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Abstract Modification of natural graphite for anode
materials has been a recent focus of research and
development. Here we report that a common natural
graphite, whose electrochemical performance is very
poor, can be modified by solutions of (NNH,4),S,Ox,
concentrated nitric acid solution, or green chemical
solutions such as aqueous solutions of hydrogen per-
oxide and ceric sulfate. All treatments result in marked
improvement of the electrochemical performance,
including reversible capacity, coulombic efficiency in
the first cycle, and cycling behavior. The main reason
is the effective removal of active defects in natural
graphite, formation of a new dense surface film con-
sisting of oxides, improvement of the graphite stability,
and introduction of more nanochannels/micropores.
As a result, these changes inhibit the decomposition of
electrolytes, prevent the movement of graphene planes
along the g-axis direction, and provide more passages
and storage sites for lithium. They are mild and the
uniformity of the product can be well controlled. Pilot
experiments show economic promise for their appli-
cation in industry to manufacture anode materials for
lithium ion batteries.
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Introduction

Since the birth of the lithium ion battery in the early
1990s, its development has been very rapid due to its
many advantages over the traditional rechargeable bat-
tery systems such as high output voltage, light weight,
high energy density, and long cycle life [1]. So far, a lot
of anode materials has been studied, such as graphitic
carbon, amorphous carbon from heat treatment at
temperatures below 1200 °C, nitrides of lithium and
transition metal elements, silicides, tin-based oxides,
novel alloys, and carbon composites [1, 2]. However, to
our knowledge, only graphitic carbon is commercially
available, although there is a report of a carbon com-
posite [3].

In the case of graphitic carbon, it requires heat
treatment at a high temperature (3000 °C) in order to
form a graphitic structure. During this process, unde-
sirable gases such as CO,, CO, and C,H, are formed in
combination with high energy consumption. In contrast,
natural graphite already has a graphitic structure, and
thus does not require high-temperature heat treatment.
In addition, it is cheap and easily and abundantly
available. Consequently, research on the modification of
natural graphite has recently become a focus of atten-
tion [4, 5, 6, 7, 8, 9, 10, 11]. However, material proper-
ties, including crystal parameters such as the interlayer
distance dyg,, the crystal size L. and L,, sources, and
processing will result in differences in electrochemical
performance.

Recently, we found that a common natural graphite
from China could be modified by air oxidation in the
temperature range 500-700 °C [12, 13]. The main finding
is that the defects that cause deterioration of the elec-
trochemical performance can be removed by this treat-
ment. As a result, the electrochemical behavior as an
anode material for lithium ion batteries has been
markedly improved. However, this process happens in a
gas-solid interphase reaction, and the uniformity is not
well controlled. For application in industry, mild and
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uniformly controlled methods are preferred. In the
investigation reported here, we found that solutions of
strong oxidants could meet this demand.

Experimental

Natural graphite (Beishu Graphite Plant, China, designated as A)
with dpp;=3.351 A and L.=120 A was initially soaked in an
aqueous solution of KOH to remove mineral constituents. Subse-
quently, it was dipped into a 0.1 mol/L aqueous solution of
(NH4),S,05¢ and 1 mol/L of H,SO,4 at 7=20, 60, 100, and 120 °C,
separately, then washed with water until the eluent was neutral, and
finally dried. The prepared products were marked LS1, LS2, LS3,
and LS4, respectively.

In the case of concentrated nitric acid solution as oxidant,
natural graphite A was dipped into this solution under stirring at
T=20, 60, and 100 °C, separately, subsequently washed with water
until neutral, and dried. The prepared products were marked N1,
N2, and N3, respectively.

When an aqueous solution of 1 M H,0, or a saturated solution
of Ce(SO4), were used as oxidants, natural graphite was dipped
into them with subsequent heating to 60 °C, followed by rinsing
with water and drying. The dried products were marked Al and
A2, respectively.

