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Abstract Graphite is the most widely used anode material for
lithium ion batteries (LIBs). However, the performance of
graphite is limited by its slow charging rates. In this work, po-
rous graphite was successfully prepared by nickel-catalyzed
gasification. The existence of the pores and channels in graphite
particles can greatly increase the number of sites for Li-ion
intercalation-deintercalation in graphite lattice and reduce the
Li-ion diffusion distance, which can greatly facilitate the rapid
diffusion of lithium ions; meanwhile, the pores and channels can
act as buffers for the volume change of the graphite in charging-
discharging processes. As a result, the prepared graphite with
pores and channels exhibits excellent cycling stability at high
rate as anode materials for LIBs. The porous graphite offers
better cycling performance than pristine graphite, retaining
81.4 % of its initial reversible capacity after 1500 cycles at
5 C rates. The effective synthesis strategy might open new av-
enues for the design of high-performance graphite materials.
The porous graphite anode material is proposed in applications
of high rate charging Li-ion batteries for electric vehicles.
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Introduction

Lithium ion batteries (LIBs) are currently the vital power
sources for portable electronic devices and electric vehicles

[1, 2]. In vehicle applications, the charging rate of the LIB is
the crucial character, because it is not feasible for electric
vehicle (EV) users to wait several hours to charge the vehicles.

Graphite has been the most commonly used anode material
owing to its high energy density and low cost [3, 4]. However,
the narrow interlayer spaces (0.335 nm) and the long diffusion
distance of lithium ions in graphite crystals results in high
lithium ion diffusion resistance. A high charging rate can lead
to the fatal growth of lithium dendrites on the graphite surface
[5, 6]. In order to improve the electrochemical performance of
graphite, various strategies of modification methods were ap-
plied in graphite preparation, i.e., the surface oxidation [7, 8],
the surface fluorination [9], the metal coating [10, 11], and the
carbon coating [12]. These modifications could usually accel-
erate the electrochemical reaction rates of the graphite, reduce
the surface active species, and reduce the initial irreversible
capacity of batteries. However, these modifications could not
improve the lithium diffusion rate in graphite particles.
Because lithium ions intercalate-deintercalate from the edges
of graphite layers, the larger the graphite crystals are, the
slower the lithium ions intercalate-deintercalate into/from the
graphite. In order to accelerate the lithium ion diffusion pro-
cess, creating pores and channels in graphite crystals may be
an effective approach to accelerate lithium ion diffusion rate;
additionally, the pores and channels could buffer the volume
change of graphite in the charging-discharging cycles.

Catalytic gasification of graphite in oxygen [13], hy-
drogen [14], carbon dioxide [15], and steam [16] by
various metal and metal oxide catalysts has been well
studied. However, these artificial porous graphite mate-
rials were rarely tested as anode materials in LIBs. Our
primary investigation on this topic was published as a
letter (in which molybdenum oxide was selected as the
catalyst to create pores or channels in graphite) [17]. In
this work, more detail investigations on the preparation
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and characterization of porous graphite as anode mate-
rial were conducted. The preparation reaction was
shown in Scheme 1.

Experimental

Synthesis of porous graphite

Commercial graphite (GHMG-M G0812, 1500 g, Chuang Ya
Inc.) was added into a Ni(NO3)2 solution (3500 g, containing
8.85 g of Ni(NO3)2·6H2O) under stirring. After stirring for 1 h,
the solution was dried in a spray dryer (180 °C) to obtain a
powder sample. The powder sample was placed into a tube
furnace and heated to 800 °C at a ramp rate of 5 °C/min in N2.
After the temperature was stabilized at 800 °C, liquid water
was pumped into the tube furnace with desired flows. In the
preparation of porous graphite PG-0.1, the flow of water
(liquid) was 0.10 ml/min, while in the preparation of porous
graphite PG-0.2, the flow of water (liquid) was 0.20 ml/min.
After 15 h of reaction, the water pump was turned off and the
furnace was cooled down to room temperature under N2 flow
to obtain the porous graphite.

