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Abstract

In the present work, we report synthesis of MgCo,04 (MCO)/Li4TisO, (LTO) composites for Li-ion battery anodes by a co-
precipitation method. The objective of this work is to replace expensive Co with Mg and also to exploit advantages of both MCO
and LTO. Three samples of MCO/LTO particles with different MCO proportion have various average particle sizes of 38.1, 56.9,
and 58.5 nm, confirmed by scanning electron microscopy. Electrochemical studies show that a MCO/LTO anode offers a
discharge capacity of ca. 300 mAh g~', which is two times higher than that achieved by pristine LTO. The MCO/LTO anode
also retains 75% of its initial capacity, even if the discharge rate is increased to 5 C. Cyclic stability test reveals that the composite
anode still maintains nearly 85.5% of its initial capacity after 150 cycles. Electrochemical impedance spectroscopy indicates that
the equivalent series resistance of MCO/LTO electrodes is significantly lower than that of LTO, i.e., from 35.5 to 9.9 ). The
enhanced performance of the composite electrodes can be attributed to its improved conductivity as well as to the surface
modification of LTO particles by MCO nanoparticle deposition which leads to increased number of active sites on the former.

Keywords Lithium-ion battery - Spinel structure - Composite anodes - Magnesium cobaltite - Lithium titanate

Introduction

Demand for more efficient energy storage devices continues
increasing [1]. Presently, this demand can potentially be met
by lithium-ion batteries (LIBs), which, unlike traditional bat-
teries, have successful application in a large array of electronic
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devices including portable electronics, electric vehicles (EVs),
and solar systems. This success is attributed to their light-
weight, much faster charge and discharge capabilities and long
cycle life [1-5]. However, electronic devices and EVs are
becoming even more energy hungry because of their increased
functionality. So, current LIB technology needs even more
improvement. The major challenge, nowadays, is to provide
high specific energy at low cost without compromising fast
charge and discharge capability, and cyclic stability.
Currently, the most popular anode material in commercial
sectors is graphite [1, 4]. However, there is concern of lithium
plating on graphite anode during fast charging due to the low
electrochemical potential of the LiCy. Other anode materials
with higher electrochemical potential can prevent lithium plat-
ing, such as is LiyTisO;, (LTO). These issues have been driv-
ing researchers to find alternative anode materials [1, 6].
Pristine LTO anode offers superior Li-ion intercalation/
deintercalation capability, faster charge and discharge ability,
zero-strain volume change during charge and discharge, and
better safety performance, compared to the conventional
carbon-based anode materials [6—8]. However, LTO suffers
from low electric conductivity (ca. 5.96 x 1077 S ecm ") [9],
high operating voltage (ca. at 1.5 V), and low capacity (175
mAh g vs. 372 mAh g for graphite), thereby hindering its
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use in high-energy devices [10—12]. To overcome this obsta-
cle, other metal oxides such as TiO,, SiO,, SnO,, ZnO,, NiO,
Fe;04, CuO, and Co304 have been explored [13-23].
Compared to the other metal oxides, Co;0,4 and MCo,0,
(M = metal) are promising materials with higher theoretical
capacity [24, 25]. However, since cobalt is an expensive and
toxic material, there have been efforts to partially replace it
with naturally abundant and non-toxic materials like Cu, Zn,
Fe, Mg, and Mn [26-33].

Recently, MgCo,0,4 (MCO) spinel crystal has attracted
interest for energy storage application devices [34-30]
and displays high electrical conductivity (ca. 7.51—
8.24 x 107" S cm™') [37] and high theoretical capacity
of 693 mAh/g for LIB anode [31]. Thus far, few groups
have studied MgCo,0, (MCO) as an anode material, with
Chowdari et al. reporting the first use in 2008 [31]. Later,
Wang et al. prepared and reported the application of nano-
wires and nanospheres of MCO [28]. Recently, M. Qin
et al. offered an efficient solvothermal route to synthesize
Ce- and La-doped LTO composite anode, showing supe-
rior electrochemical performance [38]. This work aims to
develop a composite anode integrating the merits of high
capacity from MCO and excellent cyclability from LTO.
The merit of the present work is to explore the robust
design of MCO-coated LTO composites, which displayed
great prospects as an anode material for Li-ion batteries
because of its improved capacity retention, excellent cy-
clic stability, and low cost.

