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Nano-TiC and nano-WC anodes for Li-ion battery were manufactured by high-energy ball milling. Pure titanium powder and
toluene are mixed with a high-energy ball mill to prepare TiC powder. The powder is calcined at 750°C/1 h and secondary ball
milled to make a negative electrode for lithium-ion battery. The phase composition and micromorphology of TiC powder are
analyzed and observed, and the charge-discharge cycle performance of TiC anode material is tested. The results show that there
are TiH2 and WC impurities in the product after primary ball milling. After calcination and secondary ball milling, TiH2
impurities are removed and the TiC grain size is refined, and TiC powder is obtained with a grain size of 12.5 nm. The specific
discharge capacity of the TiC anode is stable during the long cycle discharge. When the current density is 1A/g, the specific
discharge capacity can still be maintained at 110mAh/g after 3000 cycles. The results show that TiC anode materials have
excellent long-cycle performance and could be used as the frame material of Si anode materials. Nano-WC powders are
prepared by a ball milling method to investigate the effect of WC impurities on the performance of TiC lithium batteries. The
charge and discharge capacity at 0.5 A/g current density is similar to that of TiC anode. After 2000 cycles, the discharge-specific
capacity is about 100mA/g, which is slightly lower than TiC, and the final capacity is maintained at 230mA/g, but its low
discharge capacity affects the performance of the TiC battery after a long ball milling. The results show that the performance of
the TiC anode after the first 50 h of ball milling is poor. The main reason is the agglomeration of TiC nanoparticles.

1. Introduction

Recently, there have been lots of attempts to seek alternative
materials for the anode of Li-ion battery (LIB) to achieve bet-
ter cycling performance including long-term cyclability and
stable Li-ion storage [1, 2]. General methods to implement
this intent is to set up a nanostructure of core/shell [3] or
to produce a thermal stable matrix [4–6]. Transition metal
carbide (TMC) has a very stable structure and is widely used
as structural materials [7]. Among them, TiC have attracted
much attention because of its high stiffness, high electrical,
and high thermal conductivity. Researchers use TiC as a
matrix structure for silicon. Composite of Si/TiC can form
an active/inactive system [8]; this structure presents higher
capacities and more efficient cyclability. Although Si has a
high theoretical capacity, due to its severe volume expansion
caused by Li-ion insertion/deinsertion, the storage of LIB will

eventually drop within 400 cycles [5]. This leads to the long-
term cyclability of Si/TiC anode that is a shortcoming for
LIB. Otherwise, dispersing the active particle homoge-
neously is difficult to achieve. The aggregated Si is fatal for
the battery. Therefore, anode prepared only by TiC with a
similar active/inactive system could be a suitable solution.
However, the pure TiC electrode that served as anode for
LIB is rarely reported.

On the other hand, the particle size of anode material is a
dominant factor that affects the performance of LIB. The
nanoscale particle could shorten the route of Li-ion during
transportation and provide a larger surface area to allow
more Li-ion to adhere to the anode [4–6, 9]. There were
various methods for manufacturing nanocomposite anode,
such as mechanical milling [10], Self-propagation High-
temperature Synthesis (SHS) [11], and Chemical Vapor
Deposition (CVD) [12]. Among these methods, high-
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energy ball milling is much attractive because it is a simpler
and more rapid way to produce nanosize powder with less
impurity compare to chemical methods.

In this study, we used ball-milled TiC powder after a
series of homogeneous treatment as an anode to assemble
secondary LIB. The phase composition and micromorphol-
ogy of anode material changes before and after cycling were
observed. The cyclic performance was tested with long-
term cycling, combined with the morphology images. The
cycling performance of TiC anode was discussed.

In the process of mechanical alloying, it is inevitable that
the ball milling medium will be peeled off. After the ball mill-
ing medium was stripped, it would participate in the ball
milling together with the raw materials during the ball mill-
ing process, which will have a certain impact on the various
properties of the ball milling products. Therefore, the nano-
WC anode was prepared in the same way as the nano-TiC
powder, then its electrochemical performance was tested,
and the effect of WC impurities on the performance of the
TiC anode was analyzed.

