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ABSTRACT: A Zn-based nanocomposite has been prepared through a facile, low-cost high-energy mechanochemical process
and employed as an anode material for lithium-ion batteries. Structural characterization reveals that the micrometer-sized Zn—
TiC—C nanocomposite is composed of Zn nanocrystals uniformly dispersed in a multifunctional TiC and conductive carbon
matrix with a tap density of 1.3 g cm™>. The Zn—TiC—C nanocomposite exhibits high reversible volumetric capacity (468 mA h
cm™), excellent cyclability over 800 cycles (79.2% retention), and good rate performance up to 12.5C (75% of its capacity at
0.25C rate). The enhanced electrochemical performance is mainly due to the presence of the well-mixed TiC + C matrix that
plays an important role in providing high conductivity as well as mechanical buffer that mitigates the huge volume expansion and
contraction during prolonged cycling. In addition, it prevents the particle growth by uniformly dispersing nanosized Zn within
itself during cycling, maintaining high utilization (~100%) and fast reaction kinetics of Zn anode.
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1. INTRODUCTION

Over the past few decades, lithium-ion batteries (LIBs) have
played a crucial role in powering a variety of consumer
electronics owing to their hi§h energy density, long cycle life,
and low self-discharge rate.” Recently, with the rapid growth
of emerging technologies such as electric vehicles and grid-scale
energy storage systems, there has been great interest in
developing high capacity electrode materials with a focus on
high rate capability, good safety, and affordability. Currently,
graphite is the most widely used anode material for LIBs, but it
has major drawbacks including relatively low theoretical specific
capacity (LiCq: 372 mA h g™'), poor rate capability, and severe
safety issues associated with Li plating.>* Enormous efforts have
been dedicated to replace §raphite with high capacity Li-alloy
systems based on Li—Si,>~” Li—Sn,*’ and Li—Sb'°~"* alloying
reactions in order to satisfy the ever-increasing demand for high
performance LIB systems.

Elemental Zn is one of the alternative Li-alloy based
materials. Even though it has a relatively low theoretical
gravimetric capacity (LiZn: 410 mA h g™') which is only
slightly greater (~10%) than graphite, it has several advantages
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such as high volumetric capacity (1511 mA h cm™) and low
operating voltage of mainly <0.4 V (vs Li/Li*). Other beneficial
features including inexpensiveness, natural abundance, and eco-
friendliness make it a desirable and promising candidate to be
used as an anode material in LIBs."> Despite these merits, Zn
has not attracted great attention because it also inevitably
suffers from volume change of active particles during the Li
insertion and extraction processes and particle agglomeration
issues upon extended cycling that eventually result in the severe
capacity fading and poor rate capability, similar to other Li-
alloying materials."*"> Accordingly, only a few studies on the
synthesis and characterization of Zn-based anode materials have
been reported."®”>° Among them, employment of a mixed
Al,Oj; and carbon as an eflicient buffer matrix for Zn anode led
to a relatively good cycling stability with a reversible capacity of
~380 mA h g7! after 100 cycles,”® thereby showing the
feasibility for the use of an active/inactive composite strategy.
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Figure 1. Schematic diagram of the preparation of the Zn—TiC—C nanocomposite.

Nonetheless, the limited cycling stability only up to 100 cycles
and the low rate performance are still required to be
overcome."

Several recent studies have proven that the introduction of a
combined TiC and conductive carbon (TiC + C) buffer is
clearly beneficial to improve electrochemical performance of
various Li- and Na-alloying active materials.”'>*'~>* TiC is
well-known to be stiff, electronically conductive, and electro-
chemically stable,”>*® so it can be used as a structure-
reinforcing buffer matrix against large volume change occurring
during electrochemical cycling of nanocomposite alloy anode
systems. Also, TiC buffer is much more effective for the volume
expansion issue of Zn anode as Zn undergoes a relatively
smaller volume expansion of ~71% (LiZn) during lithiation
compared to Si (Li;sSiy, ~300%), Sn (Liy,Sns, ~280%), and Sb
(Li;Sb, ~200%). Moreover, the addition of conductive carbon
increases further the conductivity by maintaining an inter-
particle electronic transport pathway and prevents particle
aggregation by providing a stable dispersing matrix during
prolonged cycling. As a result, the synergistic effects of the
conductive TiC + C matrix could lead to dramatic improve-
ment in electrochemical properties due to the enhancement in
electrical conductivity, mechanical integrity, and structural
stability.