X-ray photoelectron spectra (XPS) were obtained with an ES-
300 spectrometer (Kratos, Japan). The relative O and C contents at
the surface of the natural graphite were calculated on the basis of
their photoionization cross sections and the integrals of their X-ray
photoelectron intensities. Electron paramagnetic resonance spectra
(EPR) were acquired with an EPR-200 spectrometer (Bruker,
Germany). Thermogravimetry and differential thermal analysis
(TG-DTA) were performed with a PCT-1 instrument under air
(Beijing Analytical Instruments, China); the heating rate was
20 °C/min. High-resolution electron micrographs (HREM) were
recorded with a JEM-200CX microscope (Jeol, Japan). Samples
were uniformly pre-dispersed on micro-nets with cavities of
micrometer size. FT-IR spectra were obtained with a Nicolet 560
spectrometer with samples dried under vacuum prior to the mea-
surement (Thermo Electron, USA). BET surface areas were mea-
sured with an ST-03 instrument through nitrogen sorption and
desorption (Beijing Analytical Instruments, China). Distribution of
particle (DPA) sizes was obtained with a SA-CP3 particle size
analyzer (Shimadzu, Australia/New Zealand), and the outer spe-
cific surface areas were calculated assuming that the particles were
spherical. Capacity and cycling behavior were tested by a method
reported elsewhere [13], which used lithium foils as the counter and
reference electrodes and a solution of 1 mol/L LiClO4 in a mixture
of EC/DEC (v/v=23:7) as the electrolyte and a homemade porous
PP film as a separator. The anode was prepared by pressing the
mixture of natural graphite and 5 wt% PVDF binder dissolved in
N,N’-dimethylformamide into pellets with a diameter of ca. 1 cm.
After drying under vacuum at 120 °C overnight, the anode pellets
were put into an argon box and assembled into model cells under

humidity of <200 ppm. Electrochemical performance was mea-
sured galvanostatically at 0.2 mA with a CT2001A cell test
instrument (Wuhan Land Electronic, China) for discharge (inter-
calation process) and charge (deintercalation process); the voltage
ranged from 0.0 to 2.0 V versus Li™ /Li.

Results and discussion
Solution of (NH4),S,0Og¢ as oxidant

It is known that there are many structural imperfections
such as sp’ hybridized carbon atoms, edge carbon
atoms, and carbon chains in graphite [14, 15], especially
in natural graphite, due to its incomplete graphitization
during the natural formation process. These structures
are prone to oxidative removal during reaction with a
solution of (NH4),S,0g, which has a very strong oxi-
dative capability. Consequently, the surface structure of
the natural graphite A is changed after the oxidation
treatment. XPS spectra of Oy, in the samples A and LS2
are shown in Fig. 1 and selected results are summarized
in Table 1.. They indicate that oxygen atoms are present
in four kinds of species before and after oxidation, i.e.
hydroxyl/phenolic oxygen, ether oxygen, carboxylic
oxygen in COOR (R=H and alkyl), and carbonyl
oxygen in acetone/quinone, corresponding to binding
energy peaks at 534.1, 533.2, 532.3, and 5309 eV,
respectively [16, 17].

X-ray photoelectron spectra of C; in the samples A
and LS2 are shown in Fig. 2; selected data are also
summarized in Table 1. Four kinds of carbon atoms
species are present, i.e. carbonyl carbon in acetone/qui-
none, carboxylic carbon in COOR (R=H and alkyl),
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Fig. 1 XPS spectra of Oy at the surface of natural graphite before
(A) and after oxidation treatment (LS2)

Table 1 Experimental data of natural graphite before (A) and after (LS1, LS2, LS3 and LS4) oxidation with a solution of (NH4),S,0g

Sample Treatment Weight Atomic

Atomic ratio Species and percentage of

Species and percentage of

temperature loss ratio of of C at the oxygen atoms carbon atoms
(°O) (%) O at the surface (%)
surface (%) 534.1 eV 5332 eV 532.3 eV 530.9 eV 288.9 ¢V 287.2eV 2859 eV 284.4 eV

