappears during the second
cycle, indicating that the SEI film is formed only during the
first charge and discharge. The reduction peak at about
0.1 V corresponds to the delithiation process getting into the
intercalated graphite layers. The obvious oxidation peak at
0.5 V corresponds to the formation process of the Li–Al
alloy, and the oxidation peak at 0.2 V represents the
dissociation of lithium ions from the intercalated graphite
sheets, which is in good agreement with the charge–
discharge curves of C@Al–EG composites.

Figure 7 shows the charge–discharge curves of
C@Al–EG composites as electrodes with different Al
contents. When the content of Al is 30%, the first
discharge capacity reaches 740mA h/g and the charge
capacity reaches 401 mA h/g. When the content of Al is
20%, the first charge and discharge capacities reach 349
and 676mA h/g, respectively, and the first charge and
discharge capacities are 309 and 649mA h/g, respec-
tively, when the content of Al is 50%. In the charge
curves of the three samples, a flat and wide voltage
platform appears at 0.5 V, where the LixAl alloy is
formed. For comparison, 30% C@Al–EG composites

have the widest voltage platform, which indicates that
the alloying has completed. So the charge and discharge
capacities are the best when the content of Al is 30%,
which are consistent with XRD and SEM results.

Figure 8 shows a comparison of the initial charge–
discharge curves and the coulombic efficiency between
C@Al–EG composites (the Al content of 30%) and EG. As
can be seen from the image, the reversible capacity of
C@Al–EG composites is significantly higher than that of
EG. The initial charge and discharge capacities of the
C@Al–EG composites were 401 and 740mAh/g, respec-
tively, and the coulombic efficiency was 54.2%, while the
initial charge and discharge capacities of EG were 295 and
577mAh/g, respectively, and the coulombic efficiency was
just 51.1%. The reversible capacities are largely determined
by the unique three-dimensional network structure of
C@Al–EG composites, in which Al nanoparticles are
coated by pyrolytic carbon and it should be well protected
from oxidation at high temperatures or reaction with the
electrolysis liquid, leading to more Al nanoparticles in an
active state. Meanwhile, the buffering of volume change
caused by the embedding improves the reversible capacity
and cycle performance greatly.

The initial charge curve of C@Al–EG composites can
be divided into three stages: the slope at 0–0.5 V
corresponds to the intercalation process of lithium ions
among graphite sheets, micropores and defects, the flat
and wide voltage platform at 0.5 V corresponds to the
Li–Al alloy and dealloying process, and the curve at
0.5 V and higher voltage corresponds to the Faraday
capacitor, which is at the graphite layer surface or edge.
In the first discharge curve of the C@Al–EG composites,
an oblique voltage plate at about 0.8 V corresponds to
the SEI film [15–17] formed on the surface of the

Figure 6: CVs of C@Al–EG composites containing 30% Al
nanoparticles.

Figure 7: Charge–discharge curves of C@Al–EG composites as
electrodes with different Al contents.
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electrode material, which reduces the coulombic
efficiency and the reversible capacity of the first charge
and discharge.

Figure 9 shows the cycling performance of the
C@Al–EG composite electrode at the current density of
100mA/g. The initial coulombic efficiency of the
C@Al–EG composites was 54.2%. It can be deduced
that the first coulomb efficiency of C@Al–EG composites
is directly related to the structure of the EG. C@Al–EG
composites and EG have many functional groups,
micropores and defects compared with the natural flake
graphite, which consumes large amounts of lithium ions
during the first cycle, making it dead lithium. Therefore,
the low Coulomb efficiency and the irreversible capacity
of the first cycle are mainly due to the reaction between

lithium ions and functional groups and the SEI
membranes formed at the micropores or defects.

The initial reversible specific capacity of the
C@Al–EG composite electrode material is 401 mA h/g,
and the capacity decay is very slow, and after 100 cycles
the specific capacity remains at 381 mA h/g with the
retention rate of up to 95%. C@Al–EG composite
electrode materials have such excellent cycling stability
due to their unique microstructure. On one hand, C@Al/EG
composites have more porous structure because of the
intercalation and deintercalation process, which can
provide more lithium storage space and improve the
capacity of the graphite electrode during the charging
and discharging processes for LIBs. In addition, the
increase in the interlayer spacing of the graphite can
reduce the resistance of Li ion’s deintercalation and
damage the graphite’s layered structure, thereby

Figure 8: The initial charge–discharge curves and the coulombic efficiency of EG and C@Al–EG composites.