In this study, we report a strategy of achieving unexpectedly
improved electrochemical performance of Zn anode by a simple
and facile incorporation of Zn nanoparticles into the multi-
functional conductive buffer matrix composed of nanocrystal-
line TiC and carbon. The conductive TiC + C buffer matrix in a
Zn—TiC—C nanocomposite provides (i) facile electron trans-
port pathway that leads to rapid electrode kinetics, (ii) short
diffusion distance of lithium ions through the formation of
nanosized Zn particles, (iii) suppression of particle agglomer-
ation during cycling by uniformly dispersing nanosized Zn
within the matrix, (iv) mitigation of large volume change of Zn
active particles, and (v) high chemical and electrochemical
stability of the nanocomposite in organic electrolyte.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The Zn—TiC—C nanocomposite was
prepared by the high-energy mechanical milling (HEMM) process
with a SPEX 8000M machine. Figure 1 shows the schematic diagram
of the synthetic route. The precursors used were Zn (98+%, Acros
Organics), Ti (99.99%, —325 mesh, Alfa Aesar), and acetylene black
carbon (—200 mesh, Alfa Aesar) powders. Elemental Zn and Ti
powders were mixed with an atomic ratio of 1:1, and an appropriate
amount of carbon powders was added to obtain the Zn—TiC—C
nanocomposite with a mass ratio of 7:3 (Zn—Ti:C). Then, the mixture
was placed in a hardened stainless steel vial (80 cm®) with hardened
steel balls and sealed under an Ar atmosphere. The total amount of

powder was 2.0 g, and a ball-to-powder weight ratio was fixed at 20:1.
The HEMM was conducted for 6 h at room temperature. During the
HEMM process, the conductive TiC phase is generated by reaction 1
below:

Zn + Ti + C —» Zn—TiC—C nanocomposite (1)

The Zn—TiC—C nanocomposite was collected and stored in a vacuum
desiccator to minimize surface oxidation. For comparison, a Zn—C
composite was prepared by the same method described above, without
the addition of elemental Ti powder. The weight ratio of Zn and C
was 7:3.

2.2. Sample Characterization. The structural properties of the
Zn-based composites were investigated with a Philips X-ray
diffractometer with Cu Ka (1 = 1.5418 A) radiation and Kratos X-
ray photoelectron spectroscopy (XPS). The powder morphology and
the detailed microstructure of the Zn—TiC—C nanocomposite were
observed with a JEOL JSM-5610 scanning electron microscopy (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS), JEOL
2010F high resolution transmission electron microscopy (HRTEM),
and Hitachi S-5500 scanning transmission electron microscopy
(STEM). A Quantachrome AT-4 Autotap machine was used to
obtain the tap density of the samples.

2.3. Electrochemical Measurements. The electrodes were
prepared by mixing slurries containing 70 wt % active material (Zn-
based composites), 15 wt % Super P conducting agent, and 15 wt %
polyvinylidene fluoride (PVdF) binder in n-methylpyrrolidinone
(NMP), then coating onto a Cu foil current collector (thickness of
10 pm). After drying in a vacuum oven at 120 °C for 8 h and pressing,
the disk electrodes were used to fabricate the CR2032 type coin cells
for electrochemical tests. The test cells were assembled in an Ar-filled
glovebox including a polypropylene (Celgard 2500) separator and a Li
foil counter electrode. The electrolyte used was 1 M LiPFq dissolved in
ethylene carbonate (EC)/diethyl carbonate (DEC) (50:50 vol %).
The electrodes used had a typical loading mass of ~1.5 mg cm™.

The charge—discharge experiment was performed at a constant
current density of 100 mA g~ within a voltage range of 0.0—2.0 V (vs
Li/Li*) with an Arbin battery tester. Rate capability test was conducted
at various current densities from 100 mA g~' to 5 A g™'. The specific
capacity was obtained based on the total weight of the active materials
including Zn, TiC, and carbon in the electrode. Li was inserted when
discharging and extracted during charging steps. An impedance/gain-
phase analyzer (Solartron SI 1260) combined with an electrochemical
interface (Solartron SI 1286) was used for electrochemical impedance
spectroscopy (EIS) measurements, with an ac amplitude of S mV
within the frequency range of 100 kHz to 0.1 Hz.