Experimental
Materials synthesis

Commercially available LTO (purity 99.9%) was purchased
from Ubiq Technology Co. (Taoyuan, Taiwan). MCO/LTO
composites were synthesized using a co-precipitation method
as follows. First, 10 g of LTO was dispersed in 1,000 ml of
deionized water followed by adding stoichiometric amount of
Mg(NO3),:6H,0 and Co(NO3),-6H,0 under continuous stir-
ring. Ammonia solution was added dropwise to raise the pH of
the solution to 9.0. Finally, H,O, was introduced as a precip-
itating agent to the solution and stirred for 1 h. The precipitates
were filtered from the solution and washed with deionized
water to remove all nitrate ions. Then, the obtained powders
were dried in a vacuum oven overnight. To obtain MCO/LTO
composites, the powders were calcined in air at 500 °C for 5 h.
The effects of MCO to LTO proportion were investigated with
varying the MCO/LTO weight ratios as 1/10, 2/10, and 3/10,
and the samples are designated as M1L1, M1L2, and M1L3
for clarification, respectively, according to MCO to LTO
weight ratio.
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Materials characterization

The crystalline nature of the as prepared material was studied
by X-ray diffraction (XRD) with Cu-K« radiation using an
automated X-ray diffractometer (Shimadzu labx XRD-6000).
The XRD scan was carried out within the range of 10-80° at a
scan rate of 2° min”'. Rietveld refinement of XRD was carried
out using Profex (version 3.11.1). Reference crystallographic
data of LTO and MCO were obtained from Crystallography
Open Database (http://www.crystallography.net). The
microstructure of the materials was observed by a field-
emission scanning electron microscope (FE-SEM, JEOL
JSM 6701F) and high-resolution transmission electron mi-
croscopy (TEM, FEI Talos F200s). The particle size distribu-
tions were obtained by counting more than 100 particles on
high-resolution SEM pictures. The SEM equipment could
provide an automatic scale to measure each particle size.
The chemical compositions of the samples were characterized
using X-ray photoelectron spectroscopy (XPS), recorded by
Fison VG ESCA210 spectrometer with Mg-K, radiation. The
deconvolution of XPS spectra was conducted by a non-linear
least squares fitting program with a symmetric Gaussian
function.

Electrochemical characterization

Li-ion coin cells with a diameter of 1.5 cm were fabricated in
order to study the as prepared anode materials. The schematic
diagram for assembling test cells was illustrated in the
Electronic Supporting Information (see Figure S1). The elec-
trodes were fabricated according to the following procedure.
The slurry was prepared by ball milling active materials (i.e.,
MCO/LTO composite), conducting additive (i.e., super P, car-
bon black with an average particle size of 40 nm, Taiwan
Maxwave Co., Ltd.), and poly-vinylidenefluoride with the
weight ratio of 8:1:1 in N-methyl pyrrolidinone for 3 h. To
obtain the uniform slurry, the mixture was blended using a ball
mill for 3 h. The slurry was then pasted on a copper foil with a
doctor blade controlling a wet thickness of 100 um, followed
by drying using a blow dryer. Half coin cells were assembled
with lithium metal as the counter electrode and a polypropyl-
ene separator. The mass loading of active material was 25 mg
cm™. The electrolyte was a 1.0 M solution of LiPFg in ethyl-
ene carbonate, polycarbonate, and dimethyl carbonate with a
weight ratio of 3:2:5. Cyclic voltammetry was carried out
using an electrochemical analyzer (CH Instrument, CHI 608)
within a voltage range from 0.5 to 3.0 V at a scan rate of
0.1 mV s '. The cells were charged at a rate of 0.2 C, and
discharged at different constant rates. Basically, C-rate repre-
sents a charge or a discharge rate equal to the capacity of a
battery in 1 h. Herein, the C-rate calculation was based on the
theoretical capacity of LTO (175 mAh g™ '). Therefore, 1.0 C
is equal to the charge or discharge rate of 175 mA g .
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Electrochemical impedance spectroscopy (EIS) was per-
formed at open circuit voltage within the frequency range of
100 kHz to 0.01 Hz. The signal amplitude was set at 5 mV.
The equivalent circuit was simulated using Z-view software.