Characterization of porous graphite

The morphological and structural information was obtained
from a scanning electron microscope (SEM, FE-SEM
S-4800, Hitachi) equipped with an energy-dispersive X-ray
spectrometer (EDS). The specific surface areas (SSA) of the
samples were measured with an automated gas adsorption
apparatus (Micromeritics, ASPS 2020), using liquid nitrogen
as an adsorbent at 77 K. The size distribution of small pores in
graphite was measured by argon (87.3 K) adsorption
(Quantachrome Autosorb iQ MP). The laser Raman spectra
of the graphite materials were collected by using a JY HR800
Raman spectrometer (Horiba Jobin Yvon, France) with a 532-
nm diode laser excitation. The X-ray diffraction (XRD) char-
acterization of the sample was conducted by using an X-ray
diffraction meter (Rigaku D/Max-rA, CuK radiation).

Electrochemical measurements

Coin cell: the negative electrodes of cells were prepared by
coating a copper foil with a slurry of anode material. The mass
loading of the anode material on copper foil was 2.3 mg/cm2.

The slurry of the anode material was prepared from pristine
graphite or porous graphite, conductive carbon, and
polyvinylidene fluoride (PVDF) binder (dispensed in N-meth-
yl-2-pyrrolidone) with a weight ratio of 85:5:10. The coin-
type half cells (2025) were prepared in a helium-filled glove
box with Li metal as counter electrode. The other materials
used in the preparation of the cells were the polyethylene
separator and the LiPF6 electrolyte solution (1.2M in ethylene
carbonate (EC)/ethyl methyl carbonate (EMC) with a weight
ratio of 3/7).

Batteries (with a capacity of 3.0 Ah, electrode area
1 4 . 4 cm × 6 . 9 cm ) w e r e p r e p a r e d b y u s i n g
LiNi0.4Co0.2Mn0.4O2 as the cathode material and the pristine
graphite or porous graphite as the anode material. The cathode
was prepared by coating the aluminum foil with the slurry
comprising the LiNi0.4Co0.2Mn0.4O2 material, carbon black
(as a conducting additive), and a PVDF binder (dispersed in
N-methyl-2-pyrrolidone) with a weight ratio of 85:5:10. The
LiNi0.4Co0.2Mn0.4O2 loading was 27.3 mg/cm2. The anode
was prepared by coating the copper foil with the slurry pre-
pared from porous graphite (or pristine graphite), conductive
carbon, and a PVDF binder (dispensed in N-methyl-2-pyrrol-
idone) with a weight ratio of 85:5:10. The mass loading of
anode material was 10.8 mg/cm2. The prepared cathode, an-
ode, PE separator, and electrolyte solution (LiPF6 (1.2 M) in
EC/EMC (3/7)) were used to assemble the batteries.

In the charge-discharge test, the batteries were charged at
3.0 A (1 C), 9.0 A (3 C), and 15.0 A (5 C) and discharged at
9.0 A (3 C). The charge-discharge potential was between 2.5
and 4.2 V. In order to shorten the testing time, the charge-
discharge tests of the batteries were conducted at 45 °C (high
temperature could accelerate the degradation rate of the batte-
ries to shorten the testing time).

Electrochemical impedance spectroscopy (EIS) was col-
lected on an AUTOLAB PGSTAT302N (Metrohm). The im-
pedance spectra were recorded by applying an AC voltage of
5 mV in the frequency range from 1 MHz to 0.01 Hz.

Results and discussion

Characterizations of the materials

The morphologies of the graphite materials are shown in
Fig. 1. The SEM pictures show that the pristine graphite has
a smooth surface (Fig. 1a), the pristine graphite loaded with
Ni(NO3)2 and heated in N2 at 500 °C has NiOx nanocrystals
over the surface (Fig. 1b), and the graphite samples after
gasification catalyzed by Ni catalysts in steam (liquid H2O
0.10 ml/min in Fig. 1c and liquid H2O 0.20 ml/min in
Fig. 1d) at 800 °C have pores in the graphite particles.
The results indicate that the Ni catalyst (which catalyzes
the steam gasification of graphite at 800 °C) is much more

Ni H2O

Graphite Ni loading Steam Gasifica�on

Scheme 1 The preparation of porous graphite
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active than the molybdenum oxide catalyst (which catalyzes the
steam gasification of graphite at 900 °C) [17]. In all the cases,
the pores and channels are in micrometer level, which could be
effectively wetted by electrolyte solution.