3. RESULTS AND DISCUSSION

Figure 2 gives X-ray diffraction (XRD) pattern of the Zn—
TiC—C nanocomposite. The broad diffraction peaks corre-
sponding to TiC (JCPDS No. 74-703S, cubic, space group
Fm3m, a = 4315 A) can be clearly observed with the weak Zn
peaks (JCPDS No. 78-7021, hexagonal, space group P6;/mmc,
a = 26591 A and ¢ = 4.8868 A), revealing the presence of
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Figure 2. XRD pattern of the Zn—TiC—C nanocomposite.

conductive TiC phase along with nanosized Zn in the
composite. The successful formation of conductive TiC phase
is in good agreement with our previous reports on Sn- and Sb-
based composite materials.”> No other peaks were detected,
indicating the absence of any of the Zn—Ti and Zn—C binary
phases. Compared with the pure Zn precursor and the Zn—C
composite (see Figure S1 in the Supporting Information), the
average crystallite size of Zn in the Zn—TiC—C nanocomposite
is less than ~11 nm as evident from the further weakening and
broadening of Zn diffraction peaks. The decrease in the
crystallite size of Zn particle results from the successive
deformation induced by HEMM with the TiC phase, which is
extremely hard and strong.”**’

XPS measurement was conducted to characterize the binding
energies of the as-synthesized Zn—TiC—C nanocomposite. The
obtained XPS spectra and the corresponding curve fitting
results for each element (Zn, Ti, and carbon) are given in
Figure 3. The signal from Zn is deconvoluted into two peaks
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Figure 3. XPS spectra in the regions of Zn 2p, Ti 2p, and C Is of the
Zn—TiC—C nanocomposite.

located at ~1044.8 and ~1021.7 eV, respectively, from Zn 2p,
and Zn 2p;), as depicted in the Zn 2p spectrum, confirming
that Zn does not react with either Ti or carbon during
HEMM.”® In the Ti 2p binding energy spectrum, there are two
peaks from Ti 2p;,, and Ti 2p;,, appearing at the binding
energies of ~461.0 and ~455.0 eV, which are higher than those
from metallic Ti 2p peaks (~459.8 and ~453.9 eV). This
indicates, in connection with a weak C 1s peak positioned at
~281.7 eV assigned to carbide, the formation of the TiC phase
in the resulting nanocomposite powders.”” Two additional
broad peaks located at ~463.6 and ~457.9 eV, with a binding
energy difference (AE) of S.7 eV, could be identified as
Ti0,,*>*" possibly formed by air exposure.****> However, the

absence of TiO, peaks in the XRD pattern (Figure 2) suggests
that TiO, exists as a thin passivation layer only on the surface of
the Zn—TiC—C nanocomposite and the amount of formed
TiO, is negligible.3’4 In addition, three peaks at ~288.3 (C=
0), ~285.4 (C—C, sp*), and ~284.5 eV (C=C, sp) in the C
1s spectrum can be explained by the excess amount of carbon
that remains unchanged after HEMM.**¢ On the basis of the
XRD pattern and the XPS spectra discussed above, the Zn—
TiC—C nanocomposite is expected to be composed of
nanosized Zn, nanocrystalline or weakly crystalline TiC, and
carbon phases.

Powder morphology, microstructure, and elemental distribu-
tion of the Zn—TiC—C nanocomposite were analyzed by SEM,
HRTEM, and STEM. Figure 4a shows the SEM image of the

Element  Weight Atomic%
CK 0.15
TiK 0.08
Zn K 0.12
Totals 0.35

0:214nm’”
2 TC (200)

»

Figure 4. (a) SEM image, (b) EDS spectrum, (c) TEM, (d) HR-TEM,
and (e) STEM images of the Zn—TiC—C nanocomposite. In STEM,
the corresponding EDS mapping images of each element are indicated
(Zn, red; Ti, green; carbon, blue).