2. Materials and Methods

The rawmaterials used in this study were 99.9% pure Ti pow-
der and analytically pure toluene. Powder and liquid were
mixed into a fine slurry with a mass ratio of 3 : 1 and then
milled by a planetary ball mill (FRITSCH P4 Germany) for
selected time with Ar gas. The weight ratio of ball to materials
was 20 : 1. After the primary mill process, the product was
vacuum annealed at 750°C for 1 h and then reball milled for
20 h. At last, the powder was loaded in an argon atmosphere
and prepared for LIB assemble. Phase structure and transi-
tion during ball milling were characterized by X-ray diffrac-
tion (Cu, Kα radiation, Rigaku SmartLab). The re-BMed
powders were investigated by a transmission electron micro-
scope (TEM, JEM-2010).

For electrochemical tests, the TiC powder treated by 2-
step BM painted on the Cu chip was used as an anode, and
a counter and reference electrode was used as the cathode.
Two electrode coin type cells (CR2032) were assembled in
an argon atmosphere. A 1M LiPF6 in a mixture of ethylene
carbonate and dimethyl carbonate was used as the electrolyte,
and a polypropylene film was used as the separator. The gal-
vanostatic charge-discharge tests were conducted on a
CT2001 battery program control system at room tempera-
ture with the cut-off voltage of 0.01 and 3V under a chosen
current density. Cyclic voltammetry measurements were
performed on a CHI660D Electrochemical Workstation with
a scan rate of 0.1mVs-1 between 0 and 3.5V.

3. Result and Discussion

3.1. Characterization of the Nanocomposite. Figure 1(a)
shows the XRD patterns of TiC powder after a series period
of the ball milling process. The main composition of as-
milled powder was the TiC of characteristic peaks (111)
(200) (220) (311) (222). The board peak indicated the forma-
tion of small size grains. The grain size was about 4.9 nm
calculated by the Scherrer equation. A little peak that appears

at about 40° was the TiH2 phase. TiH2 was synthesized by Ti
and H from residues of toluene, which was harmful to the
battery performance. In order to eliminate the effect of impu-
rity and residue, the powder was annealed at 750°C for 1 h.
TiH2 was decomposed into Ti and H; this transition was able
to produce a fresh Ti surface. The XRD pattern of the powder
after the anneal treatment represented clearly pure TiC with-
out the TiH2 phase. Besides, grain size grew to 26.1 nm due to
the crystallization during the anneal process; moreover, sam-
ple powder was re-BMed for 20 h to gain finer grains. The
pattern of Figure 1(c) showed comparatively pure TiC, and
grain size was approximately 12.5 nm. It was finer enough
for an anode material. For ease of interpretation, we named
the TiC as-milled 40h with anneal and re-BMed as TiC-40
in the following explanation. In addition, a small amount
of WC can be found after the anneal process, which was
an inevitable impurity peeling off from mill balls. Consider-
ing the balance between finer grain and less impurity, TiC-
40 was chosen as a start material. Figure 2 presents the
bright-field TEM images of TiC-40 nanoparticle. The grain
size of single TiC particles was 10-20 nm. Severe agglomera-
tion can be noticed, which was very common in researches
about mechanical alloy [13, 14]. Nanoparticle with higher
surface energy had a trend of agglomerating to a bigger
particle. It was a disadvantage for the battery performance
of an anode material.

3.2. Discharge and Charge Performance. The cycling perfor-
mance of TiC-40 anode was investigated by galvanostatic
charge/discharge cycling at 0.01-3V. Figure 3(a) shows the
charge and discharge curve of TiC-40 for 1st, 5th, 10th,
20th, and 30th cycles at 1Ag-1. The anode showed a high
discharge capacity of 225.9mAhg-1 and a charge capacity of
95.9mAhg-1. The Coulombic efficiency was 42.5%. The irre-
versible capacity was 130.1mAhg-1. Inferentially, this was
caused by the formation of the SEI layer. With further cycling
to 1400th as shown in Figure 2(b), the discharge capacity
increased gradually to 138mAhg-1 and the Coulombic effi-
ciency held at 99.5%. Figure 3(c) shows the cycling perfor-
mance of TiC-40 at the current density of 1Ag-1. The
discharge capacity of the 1st cycle was 225.9mAhg-1 and then
decreased rapidly to 102.5mAhg-1 in the 2nd cycle. This was
caused by the SEI layers that emerged on the surface of the
anode material, when the SEI layer was stable, the discharge
capacity reached the lowest point (62.5mAhg-1, 30th cycle).
As the cycling continues, the capacity reached to the high
point (142.5mAhg-1, 2010th cycle) and then declined gradu-
ally. At 3000th, the capacity remained at 110mAhg-1, which
demonstrated an excellent long-term cyclic performance of
TiC anode.