A - - 4.11 95.89 0.1268  0.2320 0.4526  0.18386  0.0299  0.0534  0.1029  0.8138
LS1 20 2,64 470 95.30 0.1563  0.2651 0.3242 0.2544 0.0367 0.0575 0.0837  0.8221
LS2 60 207  6.03 93.97 0.1538  0.2834 0.2563  0.3065 0.0353 0.0641 0.1449  0.7556
LS3 100 1.83 595 94.05 0.1020  0.2800  0.3933  0.2247  0.0337 0.0441  0.0973  0.8249
Ls4 120 1.67 533 94.67 0.1621  0.3251  0.3567 0.1560 0.0300 0.0717 0.1396  0.7587
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Fig. 2 XPS spectra of Cy at the surface of natural graphite before
(A) and after oxidation treatment (LS2)

ether/phenolic carbon in C-O-C and C-OH, and carbon
atoms in graphene planes, corresponding to binding
energies at 288.9, 287.2, 285.9, and 284.4 eV, respectively
[16, 17].

As already noted, virgin natural graphite A was ini-
tially treated in a KOH solution to remove minerals. As
a result, four kinds of oxygen and carbon atoms were
also observed, as with samples from subsequent oxida-
tion. Based on the data collected in Table 1, no
unequivocal evidence indicating which kind(s) of com-
pound(s) was(were) involved by oxidation with
(NH4),S,05 is available. A conceivable reason is the
presumably complicated oxidation reaction. However,
the weakly adsorbed oxygen atoms were removed and
replaced by a new layer of oxides formed during the
oxidation and bonded more firmly to the carbon struc-
ture [18], because the results in Table 1 show that the
oxygen atom content at the surface increased from
4.11% to 4.70, 6.03, 5.95, and 5.33%; in addition, there
was a slight weight loss after the mild oxidation treat-
ment: 2.64, 2.07, 1.83, and 1.67%.

FT-IR spectra of oxidized natural graphite LS2 were
obtained using natural graphite A as the reference
sample (Fig. 3). A few absorption bands, especially of
surface oxygen-including groups, were identified,
apparently consistent with the results from XPS and in
particular with the observed increase in surface oxygen
content. A very strong band centered at 3451 cm ™! is
assigned to vo.my of alcoholic/phenolic groups. The
band at 1741 cm™' is characteristic of the stretching
mode of carbonyl groups, v-o) and the one at
1637 cm™' is due to vc—o) of quinones.. The band at
1371 cm™! may be assigned to §(o-n)ip. of esters. Around
1000 cm™! there is a wide weak band corresponding to
Vas(C-0-C) in ethers.
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Fig. 3 FT-IR spectrum of the prepared natural graphite LS2 using
natural graphite A as the reference sample
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Since some reactive structural imperfections were
eliminated, the structure of the prepared natural
graphite became more stable. Curves for thermogravi-
metry and differential thermal analysis (TG-DTA) of A
and the prepared natural graphite samples (LS1, LS2,
and LS3) are shown in Fig. 4. At first, the weight de-
creased slowly because of the thermal decomposition of
some oxides and slight oxidation. At temperatures above
500 °C, combustion began and the DTA curves in-
creased. When the combustion reaction occurred rap-
idly, the DTA curves peaked. After the oxidation
treatment of graphite A the exothermal peaks shifted
from 742 to 761, 761, and 752 °C, respectively. Usually,
defects are easily oxidized and initiate the combustion
reaction of natural graphite at lower temperatures. After
the removal of these active sites, the natural graphite
structure became more stable, and the exothermal peaks
shifted to higher temperatures, which is consistent with
the discussion above, though the shift is small.

