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ABSTRACT: In this study, LiMn2−xTixO4 cathode materials were synthesized by a
simple one-step hydrothermal method, and the effects of Ti doping on the sample
structure and electrochemical properties were examined. The results indicated that Ti
doping did not affect the spinel structure of LiMn2O4, and no other hybrid phases were
produced. Furthermore, appropriate doping with Ti improved the particle uniformity
of the samples. The electrochemical performance results showed that LiMn1.97Ti0.03O4
exhibited much better cycling performance than the undoped sample. The discharge
capacity of LiMn1.97Ti0.03O4 reached 136 mAh g−1 at 25 °C at 0.2C, and the specific
capacity reached 106.2 mAh g−1 after 300 cycles, with a capacity retention rate of
78.09%. Additionally, the specific capacity of LiMn1.97Ti0.03O4 was 102.3 mAh g−1 after
100 cycles at 55 °C, with a capacity retention rate of 75.44%. The Ti-doped samples
thus exhibited an impressive high-rate performance. The discharge capacity of
LiMn2O4 was only 31.3 mAh g−1 at 10C, while the discharge-specific capacity of
LiMn1.97Ti0.03O4 reached 73.4 mAh g−1. Furthermore, to assess the higher Li+ diffusion coefficient and lower internal resistance of
the Ti-doped samples, cyclic voltammetry and impedance spectra data were obtained. Our results showed that Ti doping enhanced
the crystal structure of LiMn2O4 and improved Li+ diffusion, resulting in significant improvements in the cycling and rate
performance of Ti-doped samples.

1. INTRODUCTION

Safe and portable lithium-ion batteries are one of the newest
rechargeable energy storage devices that are frequently used in
everyday life. Characterized by high energy density and high
cycle life, lithium-ion batteries have attracted considerable
attention.1−6 Compared to other cathode materials, spinel
LiMn2O4 has the advantages of abundant resources, low cost,
safety, nontoxicity, environmental friendliness, and superior
performance.7,8 However, its commercial applications are
limited due to issues with rapid capacity decay, which is mainly
caused by Mn3+ ion Jahn−Teller distortion.9−13 This distortion
occurs when the LiMn2O4 crystal structure changes from cubic
to quadrate rock salt during the final discharging process,
blocking the Li+ ion diffusion channel.14,15 Additionally, due to
the disproportionation of the manganese ions, Mn inevitably
dissolves in the electrolyte solution,16 resulting in a decrease in
the active substance and attenuation capacity.
To solve the aforementioned problems, many methods have

been studied and utilized. Element doping is an effective method
to improve the cycling performance of LiMn2O4 and includes
metal-ion doping (Al3+, Cr3+, Mg2+, Ni2+),17−21 nonmetal ion
doping (Si4+, F−),22,23 and ionic codoping.24−26 Gu et al.27

studied the electrochemical performance of LiMn2−xMxO4 (M =
Mn, Co, Ni, Fe, Cr, Al; x = 0.05, 0.1, 0.15, and 0.2) and showed

that doping of metal ions effectively blocks the crystal phase
transition, reducing the microstrain and volume contractions
during the cycling process. Furthermore, LiMn2−xMxO4

exhibited better electrochemical stability and less capacity
fading than LiMn2O4 did. Numerous previous studies28−30 have
also shown that low-priced metal ions can replace Mn
compounds and can also enter the 16d octahedral sites, thus
improving the averageMn valence state in spinel LiMn2O4 while
reducing the amount of Mn3+ ions. This method inhibits Jahn−
Teller distortion, stabilizes the structure during the charging and
discharging processes, and improves the cycling performance.
However, few studies have examined the electrochemical
performance of Ti4+-doped LiMn2O4. Furthermore, because
the Ti−O bond has stronger binding energy than Mn−O, it can
form a more stable [Mn2−xTix]O4 skeleton and potentially
improve the material cycling performance.