To further investigate the long cycle life of TiC anode,
Figure 3(d) shows the cycling performance of TiC-40 anode
at a certain current rate. After 3000 cycles at 1Ag-1, the cur-
rent density resets to 0.05Ag-1; the cycling performance was
tested at a current rate of 0.25Ag-1, 0.5Ag-1, 0.75Ag-1, 1Ag-1,
1.5Ag-1, and 2Ag-1 for 20 cycles each. And the current den-
sity returned to 0.05Ag-1 in the last 20 cycles. The Coulombic
efficiency during 3000 cycles was also tested. The discharge
capacity at a series of current density was 277.1, 212, 173.7,
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Figure 1: XRD pattern for nano-TiC obtained by (a) ball milling, (b) annealing after BM, and (c) re-BM.
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152.1, 134.4, 113.2, 96.1, and 298.8mAhg-1, respectively. In
the last 20 cycles, the capacity was even a little higher than
the first 20 cycles, which showed excellent long-term
cycling performance. The Coulombic efficiency was 96.9%
at first, maintains a 98% average, and reaches to 99.3% at
160 cycles. These results indicated that TiC anode synthe-
sized by BM has excellent high rate performance and long
cycling stability.

To investigate the oxidation-reduction behavior of the
discharge process, Figure 3(e) shows the cyclic voltammo-
grams of TiC-40 for a series of cycles. Two oxidation peaks
were found during the discharge process, and the intensity
of the peaks enhanced as the cycling number increased. The
oxidation peak that emerged at 3V probably indicated the
reaction between Li and graphite which was not involved in
the synthesis of the TiC reaction. And the oxidation peak that
appears at 0V could be attributed to the formation of the SEI
layer. The area of the closed curve increased as more anode
materials are involved in the reaction, which is correspond-
ing to the capacity-cycle data.

3.3. Effect of WC Impurities on the Performance of TiC Anode.
In this part of the study, nano-WC powder was prepared,
which was basically prepared in the same way as TiC, and
the raw materials were 99% pure W powder and toluene.
W powder and toluene solution were mixed in a glove box

and then loaded into a planetary ball mill. In order to exclude
the influence of other impurities in the process of high-
energy ball milling, WC grinding tanks and balls were used,
in which the mass ratio of the ball to W powder and toluene
was 10 : 1, the ball mill speed was set to 600 rpm. XRD pattern
for nano-WC powder obtained by ball milling is shown in
Figure 4.

During the ball milling process of W powder in toluene,
the phase change process was similar to that of TiC. In the
initial stage of ball milling, before 30 h, under the impact of
the grinding ball between the grinding pot, W powder was
undergone severe plastic deformation due to the compres-
sion and shear of the grinding ball. The grain size became
smaller, and the surface area increased. At this moment, tol-
uene has not participated in the reaction but only acted as a
process control agent to disperse the particles and reduce
cold welding between powder particles. When the ball mill-
ing time was extended to 40 h, under the catalytic action of
the WC ball milling medium, toluene began to be catalyti-
cally decomposed, and the decomposed [C] began to react
with nano-W powder to generate WC. And as the ball mill-
ing continued, the catalytic effect of the nano-WC generated
during the ball milling would also accelerate the reaction.
More W powder and C reacted to synthesize WC nanoparti-
cles. In the process of alloying W and C to WC, a very small
part of W2C was produced. This phase was the intermediate
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Figure 3: Charge and discharge performance of TiC-40: (a, b) galvanostatic charge and discharge curves for TiC, (c) cycling performance of
TiC-40, (d) rate capability of TiC-40, and (e) CV curve of TiC-40.
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phase in the reaction. Due to the small content, it is not very
obvious in the XRD spectrum. After 50h of ball milling, W2C
mesophase gradually changed to WC phase, so the powder
after 50 h of ball milling was pure WC phase, the entire ball
milling process was protected by Ar atmosphere, and there
was noWHx andWOx phase after 50 h of ball milling. Com-
pared with TiC ball milling powder, there were no other
impurity components in WC after long-time alloying; there-
fore, no additional posttreatment process was needed.