Zn—TiC—C nanocomposite. The particle sizes of the Zn—
TiC—C nanocomposite are generally in the range of a few
micrometers, which is much smaller than that of elemental Zn
and the Zn—C composite (see Figure S2 in the Supporting
Information). The significant reduction in the particle size
further confirms that the generation of the Zn—-TiC—C
nanocomposite is caused by the continuous fracture and
welding during the HEMM process.37 Moreover, these particles
are thought to be formed by aggregation of nanosized
composite particles. The SEM/EDS result (Figure 4b) shows
that the amounts of Zn, TiC, and carbon in the Zn—TiC—C
nanocomposite were, respectively, estimated to be ~34.2, ~
28.6, and ~37.2 wt % (see Figure S3 in the Supporting
Information). The TEM and HRTEM images presented in
Figure 4c and Figure 4d reveal the detailed microstructure of
the Zn—TiC—C nanocomposite. It is obvious that the
composite particles comprise nanocrystallites (darker area)
embedded in an amorphous matrix (brighter area). The
crystallite size is estimated to be less than 10 nm, consistent
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Figure S. Voltage profiles of (a) Zn—C composite and (b) Zn—TiC—C nanocomposite and differential capacity plots of (c) Zn—C composite and
(d) Zn—TiC—C nanocomposite at various cycles within a voltage window of 0.0—2.0 V (vs Li/Li*) in 1 M LiPFy dissolved in EC/DEC (50:50 vol

%) electrolyte.

with the XRD analysis as discussed above. These nano-
crystallites can be indexed by lattice fringe analysis of the
HRTEM image. It is clearly seen that there are two different
interplanar spacings that correspond to (002) plane (d ~ 0.244
nm) of metallic Zn and (200) plane (d =~ 0.214 nm) of
conductive TiC phase. Furthermore, the STEM and corre-
sponding elemental mapping images in Figure 4e confirm the
homogeneous distribution of Zn, TiC, and carbon in the
nanocomposite particles. This powder morphology is consid-
ered to be quite advantageous because the enhanced powder
conductivity as well as the strong buffering effect against large
volume changes could be provided by the well-mixed TiC + C
matrix in the nanostructured composite.

Galvanostatic charge and discharge experiments were
performed within a voltage range of 0.0—2.0 V (vs Li/Li*) in
order to assess the electrochemical performance of the Zn-
based electrodes. Figure Sa and Figure Sb represent the voltage
profiles of the Zn—C composite and Zn—TiC—C nano-
composite electrodes at a current density of 100 mA g~
The Zn—C composite electrode shows first discharge
(lithiation) and charge (delithiation) capacities of, respectively,
1011 and S1S mA h g '. The corresponding Coulombic
efficiency (CE) is very low (~51.0%), which is comparable to
the case of pure Zn (~51.8%) (see Figure S4 in the Supporting
Information). In contrast, the first lithiation and delithiation
capacities of the Zn—TiC—C nanocomposite electrode are,
respectively, 641 and 402 mA h g™', with a higher initial CE of
~62.7%. Considering that TiC is electrochemically inactive
toward Li,”"**?° the initial capacity loss is mainly caused by the
irreversible reaction of Zn with Li. Therefore, the Zn—TiC—C
nanocomposite is expected to exhibit improved reversibility
because the introduction of the conductive TiC phase reduces
the percentage of active Zn in the composite. After the first
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cycle, although the Zn—C composite exhibits a gradual decrease
in reversible capacity during the initial 50 cycles, an excellent
capacity retention can be observed for the Zn—TiC—-C
nanocomposite, as indicated by the fact that the voltage profile
patterns remain quite similar over 500 cycles.