Received: March 22, 2021
Accepted: June 10, 2021
Published: August 10, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

21304
https://doi.org/10.1021/acsomega.1c01521

ACS Omega 2021, 6, 21304−21315

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaqing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyan+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huixin+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yezhu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="KaiFeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fenglan+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenlei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenlei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenzhe+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c01521&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01521?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01521?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01521?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01521?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/33?ref=pdf
https://pubs.acs.org/toc/acsodf/6/33?ref=pdf
https://pubs.acs.org/toc/acsodf/6/33?ref=pdf
https://pubs.acs.org/toc/acsodf/6/33?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c01521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Additionally, choosing a synthetic method significantly
impacts the use of spinel LiMn2O4 in Li-ion batteries, as
material performance is closely related to morphology, size, and
structure.31 Various high-capacity and high-cycling performance
methods for the preparation of spinel LiMn2O4 have been
proposed, including the Pechini, sol−gel, and hydrothermal
methods.32−36 Tian et al.37 proposed a rapid synthesis of

LiMn2O4 using a microwave-induced flameless combustion
solution method. The heat treatment of lithium nitrate,
manganese acetate, tetrahydrate, and nitric acid at 105 °C
formed a eutectic solution. Following this, the solution
underwent a flameless combustion reaction at temperatures
between 300 and 700 °C, and the final synthesized LiMn2O4

structure was composed of submicron polyhedral crystals. The

Figure 1. (a) XPS full spectrum of the T0 and T3 samples, (b) Ti 2p peaks of T3, (c) Mn 3s peaks of T0 and T3, (d) Mn 2p peaks of T0 and T3, (e)
fitted Mn 2p3/2 peaks of T0, and (f) fitted Mn 2p3/2 peaks of T3.
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Figure 2. continued
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discharge capacity reached 114.4 mAh g−1 at 1C, with a capacity
retention of 45.4% after 1000 cycles. Chen et al.38 synthesized
mesoporous spinel LiMn2O4 with high crystallinity via a soft-
templating method that used a two-step heat-treatment process.
The results showed that the mesoporous spinel LiMn2O4
exhibited higher Li+ diffusion, and the mesoporous structure
promoted the rapid transport and intercalation dynamics of Li+,
giving it good cycle capabilities at a high current density.
However, most of these studies adopted a complicated two-step
synthesis, where the precursor (MnCO3, MnO2, and Mn3O4)
was first synthesized using a liquid phase method, followed by
high-temperature calcination (700−900°C) for secondary grain
growth.
In this work, Ti-doped spinel LiMn2O4 was prepared using a

simple one-step hydrothermal method that was quick, direct,
and effective and did not require any preprocessing. Supporting
the existing research, we found that doping Ti ions significantly
slowed the capacity decay problem of spinel LiMn2O4 and
improved its electrochemical performance.

2. RESULTS AND DISCUSSION

2.1. Structure and Morphology. Figure 1 shows the X-ray
photoelectron spectra (XPS) of the T0 and T3 samples. A full-
range XPS spectrum is shown in Figure 1a, and the characteristic
peaks of C 1s, O 1s, Mn 2p, andMn 3s are visible in both T0 and
T3 samples. Specifically, detection of the Ti 2p peak confirmed
the presence of the Ti element in the T3 sample. Figure 1b
shows the Ti 2p XPS spectrum, and the Ti 2p was split into two
peaks, which were Ti 2p3/2 (457.8 eV) and Ti 2p1/2 (463.3 eV).
The binding energy between 2p3/2 and 2p1/2 differed by 5.5 eV,
indicating that the Ti ions were in a tetravalent oxidation state.
To confirm the oxidation state of theMn ions, a Mn 3s spectrum