The data in Table 1 show that following the reaction of
graphite with water steam at 800 °C in the presence of Ni
catalyst, the specific surface area (SSA) of graphite increased
(from 1.93 m2/g to a maximum of 4.18 m2/g), while the tap
density (TD) of graphite decreased. These results indicate that
the pores and channels had been created in the graphite parti-
cles. With the increase of the H2O flow from 0.10 to 0.20 ml/
min, more graphite was gasified, corresponding to more
weight loss of graphite. Also, with the increase of H2O flow,
the SSA of graphite increased, while the TD of graphite de-
creased. However, even higher H2O flow (0.30 ml/min) did
not lead to further apparent changes in SSA and TD. The
argon adsorption measurements also show that, in contrast
with the pristine graphite, pores with size greater than 25 nm
(Fig. 2) were well developed in PG-0.1. These pores should be
accessible by an electrolyte solution.

The X-ray diffraction patterns of the pristine graphite and
the PG-0.1 are shown in Fig. 3a. It is found that the PG-0.1 has
a strong diffraction peak at 26.5° (002) with the d002 (the
interlayer distance of graphite) equals to 3.36 Å, which is

close to the d002 value (3.35 Å) of the pristine graphite. This
result indicates that the porous graphite PG-0.1 has the same
lattice structure as that of the pristine graphite. Hence, the
graphite lattice structure is still retained in PG-0.1.

Raman spectroscopy has been used to characterize carbon
materials owing to its high sensitivity to the defects and dis-
orders of the graphite lattice, with these structural features
monitored through the characteristics of the G band and D
band [18]. The D band is related to the breathing mode of
the A1g symmetry, corresponding to carbon atoms at the edges
and defects. On the other hand, the G band is attributed to the
E2g symmetry that is associated with the ordered sp2 bonded
carbons. Figure 3b shows the Raman spectra of the pristine
graphite and the porous graphite. A G band at 1580/cm and a
D band at 1328/cm are observed on both of graphite materials.
The ID/IG (intensity of D band/intensity of G band) ratio of
the porous graphite is 0.33, while that of the pristine graphite

1µm
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300nm
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Fig. 1 SEM images untreated
and treated graphite. a Pristine
graphite; b graphite supported
Ni(NO3)2 after annealed at 500 °C
under N2 flow (G-500); c porous
graphite (PG-0.1) obtained after
the steam gasification of graphite
at 800 °C for 15 h, when the water
flow was 0.10 ml/min. d Porous
graphite (PG-0.2) obtained after
the steam gasification of graphite
at 800 °C for 15 h, when the water
flow was 0.20 ml/min

Table 1 The effect of water flow on weight loss of graphite (WLG),
SSA, and TD

sample H2O (ml/min) WLG (%) SSA (m2/g) TD (g/ml)

pristine graphite 1.93 0.98

PG-0.1 0.10 9.0 3.83 0.90

PG-0.2 0.20 13.1 4.13 0.82

PG-0.3 0.30 15.2 4.18 0.82
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Fig. 2 The pore size distribution of pristine graphite and PG-0.1. The
inset is the detailed view in the circle
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is 0.17. The results indicate that the edges and defects are well
developed in porous graphite.

Electrochemical test

Table 2 gives the initial capacities and initial coulombic effi-
ciencies of the coin cells prepared from pristine graphite, PG-
0.1, and PG-0.2. Clearly, PG-0.1 and PG-0.2 have even higher
initial discharge capacities than that of the pristine graphite.
The reason could be that the porous graphite could accommo-
date more lithium ions in the nano-pores of the porous graph-
ite [19]. However, the PG-0.1 and PG-0.2 have relatively low-
er initial coulombic efficiencies than that of the pristine graph-
ite. This may be due to the presence of larger number of the
edges and defects in the porous graphite (Raman characteri-
zation), leading to more irreversible lithiation of the anode.
However, after the first charge-discharge cycle, almost
100 % of coulombic efficiencies were reached in the follow-
ing charge-discharge cycles for all of the materials.