Results and discussion

The crystal structure of as-prepared LTO and MCO/LTO com-
posites was studied by XRD. As shown in Fig. 1, distinctive
diffraction peaks for the pristine LTO sample can be found at
20 angles of 18.5, 35.7, 43.3, 47.5, 57.3, 62.9, 66.1, 74.4, and
75.5° corresponding to (111), (311), (400), (331), (333), (440),
(531), (533), and (622) reflections of LizTisO;, (JCPDS Card
No.: 49-0207), respectively. Basically, this sample displays a
single phase of cubic spinel structure with an Fd3m space
group. The samples with the presence of MCO show peaks
at 20 angles 0of 31.0, 36.8, 44.6, 58.9, and 65.2°, which corre-
spond to (220), (311), (400), (511), and (440) planes, respec-
tively, indicating a spinel crystalline structure of MgCo,0,
(JCPDS Card No.: 02-1073). The intensity of each MCO peak
is an increasing function of MgCo,O, content. The presence
of all major peaks of LTO and MCO confirms successful
formation of MCO/LTO composites.

Figure 2 and Table 1 present the Rietveld refinement results
using Profex (version 3.11.1). The refinement results confirm
that all the peaks of LTO and MCO are well indexed, with the
deviation (Ry,) reaching as low as < 9.4%. The lattice param-
eters of both LTO and MCO remain fairly unchanged, sug-
gesting that the original structure of the nanoparticles is not
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Fig. 1 Typical XRD patterns of different composite anodes

affected during the synthesis process. The average crystallite
size of MCO particles can be estimated by the Debye-Scherrer
formula:

Dzk)\/(ﬁl/z cose) (1)

where D is the crystallite size, k the Scherer constant (0.89), A
the wavelength of the X-ray radiation (0.15406 nm) for Cu-
Ko source, 0 the Bragg angle, and (3, the full width half
maximum of diffraction peak of (311) plane taken at 26 in
radians [39]. Based on the above formula, the average size of
the MCO crystallites for M1L2 and M1L1 is 11.7 and 15.0
nm, respectively.

The microstructure of the as-prepared samples was ana-
lyzed by FE-SEM and was presented in Fig. 3. Chunk-like
pristine LTO particles, as shown in Fig. 3a, are of sizes ranging
from 300 to 600 nm. Figure 3b—d shows the aggregated MCO
particles deposited on LTO chunks. The particle size distribu-
tions of MCO crystals on LTO particles are presented in the
form of histograms in Fig. 3e—g. As can be seen, M1L3 sam-
ple shows right-skewed distribution. The average particle size
of the three samples follows an order: M1L3 (36.1 nm) <
MIL2 (56.9 nm) < MI1L1 (58.5 nm), clearly showing that
the MCO particle size increases with Mg and Co content.
The standard deviation for each particle size is approximately
9.6%. The particle size obtained by SEM is larger than that
obtained by XRD implies that MCO nanoparticles are com-
posed of smaller monocrystalline primary particles.

TEM micrograph (see Figure S2(a)) displays several MCO
crystals in the composite sample. The MCO nanocluster is
basically composed of secondary grains, inducing a number
of grain boundaries. The selected area diffraction (SAD) pat-
tern from an area focusing on the MCO cluster is given in the
inset of Figure S2(a), indicating bright diffraction spots along
with diffraction rings. Such ring configuration reveals that the
cluster consists of MCO nano-crystallites. Figures S2(b) and
S2(c) show the elemental mapping, indicating homogeneous
distribution of Co and Mg elements on the MCO crystals.

