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Abstract. Lithium-ion capacitors (LICs) with the capability of high energy and high power are
considered to be attractive for advanced energy storage applications. However, the design and
fabrication of suitable electrode materials with desirab-le properties by a facile approach using cost-
effective precursors are still a great challenge. In this work, we have utilized needle cokes, an
commercial carbon material with high carbon content and soft carbon structure, as a single carbon
source for anode material. A lithium-ion battery fabricated using four kinds of needle cokes exhibits
a maximum high energy density of 1357mAhg-1. Systematic characterization analysis demonstrates
that unique characteristics of the green coke including large interlayer spacing, turbostratic and
disordered microstructures that are composed of surface defects, nanopores or voids, and graphitic
domains. That contribute synergistically to the outstanding performance of the needle coke-based
LIC. More importantly, anode materials from a single source is an effective way for high value-added
utilization of needle coke at the commercial level.
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1. Introduction

Lithium-ion batteries have stimulated extensive research studies due to their high-energy storage,
which enables the fabrication of smaller and lighter batteries for mobile electronics . Various types
of carbonaceous material such as graphitel, 2, carbon fibers3, thermal decomposition products of
polymers, pyrolytic carbon , petroleum coke and coal tar pitch coke have been proposed for the anode
materials of lithium-ion battery4, 5.

As a kind of soft carbon, needle coke has the advantages of low cost , good graphite
microcrystalline structure and good electrical conductivity6. At present, there are still some
shortcomings in the needle coke used for lithium-ion battery anode materials7. The surface of needle
coke is easy to react irreversibly with electrolyte, resulting in the reduction of coulombic efficiency.
solvent co-embedding caused the appearance of the reversible capacity for the battery, material
volume expansion and poor cycling performance, etcS8.

In this work, we report to use coal-based green needle coke, calcined cokes and their powdery by-
products as the anode material to investigate the electrochemical performance for lithium ion
batteries. The purpose of this paper is intended to analysis the reasons of current problems, and seeks
for solutions in the development of more reliable and safer lithium rechargeable batteries.

2. Experimental

2.1 Materilas

The coal-based green and calcined needle cokes fabricated at 500 °C and 1400°C respectively,
were purchased from Ansteel Group CO., LTD..Coke. Powder was coke with particle diameter less
than Imm produced in the coking and calcination process . Theirs volatile, ash content, density and
sulfur residue value were shown in table 1.
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Table 1. The properties of the coal-based needle coke

. . . Tap
I(De/lgrsg S(%)  Ash (%) V‘Z};‘t)ﬂe M‘Z};t;”e density  Resistivity
g : 0 (g/cm3)
Green coke 1.401 0.45 0.39 6.60 5.3 - -
Green coke 1.427 0.44 0.13 5.58 2.36 ; :
powder
Calcined coke 2.14 0.41 0.29 0.45 0.05 0.93 471
Calcined coke 2.13 0.41 0.16 0.32 0.07 0.94 439
power

2.2 Characterization

The microstructure of the sample was observed by the field emission scanning electron microscope
(FESEM, Gemini 560), and the X-ray diffraction (XRD, Bruker D8 Advance) spectroscope with a
Cu Ko radiation source (1.5405 A), tube voltage 40 kV, tube current 30 mA, scanning range 10-90°
and scanning rate 10° min"' was employed to analyze the crystalline structures of samples®!!. The
Raman spectra were recorded by a Renishaw (inVia DM2700M micro-Raman) spectrometer'2. All
the electrochemical tests were conducted using coin cells (CR2025). The working electrodes were
prepared by spreading the mixed slurry of active material, Super P and sodium alginate in water with
a weight ratio of 7:2:1 onto copper foil. Then they were dried at 120 °C in vacuum for 12 h. The
electrolyte was a solution of 1 M LiPFs in ethylene (EC) and dimethyl carbonate (DMC) (v:v=1:1).
A lithium foil was used as the counter electrode. All the operations were performed in a glove box
under argon atmosphere. The discharge/charge tests were carried out on a Land BT2000 battery test
system at room temperature. The voltage ranged from 0.01 to 2 V with a current density of 100
mA/g'3 14,

3. Results and Discussion

Figure 1 shows the morphology of four kinds of needle coke materials. It can be seen from the
figure that all four kinds of needle coke are flake particles, among which there are still many irregular
particles on the raw coke surface and raw coke block, mainly because the coking temperature is only
about 500°C, and more amorphous carbon structures are still retained. The structure of cooked coke
surface and cooked coke block is similar to the appearance of natural graphite. Due to the high
temperature treatment of 1400°C, the crystal surface has increased.