The results of Fig. 4 show that the discharge voltage of PG-
0.2 is higher than that of PG-0.1 and the discharge voltage of
PG-0.1 is higher than that of the pristine graphite. However, in
the charging process, a reverse voltage order was observed at a
current density of 100 mA/g. The results indicate that the
lithium ion diffusion resistance in the porous graphite is small-
er than that in the pristine graphite. This may be due to the
pores in the porous graphite offering extra pathways for lith-
ium ion intercalation into the graphite crystals.

Figure 5 gives the cycling performances of the batteries
(designed as 3 Ah) prepared from the pristine graphite, the
PG-0.1, and the PG-0.2. After the batteries were cycled
850 cycles at a charging rate of 1 C (3.0 A) and a discharging

rate of 3 C (9.0 A), batteries prepared from the pristine graph-
ite, the PG-0.1, and the PG-0.2 retained 79.9, 88.5, and 88.4%
of capacities, respectively (Fig. 5a). However, when the bat-
teries were charged at 3 C and discharged at 3 C, the batteries
prepared from PG-0.1 and PG-0.2 have much longer cycling
life than that prepared from pristine graphite, and the battery
prepared from PG-0.2 have even better performance than that
prepared from PG-0.1 (Fig. 5b). When the batteries were
charged at even higher rate (5 C), the battery prepared from
PG-0.2 has the best performance. Even after 1500 charge-
discharge cycles, the PG-0.2 battery still retained 81.4 % of
its original capacity. However, at the same test conditions, the
battery prepared from pristine graphite could only be cycled
less than 200 cycles in retaining more than 80% of its original
capacity (Fig. 5c). These results indicate that the high charging
rate leads to fatal damage to the pristine graphite. For the
purpose of easy comparison, the performances of PG-0.2 bat-
teries at charging rates of 1, 3, and 5 C are plotted together in
Fig. 5d. The results show that these batteries have almost the
same good cycling stability, although they were charged at
different rates. The results indicate that the batteries prepared
from the porous graphite are much more stable than that pre-
pared from the pristine graphite, especially when the batteries
were charged at a high rate.

Nyquist plots of the batteries prepared from pristine graph-
ite and PG-0.2 after three charge-discharge cycles are shown
in Fig. 6. The Nyquist plots are composed of a semicircle in a
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Fig. 3 The XRD patterns and
Raman spectra of pristine sample
and PG-0.1. a XRD patterns; b
Raman spectra

Table 2 The initial capacities and efficiencies of pristine graphite, PG-
0.1, and PG-0.2 at current density of 35 mA/g

Cell Initial
discharge
(mAh/g)

Reversible
(mAh/g)

Irreversible
(mAh/g)

Initial
efficiency

Pristine
graphite

360.9 325.3 35.6 90.1 %

PG-0.1 403.3 350.0 53.3 86.8 %

PG-0.2 403.7 346.1 57.6 85.3 %
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Fig. 4 Discharge-charge curves of pristine sample, PG-0.1, and PG-0.2
at a current density of 100 mA/g. The inset is the detailed view
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high-frequency region and a sloping line in the low-frequency
region. An equivalent circuit (inset of Fig. 6) was used to
analyze the measured impedance data [20, 21], where Rs rep-
resents the total resistance of electrolyte, electrode, and sepa-
rator. RSEI and CPE1 are the resistance and capacitance of the
SEI formed on the electrode, respectively. Rct and CPE2 rep-
resent the charge-transfer resistance and the double layer ca-
pacitance, respectively. Zw is the Warburg impedance. The
fitting values along with this equivalent circuit are presented
in Table 3. As can be seen, the RSEI and Rct of the PG-0.2
battery are 1.26 and 8.45 mΩ, respectively, which are much
smaller than that of the pristine graphite electrodes, indicating
that both SEI resistance and charge transfer resistance of po-
rous graphite are significantly reduced. The results indicate

that the well-developed porous system in the porous graphite
offers extra approaches for Li-ion intercalat ion-
deintercalation. Hence, the surface resistance is reduced.