XPS analysis was performed to investigate surface compo-
sition of different MCO/LTO samples. Figure S3(a) shows
survey XPS spectra, confirming the presence of MCO content
on LTO sample. As expected, the Co/Ti atomic ratio on the
MCO/LTO composites obeys an order as M1L3 (0.97) >
MIL2 (1.96) > M1L1 (3.11). This increase in the Co/Ti atom-
ic ratio is attributed to more MCO crystals coated on the LTO
powders, in accordance with the sequence of the preparation
recipe. High-resolution XPS scan on Co 2p of the MCO/LTO
samples was illustrated in Figure S3(b—d), confirming the for-
mation of MCO crystals. The Co 2p peaks contain several
symmetric peaks, which are composed of overlapping features
originating from the 2p;, and 2p;, peaks due to Co** and
Co’* together with the associated satellite structure. The peaks
at ca. 782 and 797 eV can be assigned to the presence of Co>*
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Fig. 2 Results of Rietveld refinement of XRD spectra of a L, b M1L3, ¢ M1L2, and d M1L1 sample

component, whereas the peaks at ca. 780 and 796 eV are
ascribed to the appearance of Co®* component in MgCo,0,
crystals [36]. Moreover, the satellite peak at approximately
786790 eV mainly originates from Co** species and Co>*
component, while the satellite peak located at ca. 803 eV is
related to Co®*/Co’" [35, 40, 41]. As a result, the MCO/LTO
composite contains pure MCO spinel crystals, which is in
good agreement with the results of XRD and XPS analyses.

The cyclic voltammograms (CVs) of pristine L, M1L3,
MI1L2, and MI1L1 electrodes, presented in Figure 4a, b, c,
and d, respectively, are carried out at a scan rate of 0.1
mVs ™' within the voltage range of 0.5 to 3.0 V vs Li/Li*. As
for sample L, the anodic and cathodic peaks occur at approx-
imately 1.67 and 1.45 V vs Li/Li*, respectively, characteristic
of the redox reaction of LTO. LTO shows no other peaks that
suggest any kind of material decomposition. This proves that

Table 1 The lattice parameters of

LTO and MCO obtained from the Sample LTO lattice parameter (A) MCO lattice parameter (A) Ry, (%) X2
Rietveld refinement
L 8.3565 - 9.40 0.0173
MIL3 8.3608 8.0944 6.47 0.0084
MIL2 8.3598 8.1017 7.27 0.0171
MIL1 8.3601 8.0926 7.12 0.0105
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LTO is stable in the above mentioned voltage range, which is
also supported by our previous work [39]. The redox reaction
step could be expressed as follows:

LiyTisO12 + 3¢ + 3Li" < Li;TisO1, (R1)

The reaction step (R1) displays excellent reversibility dur-
ing Li-insertion/extraction process. In 2008, Y. Sharma et al.
proposed that MCO undergoes a reduction reaction during the
first discharge to form Li,O and MgO [28].

MgCo,04 + 6Li" + 6e «<2Co + 3Li,O + MgO (R2)

Meanwhile, inactive MgO, which is formed at the first
cycle (i.e., (R2)), could remit volume variations effectively
during the following electrochemical reactions, resulting in
good cycling stability [42]. That is, metal oxide crystals serve
as buffering species, effectively limiting the volume expan-
sion and detachment of MCO nanocrystals during the cycling,

which has been reported by other literature [43]. After the first
cycle, one additional anodic peak appears at 2.01 V vs. Li/Li*
upon introduction of MCO to LTO, whereas two extra cathod-
ic peaks appear at 0.92 V and 1.19-1.28 V vs. Li/Li*, as
shown in Figure 4b—d. These peaks could be ascribed to the
redox reactions described by equation (R3) and (R4) [42].