Thermogravimetric analysis was carried out for the four materials respectively. It can be seen from
Figure 2 that the four materials were almost completely burned under air atmosphere at 10°C/min.
Earlier weight loss in green coke powder combustion compared to green coke was due to more lattice
defects and active sites of the powder, and the same phenomenon can be observed in the combustion
process of calcined coke and its powder.The green coke material begins to react with air at around
480°C, the material begins to lose weight, and the reaction is completed at 800°C, while the reaction
temperature range of the calcined coke is between 521 and 928°C. The maximum weight loss
(DTGmax) occurred corresponding to combustion of green coke powder at 1230pug/min, which is
contributed to the disorder sturcture and active site in the edge!>!”. A shift in calcined coke and its
powder DTGmax to higher temperatures was also observed compared to that in green coke
combustion.
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Figure 1. Typical SEM images of needle cokes (a.Green coke; b.Green coke powder; c.Calcined
coke; d.Calcined coke powder)
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Figure 2. TG and DTG curves of needle cokes at a heating rate of 10 °C/min in an air atmosphere
(a.Green coke; b.Green coke powder; c¢.Calcined coke; d.Calcined coke powder)

Figure 3 shows the Raman spectra of cokes. The D peak near 1440cm™ is caused by the symmetric
stretching vibration of SP? carbon atoms in the aromatic ring, corresponding to defects and amorphous
structures in coke'8, while the G peak near 1530cm™! is caused by the stretching vibration between
SP? carbon atoms corresponding to a regular graphite structure. The peak intensity comparion of peak
G and peak D (i.e. S¢/Sp) is usually used to measure the degree of regular structure of coke

According to the calculation of strength of peak G and peak D , the Sc/Sp values of green coke,
green coke powder, calcined coke and calcined coke powder are 0.48,0.44, 0.70, 0.67,
respectively(Table 2). The Sc/Sp value of calcined coke was significantly higher than that of green
coke, indicating that the defects of raw coke were reduced and the structure was more regular after

high temperature treatment at 1400 °C.
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Figure 3. Raman spectra of cokes (a.Green coke; b.Green coke powder; c.Calcined coke;

d.Calcined coke powder)
Table.2. the Sc/Sp values of cokes

Samples

calcined coke

calcined coke
powder

green coke  green coke powder

SG/Sp

0.48 0.44 0.70 0.67

As shown in Figure 4, The X-ray powder diffraction patterns of all the coke samples are typical of
structured carbon materials with distinct reflection reflexes (002) and (004) from the (00/) family and
two-dimensional'®>2°, The diffraction peak of green coke powder, green coke, calcined coke powder
and calcined coke(002) is 26.06°, 26.06°,26.15°, 26.15°, respectively. No reflex from the (101) plane
is seen for any sample. That indicates poor orientation of the graphene layers.However, compared
with the diffraction profiles of the green cokes ,the profiles of the calcined cokes reflexes (002) is
sharper, indicating that the calcined cokes has a more regular graphite crystal structure and the
powders has more disorder structures, which is consistent with the results of the Raman test above.
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Figure 4. X-ray powder diffraction pattern of coke samples
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Fig. 5a shows the initial discharge-charge curves of all the samples at the current density of 100
mAg! between 0.005 and2.0V. The initial discharge capacity is 820 mAhg' for the green
coke,1357mAhg! for the green coke power, 434 mAhg™! for the calcined coke and 467 mAhg™! for
the calcined coke powder, while their initial charge capacities are 368, 464, 277 and 268 mAhg”
!respectively Thus, the initial coulomb efficiency of the samples is in the order of the calcined coke
(63.8%) > the calcined coke powder (57.4%) > the green coke(45.0%) > the green coke powder
(34.2%). The much lower initial coulombic efficiency of non-calcined coke (the green coke and its
powder) than those of the calcined coke (the calcined coke and its powder) may be because there are
many defects on the surface and internal porosities in the non-calcined coke, which raise more
secondary reactions involving electrolyte decomposition between electrode and electrolyte resulting
in a high irreversibility (low columbic efficiency)*'.As a result, more SEI flms will be generated as
more lithium ions will participate in an irreversible reaction.