It is known that the diffusion time of lithium ions in graph-
ite lattice is proportional to the square of the diffusion length
(L) (t∝L2/D) (D is the lithium ion diffusion coefficient) [22,
23]. The SEM pictures of Fig. 1 indicate that, in the pristine
graphite, the diffusion length of lithium ions is estimated to be
the radius (averagely 5 μm), while in the porous graphite, the
diffusion length of lithium ions sometimes could be smaller
than 2 μm. In the porous graphite, many pathways (the pores
and channels in graphite) can be filled in by the electrolyte
solution and the diffusion distance of lithium ions in the
graphite lattice is greatly shortened, and the pores and

0 100 200 300 400 500 600 700 800 900

0

20

40

60

80

100

PG-0.2 1CC3CD

PG-0.1 1CC3CD

Pristine graphite 1CC3CD

C
a

p
a

c
it
y
 r

e
te

n
ti
o

n
 (

%
)

Cycle number

a

0 100 200 300 400 500 600 700 800 900

0

20

40

60

80

100
PG-0.2 3CC3CD

PG-0.1 3CC3CD

Pristine graphite 3CC3CD

C
a

p
a

c
it
y
 r

e
te

n
ti
o
n

 (
%

)

Cycle number

b

0 200 400 600 800 1000 1200 1400 1600

0

20

40

60

80

100

PG-0.2 5CC3CD

PG-0.1 5CC3CD

Pristine graphite 5CC3CD
C

a
p

a
c
it
y
 r

e
te

n
ti
o
n

 (
%

)

Cycle number

c

0 200 400 600 800 1000 1200 1400 1600

0

20

40

60

80

100
PG-0.2 5CC3CD

PG-0.2 3CC3CD

PG-0.2 1CC3CD

C
a

p
a

c
it
y
 r

e
te

n
ti
o

n
 (

%
)

Cycle number

d

Fig. 5 The cycling performances
of batteries prepared from pristine
graphite, PG-0.1, and PG-0.2 at
different rates at 45 °C. a Charged
at 1 C and discharged at 3 C; b
charged at 3 C and discharged
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Fig. 6 Nyquist plots of the
batteries (3.0 Ah) prepared from
pristine graphite and PG-0.2 (the
inset is the equivalent circuit used
to fit the experimental curves)
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channels in graphite particles can greatly increase the number
of sites for Li-ion intercalation-deintercalation, which can
greatly facilitate the rapid diffusion of lithium ions in graphite
particles. In addition to the favorable diffusion kinetics of
lithium ions in graphite particles, the pores and channels in
graphite can also act as buffers for volume change when bat-
teries are in charge-discharge cycles (because graphite ex-
hibits a volume change of approximately 10 % during the
battery charge-discharge cycles. The layered structure of
graphite can be broken after many cycles of charging-
discharging [24]). Hence, the pores and channels created in
graphite also contribute to the stabilization of the graphite
structure. The above reasons explained why the batteries pre-
pared from porous graphite exhibits excellent cycling stability
at high charge-discharge rates.

Conclusion

In summary, graphite with pores and channels was fabricated
by the nickel-catalyzed steam gasification of graphite. The
existence of the pores and channels in graphite particles can
greatly shorten the intercalation-deintercalation distance of Li-
ions in graphite lattice and reduce the SEI resistance and
charge transfer resistance of graphite. Hence, the pores and
channels in graphite particles facilitate the rapid diffusion of
lithium ions in graphite, and also, the pores and channels act as
buffers for the volume change in the charge-discharge pro-
cesses of batteries. These reasons might explain why batteries
with porous graphite anodes showed longer cycling life at
high charging rate (5 C) than that with the pristine graphite
anode. This means that low cost and simple method of pro-
ducing the porous graphite can effectively improve the elec-
trochemical properties of graphite. Batteries using the as-

prepared porous graphite as anode could be fully charged
within 12 min (corresponding to 5 C charging rate). If such
batteries were used as power sources of electric vehicles, they
would become more acceptable by people.
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