2Co + 2Li0O—2Co0 + 4ALi" + 4e”

(R3)
(R4)

The oxidation/reduction peaks, originated from the redox
reactions (i.e., (R3) and (R4)), possibly overlapped at the scan
rate. The characteristic peaks of MCO become more pro-
nounced as the MCO proportion increases. Equations (R3)
and (R4), appeared within 0.9-1.2 V vs. Li/Li*, show a redox
reversibility of lithium ions in the MCO crystals. Thus, the
decoration of MCO nanocrystals induces large number of ac-
tive sites of Li* ion insertion or extraction and reduces the Li*
ion diffusion resistance, as compared to pristine LTO anode.

@ Springer



3202 J Solid State Electrochem (2019) 23:3197-3207
Fig. 4 Typical CV curves ofa L, 12 oLTo 0.8 oLTO
b MIL3, ¢ MIL2, and d MILI ] (a) . *MCO . (b) *MCO
anodes ¢ 0.6 - @167V
0.8
z 2 o0l
< < 0.4
2 04 O
g £ 02
s ]
= < i 201V
g0 S *
B i)
= =
&) 1 )
0.4 —
1 * 145V
0.8 —_— -0.4 _———
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
Potential (V vs. Li/Li") Potential (V vs. Li/Li")
0.8 oLTo 08 *LTO
b 167V * MCO B 167V *MCO
(©) : (a) :
0.6 — 0.6 —
%o g4 % 04
< 0.4 < 0.4
& b 2z g
5 0.2 1 .5* 0.2 7 201V
- | 201V - i *
g * g
£ £
= 0 -
o] ]
-—\*_\/\F
092V
-0.2 *
128V ¢
4 145V
* 119V
V41— 04— 77—
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
Potential (V vs. Li/Li") Potential (V vs. Li/Li")

During the charge-discharge cycling, the MCO is capable of
raising the specific capacity of MCO/LTO composite anodes,
contributed from the reversible reaction steps, i.e., (R3) and
(R4).

Figure 5a, b, ¢, and d present typical charge-discharge
curves of L, M1L3, M1L2, and M1L1 anodes, respectively.
The electrochemical test conditions were set at constant dis-
charge rates ranging from 0.1 C to 5 C and a constant charge
rate of 0.2 C within the voltage range of 0.5-3.0 V. The charge
and discharge process of L sample can be divided into three
sections: a rapid voltage drop from 3.0 to 1.5 V, a plateau at
1.5V, and a second drop from 1.5 to 0.5 V vs Li/Li*. It is
generally recognized that the plateau at 1.5 V is caused by
insertion of Li ions into the octahedral sites (16d) of LTO
lattice during the intercalation process [39]. At the same time,
Li ions located at tetrahedral sites move to octahedral sites
(8a). The Li intercalation/de-intercalation process can be
expressed by the equation (R5).

Li3(83)[LiTi54+](16d)012(32e) + 3¢ + 3Li"
Lisa ec)[LiT133+Tiz4+]( 160O01232¢) (RS)

On the contrary, both M1L2 and M1L1 samples show
roughly two plateaus at approximately 1.5 and 1.0 V vs Li/
Li*, corresponding to LTO (R1) and MCO ((R3) and (R4)),