analysis was performed on the sample, as shown in Figure 1c,
and the energy intervals of the 3s multiple splitting peaks for
Mn2+, Mn3+, and Mn4+ were 6.1, 5.5, and 4.5 eV, respectively.
The energy split of the samples was 4.8 eV, which was between
Mn3+ (5.5 eV) andMn4+ (4.5 eV), confirming that the oxidation
states of the Mn ions in the T0 and T3 samples were +3 and +4.
Figure 1d shows the Mn 2p spectrum, for which the binding
energies of Mn 2p3/2 and Mn 2p1/2 were 642.1 and 653.8 eV,
with a separation of 11.7 eV. As shown in Figure 1e,f, the Mn
2p3/2 curves fit the two peaks at approximately 642.8 and 641.7
eV, corresponding toMn3+ andMn4+, respectively.39 TheMn3+/
Mn4+ percentage ratios for the T0 and T3 samples were 49.8/
50.2 and 52.9/7.1%, respectively, as obtained from the different
photoelectron peak area ratios. Thus, the results showed that
doping the Ti4+ ions increased the Mn3+/Mn4+ ratio, indicating
that Ti4+ replaced theMn4+ sites in the material crystal structure.
Figure 2a shows the X-ray diffraction (XRD) patterns for all of

the samples. The samples showed the characteristic cubic spinel
structure diffraction peaks with Fd̅3m symmetry and no other
impurity phase peaks, indicating that introducing trace amounts
of Ti4+ did not change the inherent spinel structure. Moreover,
the diffraction peak strength of the doped Ti sample was higher
than that of the undoped sample, indicating that Ti doping
moderately enhanced the crystallinity of the material. Rietveld
refinement using the FULLPROF software was also conducted
as part of the XRD data analysis, as shown in Figure 2b−g. The
results are listed in Tables 1 and 2. The small confidence profile
R-factor, Rwp, confirmed that the results were credible. Table 1
shows the atom occupancy parameters, indicating that the Ti4+

ions that occupied the Mn position as a result of Ti doping,
forming a stable [Mn2−xTix]O4 skeleton. Table 2 shows the
lattice parameters and cell volumes of the samples. Table 2
shows the sample lattice parameters, as well as the cell volumes,

Figure 2. (a) XRD patterns of samples from T0 to T5. Rietveld refinement for the samples of (b) T0, (c) T1, (d) T2, (e) T3, (f) T4, and (g) T5.

Table 1. Atom Occupancy Parameters Obtained from Rietveld Refinement

occupancy

atom site T0 T1 T2 T3 T4 T5

Li 8a 0.0417 0.0417 0.0417 0.0417 0.0417 0.0417
Mn 16d 0.0832 0.0825 0.0817 0.0805 0.0792 0.0781
Ti1 8a
Ti2 16d 0.0006 0.0015 0.0028 0.0037 0.0047
O 32e 0.1667 0.1667 0.1667 0.1667 0.1667 0.1667
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which increased as the Ti doping amount increased. This likely
occurred because Ti4+ ions have a larger radius (0.61 Å),
replacing the smaller-radius Mn4+ ions (0.53 Å). The increase in
the cell volume was also moderately beneficial for Li+ diffusion,
as it reduced the polarization and internal resistance of the
material during charging and discharging. Furthermore, because
the binding energy of the Ti−Obond (662 kJ mol−1) was higher
than that of the Mn−O bond (402 kJ mol−1),40 Ti doping made
the structure more stable.
The morphology and particle sizes of the samples were

observed by scanning electron microscopy (SEM), as shown in
Figure 3, and octahedron or polyhedron morphology is clearly
visible. Furthermore, the samples contained smaller particles,
resulting in larger contact areas between the particles and the
electrolyte, a shorter Li+ diffusion path, and a higher utilization
rate of the active substances.41,42 Doping of the Ti ions had little
effect on the morphology and particle sizes of the obtained
samples. However, it should be noted that the particle size
distribution of the undoped LiMn2O4 was not uniform and the
particles appeared to agglomerate, as shown in Figure 3a. Thus,
doping of Ti likely improved the dispersion of the particles.
Figure 3g shows the energy-dispersive spectrum of T3, where
the presence of Ti element is clearly visible. This further
confirmed the replacement of Ti ions into spinel LiMn2O4, as
previously described.
2.2. Electrochemical Characterization. Figure 4 shows