HREM micrographs of natural graphite A and LSI
are shown in Fig. 5, and indicate an increase in the
number of micropores and nanochannels after mild
oxidation. This increase should be reflected in the data
for the surface area. However, the results from the BET
measurement shown in Table 2 surprisingly indicate that
the specific surface area determined with the BET
method decreased after mild oxidation. It can be
understood that reactive functional groups or defects at
the graphite surface are oxidatively removed, resulting in
a “‘smoother” surface and lower surface area. This seems
to contradict at first glance the microscopic results, but
both can be assumed to be correct. Additional data on
the distribution of the particle diameters of natural
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Fig. 4 TG-DTA curves of natural graphite before (A) and after
(LS1, LS2, and LS3) oxidation treatment (dashed lines: TG curves;
full lines: DTA curves)



76

Fig. 5 HREM micrographs of natural graphite before (A) and
after (LS1) oxidation treatment with width of 310 nm

graphite A and LS1 were measured in order to clarify
this apparent inconsistency, and the outer specific sur-
face area was calculated and is listed in Table 2.. From
the difference, the internal specific surface area was
calculated and is also listed in Table 2. This implies
clearly that the internal surface area and, consequently,
the number of micropores and nanochannels have in-
creased after oxidation, which is also consistent with
results from the oxidation of an activated carbon [18].
This result supports that HREM can image the change
of micropores, i.e. the internal specific surface area, and
the BET measurements reflect the total specific surface
area.

Discharge and charge profiles in the first cycle and
discharge profiles in the second cycle and cycling
behavior of natural graphite A and the prepared samples
LS1, LS2, LS3, and LS4 are presented in Fig. 6. As
mentioned above, the electrochemical properties of the
natural graphite without this treatment were poor. Its
reversible capacity was only 251 mAh/g, the coulomb
efficiency in the first cycle was 64%, and the reversible
capacity faded to 100 mAh/g in the first 10 cycles. After
modification, the reversible capacity increased to
>350 mAh/g and the coulombic efficiency in the first
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Fig. 6 (a) Discharge and charge profiles in the first cycle and
discharge profiles in the second cycle and (b) cycling behavior of
natural graphite A and the prepared samples LS1, LS2, LS3, and
LS4 (in a, the voltages of LS1, LS2, LS3 and LS4 are shifted
upwards by 0.5, 1.0, 1.5, and 2.0 V, respectively, for clarity)

cycle increased to >85%. In the cases of LS1 and LS2,
there was no evident fading in reversible capacity. In the
cases of LS3 and LS4, there was a slight fading, but the
performance was still much better than that of virginal
graphite A. These improvements can be ascribed to the
following reasons. (1) As mentioned above, some reac-
tive structural imperfections were eliminated, and
therefore the decomposition of electrolyte solvent mol-
ecules such as EC and DEC was less likely. (2) The
graphite surface was covered with a fresh and dense
layer of oxides, including hydroxyl/phenol, ether, ester,
and carbonyl groups. This layer could act as a passiv-
ating film when lithium intercalated, and also hindered
the decomposition of solvent molecules and the co-
intercalation of solvated Li™. (3) There is an increase in
the number of micropores and nanochannels through
the mild oxidation treatment to eliminate structural
imperfections. It is well known that micropores can act
as matrices for lithium storage in the form of lithium
molecules or lithium clusters [19, 20]. In addition, mi-
cropores provide inlets and outlets for lithium during the
discharge and charge processes, and favor lithium
intercalation. (4) The graphite stability is increased;
consequently, the movement of graphene planes around

Table 2 BET data and outer

surface area data based on Sample

Specific surface area from

Calculated internal

Outer specific surface
specific surface area (m?/g)

area from DPA (m?/g)

distribution of particle diameter ET (m?/g)
(DPA) of natural graphite
before (A) and after (LSI and A 5.34
LS2) mild oxidation LS1 5.09
LS3 4.92

1.229
0.623

4.11
4.37
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the a-axis is hindered, suggesting more difficult exfolia-
tion or destruction of the graphite [21].