@ Springer

respectively. The positions of plateaus are close to that of redox
peaks, observed from the CV measurements. It is clear from the
figures that the characteristic charge-discharge profiles for
MCO become more pronounced as MCO content increases.
MIL1 sample shows the highest capacity of ca. 300 mAh g
at 1 C, almost two times higher than sample L (155 mAh g at
0.1 C). The enhanced capacity performance of the MCO/LTO
composite can be attributed to the fact that the introduction of
MCO offers more active sites for Li* storage (i.e., (R3) and
(R4)) in the MCO/LTO composite anodes [28]. The specific
capacity of the MCO/LTO samples was found to be higher than
that of other studies, including TiO,/LTO (230 mAh g " at 0.2
C), SnO,/LTO (224 mAh g ' at 100 mA g "), and graphene/
LTO composite anodes (270 mAh g ' at 25 mA g ') [43-45].
A comparison of specific capacity between this work and other
LTO-based composite anode materials [46—52] was collected,
as depicted in Table 2. This table shows that the robust design of
MCO/LTO composite anodes delivers a feasibility to replace
other LTO-based anode materials for high energy and high
power LIBs. Generally, the specific capacity of traditional
graphite-like anodes is found to be a decreasing function of C
rate due to the presence of ionic diffusion resistance. However,
MI1L1 and M1L2 still retain 63 and 75% of their initial capacity,
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respectively even if the discharge rate is increased 50 times
from 0.1 to 5 C. The high rate capacity of MCO/LTO composite
anodes is superior to traditional graphite anodes, capable of
meeting with the requirements of EVs. Based on the above
results, it can be concluded that the robust design of MCO/
LTO anode satisfies not only high energy density but also high
power density.

Figure 6 shows the specific capacity of the as prepared
electrode materials over 150 cycles at constant charge and
discharge rate of 1 C. The L sample shows a far superior
capacity retention ability (ca. 85.4%), likely to be originating
from its zero-strain volume change during Li intercalation/de-
intercalation. Among the MCO/LTO composite samples,
MI1L2 anode shows an excellent retention of 85.5%.

Table 2 Comparison of different

LTO-based composite anodes for Material Synthesis method Performance Reference
Li-ion batteries
Li,ZrO4/LTO Solid-state reaction 168mAhg 'at16 mA  [46]
-1
g
AlF5/LTO Chemical impregnation followed by thermal 163 mAhg ' at02C [47]
treatment
Ag/LTO Sol-gel assisted hythermal method 186 mAh g 'at0.5C [48]
ZnO/LTO Radio magnetron sputtering 293mAhg 'at35mA  [49]
—1
g
LTO spheres Hydrothermal process followed by 148 mAh g 'at 02 C [50]
calcination
La,05/LTO Polymeric method followed by calcination 235mAhg ' at02C [51]
Tiy05,1/LTO 3<n<  Sol-gel process followed by heat treatment 171 mAh g ' at02 C [52]
10)
MCO/LTO Co-precipitation followed by calcination 300mAhg 'at1C This
work
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However, M1L1 experiences a sharp fall in capacity, retaining
only 69.1 % of its initial value. The capacity fading of anode

materials of LIBs mainly happens due to the volume
expansion/contraction during Li ion intercalation/de-
intercalation process [28]. Accordingly, the robust design of
MCO/LTO composite anode confirms the merits of high ca-
pacity from MCO and excellent cyclability from LTO. The
capacity loss can also be induced by the side reactions be-
tween highly reactive Li metal in the anode, and trace O,,
H,0, and alkyl carbonate solvents [53]. However, the prod-
ucts of these reactions form a stable film of lithium salts on the
electrode at ambient temperature. This film, commonly re-
ferred as solid electrolyte interface (SEI) film, prevents further
reactions. An interesting finding of this study is that, like the
findings of J. E. Hong et al., the capacity decay is strongly
related to the MCO content as well as to the size of MCO
nanoparticles [10]. The more stable nature of M1L2 can be
ascribed to the optimal size of MCO nanoparticles, offering
decreased stress between MCO nanoparticles and LTO chunks
when volume change happens during Li intercalation/de-in-
tercalation. Therefore, it can be concluded that the cyclic sta-
bility of composite anodes could be a function of MCO nano-
particle size. Accordingly, the parameters of co-precipitation
synthesis method could be subjected as another topic in con-
trolling particle size and uniformity of MCO nano-crystallites
in the near future. Figure 7 shows typical CV curve, charge-
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discharge cycling curve, and cyclic performance of pristine
MgCo,0, anode, showing extremely poor capacity retention
ability of pristine MCO (only around 25% of the initial capac-
ity is retained after 40 cycles). We observed from Fig. 7a that
the first cathodic peak centered at ~ 1.05 V could be ascribed
to the formation of SEI layer, which corresponds to the reduc-
tion of Co™* to metallic Co® without Mg** reduction to metal-
lic Mg? because of the strong bond energy in MgO [28]. One
broad peak centered at around 2.12 V could be ascribed to
oxidation of Co to Co** in the following anodic polarization
process, which is identical with previous study [42]. The
charge-discharge cycling test (see Fig. 7b and c) reveals that
pristine MCO anode displays poor rate capability at high rate
and serious capacity fading after potential cycling.