To better understand the reaction mechanism of Zn with Li
in the Zn—TiC—C nanocomposite, the differential capacity
plots (DCPs) of the Zn-based electrodes at various cycle
numbers are presented in Figure Sc and Figure 5d. The DCP
curve of the pure Zn electrode (see Figure S4 in the Supporting
Information) is used to investigate electrochemical reactions
between Zn and Li. During the first discharge process, it
displays three peaks at ~0.7, ~0.4, and ~0.12 V, which are
associated with, respectively, the formation of solid—electrolyte
interphase (SEI) layer on the surface of active material and the
sequential lithiation reactions of Zn, eventually forming the
LiZn phase (Zn — LiZn, — LiZn)."**° Upon first charge, four
reaction peaks are seen at ~0.28, ~0.33, ~0.55, and ~0.68 V,
which are indicative of the successive delithiation processes
from LiZn to Zn (LiZn — Li,Zn, — LiZn, — LiZn, — Zn).*°
As shown in Figure Sc, although these peaks are not clearly
observed for the Zn—C composite electrode in the first
discharge step, the presence of four peaks during charging
confirms the occurrence of the above-mentioned Li—Zn
reactions. The large and broad peaks (0.3—1.0 V) are arising
from the irreversible reaction of Li with the excess amount of
carbon, and this is expected to mainly contribute to the large
capacity loss in the first cycle, in conjunction with the SEI
formation.”'> The Zn—C composite shows the Li—Zn reaction
peaks at ~0.4 and ~0.12 V from the second cycle, but they no
longer appear after 50 cycles, indicating the poor reversibility
and low electrochemical stability of the active Zn in the Zn—C
composite. This is believed to be ascribed to the aggregation of
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Figure 6. (a) Cycle performance of the pure Zn, Zn—C, and Zn—TiC—C nanocomposite electrodes. The specific capacity was calculated based on
the total mass of active materials. (b) Nyquist plots of the Zn—C and Zn—TiC—C nanocomposite electrodes after 1 and 50 cycles. (c) Variation of
the volumetric capacity and corresponding Coulombic efficiency as a function of cycle number and (d) rate capability of the Zn—TiC—C
nanocomposite electrode at various current densities (1C = 400 mA g™'). Note that the specific capacity and tap density of graphite in (c) are

assumed to be, respectively, 350 mA h g and 1.0 g cm™.

Table 1. Electrochemical Data of the Zn-Based Electrodes

Ist discharge capacity
1

1st charge ca]g:)acity

1st Coulombic efficiency capacity retention (nth/1st charge

electrode (mAhg (mAhg (%) capacity) (%)
pure Zn 143 74 51.9 92.1 (n = 50)
Zn—C composite 1011 515 S1.0 654 (n = 60)
Zn—TiC-C 641 402 62.7 79.2 (n = 800)
nanocomposite

Zn particles during repeated cycling that is vulnerable to
particle crumbling and the ensuing electrode degradation,
analo%ous to the other Li-alloying materials such as Sn and
Sb.2'123% I the case of the Zn—TiC—C nanocomposite
(Figure 4d), all the Li—Zn alloying and dealloying reaction
peaks are also observable. Nevertheless, the DCP profiles are
rather smooth and show much broader reaction peaks,
revealing the generation of Zn nanocrystllites in the Zn—
TiC—C nanocomposite as a result of the HEMM process.
Moreover, the active Zn nanoparticles in the Zn—TiC—C
nanocomposite still undergo reversible reaction with Li even
after 500 cycles. These results demonstrate the effectiveness of
TiC + C conductive matrix for the improvement of
electrochemical properties by suppressing particle agglomer-
ation and enabling high utilization of the Zn active particles.
Figure 6a illustrates and compares the cycle performance of
the Zn-based electrodes at a current density of 100 mA g~ ".
Table 1 summarizes electrochemical data of the Zn-based
electrodes, including the first discharge and charge capacities,
initial CE, and capacity retention after certain cycles. The pure
Zn shows much lower specific capacity compared to its
theoretical value (~410 mA h g™'), which might be caused by
the large particle size that could hinder a full lithiation process
into metallic Zn particles at a relatively higher current density
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of 100 mA g~'. The Zn—C composite exhibits significantly
higher initial Li insertion and extraction capacities. This is
mainly due to the formation of nanosized Zn dispersed in
carbon matrix that could facilitate lithiation/delithiation
processes by providing good electronic pathway among the
composite particles. A reversible capacity of >450 mA h g™ is
maintained up to 40 cycles, but it gradually decreases to less
than ~340 mA h g_1 after 60 cycles. On the other hand, it is
remarkable to note that the Zn—TiC—C nanocomposite
electrode delivers stable reversible capacity of as high as 360
mA h g7' and it retains ~318 mA h g~' over 800 cycles,
indicating the excellent cycle performance with a high capacity
retention of ~79.2%. Since the TiC phase does not react with
Lj, it could remain uniformly distributed in the composite even
after continuous electrochemical cycling. Consequently, the
TiC phase not only acts effectively as a reinforcing matrix that
mitigates the volume change of the Zn active material but also
provides high conductivity throughout the composite along
with excess carbon, resulting in significantly enhanced cycling
stability of the Zn—TiC—C nanocomposite. Considering that
the reversible capacity of conductive carbon is ~480 mA h g™
(see Figure SS in the Supporting Information), the capacity
contribution from Zn is estimated to be ~410 mA h g!
(LiZn), which is almost the same as its theoretical value.”® Such
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a high utilization of Zn active particles (~100%) is probably
due to the nanocomposite architecture composed of a
homogeneous dispersion of Zn nanoparticles within the
combined highly conductive TiC + C matrix. Therefore, we
could conclude that the introduction of TiC + C matrix leads to
high conductivity and high reversibility of Zn anode as well as
the mechanical buffering effect to alleviate the large volume
changes upon extended cycling. The EIS studies (Figure 6b)
further support the enhancement in the conductivity of the
Zn—TiC—C nanocomposite during the electrochemical test.
The difference in the charge-transfer resistance values between
the Zn—C (47.2 Q mg) and Zn—TiC—C nanocomposites (31.3
Q mg) is rather small after the first cycle (see Figure S6 in the
Supporting Information). However, the Zn—TiC—C nano-
composite (52.3 Q mg) shows significantly lower charge-
transfer resistance compared to the Zn—C composite (174.9 Q
mg) after 50 cycles, resulting from the maintenance of good
electron transport path between active particles by suppressing
or preventing the electrode pulverization.