The morphology evolution of WC particles after ball
milling was similar to TiC, as shown in Figure 5. After 50 h
of ball milling, the size of WC particles was small, about
10 nm, and the shape was regularly spherical. After 60 h of
ball milling, the size of WC particles increased slightly, with
an average of 10nm, and the shape was basically spherical.
After 70 h of ball milling, the size of WC particles became
smaller to about 5 nm. The reason for this change in the size
of the ball mill particles was that during the ball milling pro-
cess, the grain size of the powder was continuously reduced
by the mechanical action of the ball milling process, and
the particle size was also reduced simultaneously in the early
stage of the ball mill, but since the ball milling time was
longer, the surface energy of small particles was larger, and
agglomeration will occur, which made the particle size grad-
ually increased. As the ball milling process continued, the
particle size change maintained a decreasing/increasing
dynamic balance.

Compared with TiC ball milling, WC had higher ball
milling efficiency. This may be due to the fact that WC had
a slightly lower fracture toughness than TiC. During the ball
milling process, the generated WC particles were easily hit
repeatedly under the intense collision of the grinding balls
for a long time. The impact of mill balls made the ball milling
efficiency higher and the product particles finer. In addition,
the dispersion ofWC samples was better than that of TiC ball
milling powder, but some amorphous inclusions similar to
those of ball milling TiC nanoparticles can also be observed
in the outer layer of the particles.

Although WC exists in the form of impurities in TiC ball
milling, its content was not much. However, if the battery
performance was poor, it will also have a greater impact on
the overall TiC anode. Battery performance of the ball-
milled WC nanopowder as the negative electrode was tested.
The dispersion was uniform, and the phase was pure. It is
similar to the WC impurities in the ball-milled TiC powder.
A sample of ball milling for 60 hours was selected for testing.
The charge and discharge performance of WC is shown in
Figure 6.

The long-cycle charge and discharge result for WC is
shown in Figure 6(a); the current density was 0.5A/g. The
trend of the discharge-specific capacity of ball-milled WC
powder is similar to that of TiC. The discharge capacity at
the first cycle was 160.2mAh/g and then quickly decreased
to 62.3mAh/g. This large attenuation of discharge capacity
was the irreversible lithium-ion insertion process of WC
anode particles. As the charge-discharge cycle continued,
the discharge capacity reached a minimum at 55 cycles,
when the SEI layer tended to stabilize. After 55 cycles, the
discharge capacity began to increase faster. At 900 times, it

reached the extreme value of 142.5mAh/g and then slowly
decayed. The discharge capacity was kept at about
100mAh/g when it is cycled to 2000 times. Compared with
the ball-milled TiC anode, the initial discharge-specific
capacity of the WC anode is lower, but the performance of
the longer cycle was similar to TiC. The Coulombic effi-
ciency is 46.8% at the first discharge and then gradually
increased with the number of cycles to 55 times. To 2000
cycles, the Coulombic efficiency of the WC anode is main-
tained at about 98%.

Figure 6(b) shows the cyclic voltammetry curve of the
first 3 cycles ball milling WC; the scanning speed was
0.1mV/s. Similar to the cyclic voltammetric change of TiC,
as the number of cycles increased, the closed area in the curve
of the ball-milled WC gradually decreased. In the first cycle,
an insignificant reduction peak appeared at around 1.0V in
the curve. This reduction peak may represent toluene resi-
dues involved in lithium-ion deintercalation during ball mill-
ing. In the following cycle, this reduction peak disappeared,
indicating that this is an irreversible reaction.