EIS is a widely used tool to estimate the electrical resis-
tance and the behavior of different electrodes in an electro-
chemical system. Figure 8a shows the Nyquist plots obtained
from EIS analysis of as-prepared anodes within the frequency
range from 100 kHz to 0.01 Hz. Generally, the Nyquist plot
for an electrochemical system can be divided into three major
sections: (i) an intersection in the real axis in high frequency
region, signifying the bulk resistance of the system, (ii) a
semicircle, whose diameter is a measurement of the charge
transfer resistance, and (iii) a slant line in the low frequency
region, whose slope represents the diffusivity of ions inside
the electrode material. A proposed equivalent circuit for sim-
ulating the impedance behavior within the frequency region of
100 kHz—10 Hz is presented in Fig. 8b, in which Rg is the bulk

L 0.01 Hz

> O ¢ O

Fig. 8 Electrochemical impedance spectroscopy of composite anodes: a
Nyquist plot and b equivalent serial circuit
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Table 3 EIS simulation parameters of different composite anodes
Sample  Rg () Rser (@) Rer (@) Rgs ()
L 7.0 (20%) 4.9 (14%) 23.6 (66%) 35.5 (100%)
MIL3 4.3 (21%) 2.5 (12%) 13.3 (67%) 20.1 (100%)
MIL2 4.6 (46%) 1.2 (12%) 4.1 (42%) 9.9 (100%)
MIL1 3.5 (32%) 1.7 (15%) 5.8 (53%) 11.0 (100%)

resistance of the cell, which is a combined resistance of elec-
trode, electrolyte, and separator [54, 55], Rc the charge trans-
fer resistance, and Rgg; the resistance of the SEI film. Herein,
Rgs is the equivalent circuit resistance, representing the sum
of Rg, Rer, and Rggp. The fitting results of the equivalent
circuit are presented in Table 3, and the solid lines obtained
from the simulation (Z-view software) were given to compare
with the experimental data, as shown in Fig. 8a. The deviation
for each component is within 10%. As to all the electrodes, the
magnitude of Ret constitutes the major portion of the Rgg
value. It can be clearly seen from the Nyquist plots as well
as from the simulation data that Rt of the MCO/LTO com-
posites are significantly lower than that of pristine LTO. This
mainly originates from well dispersed MCO nanocrystals that
provide available Li-storage sites over the LTO matrix (i.e.,
contributed from (R3) and (R4)), leading to small charge
transfer resistance. This clearly indicates that introduction of
MCO nanoparticles enables easier charge transfer at electrode/
electrolyte interface, which partly explains the superior per-
formance of MCO/LTO composites over pristine LTO ones.
Overall, this study shows that the MCO/LTO composite is a
promising anode material for Li-ion batteries, offering excel-
lent capacity and cyclic stability.

Conclusions

Low capacity of LTO and poor cyclic stability of MCO were
dealt with by fabricating a MCO/LTO composite by a co-
precipitation method. Electrochemical analysis showed that
the introduction of MCO nearly doubles the capacity of LTO
anode. The superior performance arises from the formation of
MCO active sites on LTO chunks and the improved conduc-
tivity of the composite material, proved by EIS analysis.
Among all composite samples, M1L2 anode delivered the
highest capacity retention (86.1%), which could be ascribed
to its optimal MCO particle size. To sum up, the MCO/LTO
composites showed a great prospect as an anode material for
Li-ion batteries because of its improved capacity retention and
cyclic stability, and of course its low cost.
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