Figure 6¢ shows the variation of the volumetric capacity and
corresponding CE of the Zn—TiC—C nanocomposite electrode
as a function of cycle numbers. It is generally known that
graphite has a low tap density of ~1.0 g cm™>,'"" leading to a
low volumetric capacity that needs to be improved. With a high
tap density of ~1.3 g cm™>, the Zn—TiC—C nanocomposite
electrode displays a stable volumetric capacity of ~468 mA h
cm™>, which is ~1.35 times higher than that of graphite. The
CE quickly increases to 99.9% by the fifth cycle and maintains
an average value of ~99.95% through 800 cycles. Consequently,
the Zn—TiC—C nanocomposite shows superior cycle perform-
ance and outperforms commercial graphite in terms of
volumetric capacity that is >413 mA h cm™ even after 800
cycles. In addition, electrochemical characterization is further
performed at various current densities from 100 mA g~'
(025C) to S A g' (12.5C) (1C = 400 mA g ') to evaluate
the effects of the TiC + C buffer on the rate capability of the
Zn—TiC—C nanocomposite. As can be seen in Figure 6d, the
Zn—TiC—C nanocomposite electrode exhibits excellent rate
performance, with specific charge capacities of ~400, ~365,
~34S, and ~322 mA h g_l, respectively, at current densities of
0.25, 1.25, 2.5, and 7.5C rates. It is surprising that it retains a
high specific capacity of ~300 mA h g~ at very high current
densities of as high as 12.5C, which is ~75% of its capacity at
0.25C rate. This result further suggests the facile Li*-ion
transports properties of the Zn active particles through the
short diffusion path, which could be obtained by the
confinement of nanosized Zn particles in the combined
nanostructured TiC + C dispersing matrix that can prevent
small Zn particles from aggregating into large Zn clusters even
after repeated fast charge and discharge cycling.

4. CONCLUSIONS

We have successfully synthesized the Zn—TiC—C nano-
composite through a low cost, facile, high yield, and
environmentally friendly HEMM process. The simple applica-
tion of the well-blended TiC and carbon conductive matrix into
Zn anode demonstrates superior electrochemical performance
in terms of a stable reversible capacity of ~318 mA h g~! with
exceptionally long cycle life of over 800 cycles and high rate
capability up to 12.5C rate. This dramatic performance
improvement is mainly attributed to the realization of a novel
nanostructured composite composed of Zn nanoparticles
uniformly embedded within the TiC + C matrix. The

conductive TiC + C buffer in the nanostructured Zn—TiC—C
composite offers high electronic conductivity, structural
reinforcement, and durable dispersing matrix that could
overcome several problems associated with Zn anode such as
particle growth, electrode pulverization, and huge volume
change occurring during repeated cycling. Overall, we believe
that the Zn—TiC—C nanocomposite has a great potential to be
employed as an alternative anode material in LIBs and our
simple and practical strategy can also be applied to explore
various other nanocomposite materials for LIBs as well as Na-
ion batteries.
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