Figure 9: The cycling performance and coulombic efficiencies of
C@Al–EG composites

Figure 10: The charge–discharge performance of the C@Al–EG
composite electrode.

EG embedded with amorphous carbon-coated Al particles  441



improving the cycle performance. On the other hand, the
three-dimensional network structure of C@Al–EG com-
posites can buffer the lithium-induced volumetric effect

and protect the Al from reacting with the electrolysis
liquid. The carbon-coated structure also releases the
agglomeration caused by the nano-effect, so that more

Figure 11: Schematic diagram of C@Al–EG composites and the slow dissolution of aluminum particles in air and electrolyte: (a) schematic
diagram if C@Al/EG composites, (b) without coating, (c) with carbon coating.
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aluminum can be alloyed and dealloyed, forming a
reversible process, thereby improving the reversible
specific capacity and cycle performance.

Figure 10 shows the charge–discharge performance
of the C@Al–EG composite electrode at different current
densities. The charge–discharge capacity of the C@Al–EG
composites was measured after 10 cycles at the current
densities of 100, 200, 500 and 1,000mA/g. The reversible
capacities were 399, 371, 319 and 216mA h/g, respectively.
Then, the current density returned to 100mA/g and the
reversible capacity was 369mAh/g. The reversibility is
good, and the capacity retention of the electrode is about
92%. C@Al–EG composite electrodes show a good
charge–discharge performance, which is mainly because
the carbon-coated aluminum particles can isolate aluminum
from the electrolyte to get rid of the chemical reaction.
Meanwhile, it will improve the uniformity of this
composite system and the high current charge and
discharge performance of the C@Al–EG composites.

The C@Al–EG composite has high reversible specific
capacity and good cycle stability, in combination with
its intercalation and deintercalation mechanisms
(Figure 11). The possible reasons are as follows: (1)
C@Al–EG composites still retain the EG structure, and
the interlayer spacing is increased obviously because of
the intercalation of carbon-coated aluminum, which is
more favorable for the transport of lithium ions between
the graphite layers. Meanwhile, it facilitates the electro-
chemical adsorption of lithium ions among the inter-
layer and provides more active sites for lithium ion
intercalation, thus increasing the reversible capacity. (2)
During the synthesis process of C@Al–EG composites,
the graphite layers are reduced, which is similar to the
stacking of graphene. The stacking of disordered
graphene sheets can greatly improve the transport
efficiency of Li ions and the electron conductivity of
the electrode materials. Meanwhile, the graphene layer
is very curled and pleated, which provides more active
lithium insertion sites for C@Al–EG composites. (3) The
special structure of carbon-coated aluminum can
improve the conductivity and chemical stability. Carbon-
coated aluminum could modify the surface chemistry of
aluminum and prevent aluminum oxidation at high
temperature as well as the reaction with the electrolysis
liquid. At the same time, it can promote the conductivity
of ions and electrons and inhibit the metal material phase
transition and improve the structural stability of alu-
minum. Therefore, the volume buffering effect caused by
the alloying and dealloying processes of lithium could
enhance the stability of the cycle performance. C@Al–EG
composites have a special embedded metal network

structure. In fact, carbon-coated aluminum is embedded
in the intercalation layer of EG to form a three-
dimensional network structure. The electronic conduc-
tivity is improved, the charge transfer impedance is
reduced, and the electrochemical performance is also
enhanced.

4 Conclusion

In this paper, C@Al–EG composites were obtained by the in
situ synthesis technology using EG and metallic aluminum
as raw materials. The best doping ratio was 30%. The
composites were used as anode materials for LIBs because
of their high capacity, excellent cycle stability and rate
performance. At a current density of 100mAh/g, the first
reversible capacity of the composites was 401mAh/g and
the decreasing rate of capacity was very slow. The specific
capacity remained at 381mAh/g after 50 cycles, and the
retention rate was up to 95%. Even after 10 cycles at a high
current density of 1,000mA/g, the specific capacity
remained at 216mAh/g, and showed excellent cycle
stability. The intercalation and deintercalation mechanisms
of the C@Al–EG composites were analyzed. The intercala-
tion of EG further increased the interlayer spacing by the
amorphous carbon-coated aluminum metal nanoparticles,
forming a unique metal network-like structure, which not
only provided more lattice intercalation sites but also played
a vital role in the buffering of volume change during the
process of insertion/extraction of Li+, improving the specific
capacity and cycle stability of LIBs greatly.
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