Concentrated nitric acid as oxidant

The oxidation—reduction potential of nitric acid is 2.08 V.
Whereas nitric acid itself is well known as a strong oxi-
dant, the standard potentials of several other nitrogen-
containing compounds shown in Scheme 1, including
some partial decomposition products of nitric acid, are
also above 1.5 V. In addition, when its solution is heated,
its oxidation capability will increase further. Conse-
quently, itis thought that nitric acid solution may act as an
oxidant to modify natural graphite like the solution of
(NH4)>S,05 [22].

A comparison of the electrochemical properties of
virgin natural graphite A and the oxidized samples N1,
N2, and N3 is shown in Fig. 7. The reversible capacity
of the oxidized natural graphite increased to 335 mAh/g,
the coulombic efficiency in the first cycle was as high as
88%, and there was no evident fading of reversible
capacity in the first 10 cycles independently of the
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Fig. 7 (a) Discharge and charge profiles in the first cycle and
discharge profiles in the second cycle of natural graphite A and the
prepared sample N2 and (b) cycling behavior of virginal natural
graphite and the prepared samples N1, N2, and N3 (in a, the
voltages of N2 are shifted upwards by 0.5 V for clarity)
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applied treatment temperature. This clearly suggests that
concentrated nitric acid can also act as an efficient oxi-
dant to modify natural graphite.

Green oxidants

Treatment with the strong oxidants discussed above will
leave some environmentally undesirable chemicals which
can be recovered in part through additional efforts. Even
more attractive are processes leaving no unfriendly re-
mains at all. Thus “green chemistry’” has moved into the
focus of current research efforts.

Oxidation—reduction potentials of aqueous solutions
of hydrogen peroxide and ceric sulfate are 1.78 V and
1.61 V, respectively; they are between those of
(NH4),S,05 and HNOj. In addition, they can be easily
recovered by electrolysis. If they are successfully applied
to the improvement of the electrochemical performance
of natural graphite, these “green methods” might be
commercialized [23].

Electrochemical properties of virginal natural
graphite A and the oxidized samples Al and A2 are
shown in Fig. 8. Evidently the electrochemical perfor-
mance of the modified natural graphite is also mark-
edly improved. The reversible capacity, coulombic
efficiency in the first cycle, and cycling behavior are
suitable for lithium ion batteries. This suggests that
green methods can be adopted to modify common
natural graphite as an anode material for lithium ion
batteries.
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Fig. 8 (a) Discharge and charge profiles in the first cycle and
discharge profiles in the second cycle and (b) cycling behavior of
natural graphite A and the prepared samples Al and A2 (in a, the
voltages of Al and A are shifted upwards by 0.5 and 1.0V,
respectively, for clarity)
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Conclusion

Liquid/solid phase oxidation by solutions of ammonium
peroxosulfate, nitric acid, and green oxidants (solutions
of hydrogen peroxide and ceric sulfate) can modify
natural graphite, resulting in good electrochemical per-
formance as an anode material for lithium ion batteries.
Oxidation removes active defects in natural graphite,
forms a new dense film consisting of oxides, improves
the stability, and introduces more nanochannels/mi-
cropores. These modifications inhibit the decomposition
of electrolytes, prevent the movement of graphene
molecules along ag-axis direction, and provide more
passages and storage sites for lithium. As a result, cou-
lombic efficiency in the first cycle increases, reversible
capacity enhances, and cycling behavior improves. The
oxidation is performed under mild conditions, and the
uniformity of the products can be well controlled.

In a pilot plant, we used a solution of ammonium
peroxosulfate as an oxidant to modify natural graphite.
It is easily processed, the product is uniform, and the
costs are low. The electrochemical performance,
including reversible capacity and cycling behavior of the
assembled lithium ion battery, which used LiCoO, as the
cathode, is also very good. This shows promise of these
methods for industry.
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