In order to study the rate performance of the ball-milled
WC under variable current density conditions, the rate per-
formance of the ball-milled WC was tested, as shown in
Figure 6(c). It is similar to the system for testing the WC
anode rate performance and TiC. During the test, charge
and discharge are 10 times at current densities of 0.05A/g,
0.25A/g, 0.5A/g, 1A/g, and 2A/g, respectively, and finally
return to 0.05A/g to test the rate performance. The initial
discharge-specific capacity was 230mAh/g and then gradu-
ally decayed to 90mAh/g at 2A/g. The current density
returned to 0.05A/g and reached 230mAh/g again. Com-
pared with TiC anode, the cycle performance of ball-milled
WC anode was not much reduced. Throughout the cycle,
the Coulombic efficiency remained above 97%.

It can be seen from the lithium battery test data that the
ball-milled TiC and ball-milled WC have similar long cycle
life. In terms of capacity performance, the reasons that
affected the electrochemical performance of TiC anodes are
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mainly the particle size and dispersion of nanoparticles and
the content of WC impurities. To this end, the effect of dif-
ferent ball milling times was tested on the specific capacity
of TiC discharge. Figure 7 shows the changes in the
discharge capacity of TiC anodes with different initial ball
milling times.

TheWC impurities in the ball milling powder came from
the collision and wear of the grinding ball during the ball
milling process. The longer the milling time, the more WC
impurities would be, and in the postprocessing process,
WC would not decompose with the annealing treatment,
and it had been kept in the ball mill powder until the end.
In addition to the secondary ball milling after annealing,
WC impurities were presented in all ball milling products
to varying degrees. Therefore, the TiC samples after the ini-
tial ball milling were tested after 30 h, 40 h, and 50h. As can
be seen from the curve in Figure 7, the 40 h sample selected
had a higher specific discharge capacity, followed by 30h.

The discharge capacity was 138.7mAh/g, the capacity of
the 50 h sample is relatively low, and the specific discharge
capacity for the first time is 107.7mAh/g. The reason may
be in the two aspects of particle size and WC impurity con-
tent after ball milling. Compared with the 40 h sample, the
30 h sample has a shorter ball milling time and less WC
impurity content, but the particle size of the powder was
not fine enough. The corresponding smaller surface area
restricted the diffusion of lithium ions, making its capacity
curve rise slowly and the maximum value also lower, about
110mAh/g. There were more WC impurities stripped in
50 h sample, and the cycle life of WC was good, but the
capacity is low, which could not only affect the cycle perfor-
mance of the TiC anode but also reduce the overall
discharge-specific capacity of the TiC anode. In addition,
there were agglomeration phenomena in the ball-milled
powder. The powder particles in the 50 h ball mill were finer.
The larger surface area could produce relatively more
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agglomeration, and more WC impurities reduced its overall
capacity. Therefore, the discharge capacity of TiC-50 anode
was low.

4. Conclusion

In this paper, a high-energy ball milling method is used to
prepare ultrafine TiC powder using toluene and pure tita-
nium. After two-step ball milling, nanolevel TiC powder with
higher purity is obtained, which is used as a negative elec-
trode material to assemble a lithium-ion battery to test the
lithium battery performance, the results show that the ball-
milled TiC anode exhibits relatively excellent lithium battery
performance, and its discharge capacity can still maintain
140mAh/g after 3000 cycles. The small particle size and the
toluene residue in the ball milling reaction affect the negative
electrode particles during the charge and discharge process.
Although the performance of TiC itself is not very good for
lithium batteries, its long cycle performance is excellent,
and the results show that it cannot only be used as a
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Figure 6: Charge and discharge performance of WC: (a) cycling performance of WC, (b) CV curve of WC, and (c) rate capability of WC.
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framework material for Si anode. TiC can also be used alone
as a negative electrode material.

Data Availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study. If you need to have access to some of the raw
data, please contact the corresponding author.

Additional Points

Highlights. (1) Toluene is a carbon source to synthesize
transition metal carbides. (2) Transition metal carbides are
synthesized as anode materials for lithium batteries.
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