The cycling performance in Fig.6 shows that the charge capacities of green coke; green coke
powder; calcined coke; calcined coke powder are around 368, 464, 268 and 277 mAhg™! at the first
cycle, and 350, 328, 268, and 284 mAhg™! after 300 cycles.
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Figure 5. The charge—discharge performance of the lithium-ion battery constructed using cokes as
anode materials
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Figure 6. Cycling performance of the cokes as anode materials at 100 mAg’!

The rate performances of all the samples at different current densities between 0.005 and 2.0V are
shown in Fig. 7. At low current densities (50 and 100 mAg™), the observed results are consistent with
that obtained in the above cycling test. However, the distinct difference in electrochemical properties
is observed for these samples when the current density is increased to 500 and 1000 mAg™. The
average charge capacities of green coke; green coke powder; calcined coke; calcined coke powder
are 184, 200, 180 and 196 mAhg™! at 500 mAg™!, and 138, 149, 157, and 178 mAhg™! at 1000 mAg',
respectively.Calcined coke and its powder have much higher capacity than that of green coke and its
powder at the current density of 1000mAg!, because the porous structure of calcined coke could
provide shorter and faster transport pathways for both electrons and Li ions.
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Figure 7. Rate performance at different current densities of the cokes as anode materials

Cyclic voltammograms in Fig.8 reveal that a distinct cathodic peak attributed to the decomposition
of electrolyte and the formation of SEI film at 0.2 V can be observed during the first sweep for
calcined coke and its powder, which is attributed to the better orientation of the graphene layers. Only
a very small cathodic peak is observed for green coke and its powder, which indicates that amorphous
carbon on the surface of an electrode decrease the contact areas between coke and electrolyte and can
effectively suppress solvent decomposition on the carbon electrode. The peaks observed at around
0.1 and 0.01 V are assignable to the lithiation process of graphite. It can be seen that the oxidation
peaks of green cokes are shifted toward lower potentials, compared to calcined cokes, indicating that
green cokes easily undergo the electrochemical oxidation by accepting electrons during first lithium
deintercalation. This is because the porous structure, and the hard carbon conductive network in green
cokes could provide shorter and faster transport pathways for both electrons and Li ions.
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Figure 8. Cyclic voltammograms during the initial discharge-charge of the cokes as anode materials
(a.Green coke; b.Green coke powder; c.Calcined coke; d.Calcined coke powder)

Fig. 9 shows the electrochemical impedance spectrum before cycling of all the cokes. The
impedance plot is consisted of one semicircle curve that corresponds to the resistance of the Li ion
transfer through SEI layers in the high frequency range, and a straight line to the charge transfer
resistance at the electrode—electrolyte interface and the Li ion Warburg diffusion resistance in the
solid electrode material in the low frequency range. Although the slopes of their straight lines are
very similar, the size of their semicircles is different, going as green coke>>green coke powder>
calcined coke>calcined coke powder. It should be pointed out that the calcined coke powder show
much smaller semicircle than those of green cokes, indicating a lower electrochemical reaction
resistance in the green cokes electrode, probably because of the presence of the porous structure, and
the disordered conductive network in green cokes. It can be seen that the electrochemical reaction
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resistances of calcined cokes are lower than those of green cokes, respectively. It is considered that
the electronic conductivity of carbon could be improved after calcination(1400°C). The calcined coke
powder has the lowest resistance, thus its rate property is the best of all the cokes. It is concluded that
pore structure and the disordered conductive network can improve the rate performance.
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Figure 9. Electrochemical impedance spectrum of the cokes as anode materials

4. Summary

we have utilized four kinds of needle cokes as a single carbon source for anode material. The SEM
image, Thermogravimetric analysis Raman spectra and X-ray powder diffraction pattern show that
unique characteristics of the green coke including large interlayer spacing, turbostratic and disordered
microstructures that are composed of surface defects, nanopores or voids, and graphitic domains are
retained, which deliver the outstanding performance of the needle coke-based LIC of 1357mAhg™.
However, calcined coke and its powder have much higher capacity than that of green coke at the
current density of 1000mAg™. Only a very small cathodic peak of cyclic voltammograms during the
initial discharge-charge is observed for green coke and its powder, which indicates that amorphous
carbon on the surface of an electrode decrease the contact areas between coke and electrolyte and can
effectively suppress solvent decomposition on the carbon electrode.The size of their semicircles of
the electrochemical impedance spectrum is different, going as green coke>green coke powder>

calcined coke> calcined coke powder.
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