the initial discharge curves of LiMn2−xTixO4, as well as the
cycling performance curves at 0.2C at room temperature (RT).
Figure 5a shows that two charging/discharging voltage plat-
forms appeared at approximately 4.1 and 3.95 V on the
charging/discharging curves, which corresponded to the two
different stages of Li+ insertion/extraction.43,44 As shown in
Figure 4a, the initial discharge capacities of samples T0, T1, T2,
T3, T4, and T5 were 139.9, 129.5, 131.2, 136, 133.4, and 123
mAh g−1, respectively. The discharge capacity of the undoped
LiMn2O4 was the highest, and unlike the discharge capacities of
the undoped sample, those of the doped Ti samples decreased to
varying degrees. The T1 sample, which contained a small
amount of Ti ions, exhibited a lower discharge capacity and may
be due to the introduction of Ti ions into thematerial lattices. As
a result, the Ti ions replaced part of the active Mn compounds,
thus reducing the discharge capacity of the sample. However,
when the Ti doping amount increased, the first discharge
capacity initially increased and then decreased. As the Ti doping
content increased, the particle structure of the sample became
more regular, while the skeleton became more stable. This was
conducive to the Li+ insertion/extraction process. As a result, the
electrochemical transformation between the trivalent manga-
nese ions and tetravalent manganese ions could better adapt to
the charge−discharge process. However, it should be noted that
a relatively large Ti4+ doping amount resulted in a significant
reduction in capacity. This likely occurred because the

introduction of more Ti ions significantly reduced Mn ion
content, producing numerous tiny agglomerated particles that
could prevent the conduction and block the lithium-ion
diffusion channel. Figure 4b shows the cycling performance of
the samples at 0.2C, where the cycling performance of undoped
LiMn2O4 was poor. After 300 cycles, the specific capacity of
LiMn2O4 was only 52.5 mAh g−1, with a capacity retention rate
of 37.53%. Thus, the cycling performance of the doped Ti
samples improved. After 300 cycles, the discharge-specific
capacities of the T1, T2, T3, T4, and T5 samples were 62.4, 81.2,
106.2, 92.6, and 86.2 mAh g−1, while the corresponding capacity
retention rates were 48.19, 61.89, 78.09, 69.42, and 70.08%,
respectively. In all of the doped samples, the T3 sample had the
best capacity and cycling performance. Therefore, appropriate
doping with Ti ions can effectively improve the electrochemical
performance of the material.
Figure 5 shows the cycling performance curves of

LiMn2−xTixO4 (x = 0, 0.03) at 0.2C at 55 °C, whereby the
capacity decay problem of LiMn2O4 was more serious at higher
temperatures, as capacity was only 61.6mAh g−1 after 100 cycles,
while the capacity retention rate was 44.48%. However, the
specific capacity of LiMn1.97Ti0.03O4 was 102.3 mAh g−1 after
100 cycles at 55 °C, with a capacity retention rate of 75.44%,
indicating that the Ti-doped materials performed better at
higher temperatures.
Figure 6 shows the rate performance curves of LiMn2−xTixO4

at different current densities from 0.2 to 10C at RT. This
illustrates that the specific discharge capacities of the sample
decreased as the current density increased. This occurred
because the physical resistance and concentration polarization
caused an overvoltage, which lowered the actual cutoff voltage
during charging and discharging below the set value.45 In
particular, the rate performance of the undoped T0 sample was
very poor under the large current density, with a discharge
capacity of 31.3 mAh g−1 at 10C. However, the Ti-doped
samples exhibited an enhanced rate performance, which was
consistent with the results of the T1−T5 samples, as they had
larger lattice constants and cell volumes. Of them, the T3 sample
had the best rate performance, with specific capacities of 96.5
and 73.4 mAh g−1 at 5 and 10C, respectively. When the current
density reverted to 0.2C, its specific capacity still reached 128
mAh g−1, indicating that the T3 sample had good electro-
chemical reversibility. Moreover, the T3 sample retained good
cycling performance under high current density. This indicated
that Ti doping improved the high-rate discharge performance
and utility of the active material.
To further investigate the effects of Ti doping on the

structural stability of spinel LiMn2O4, the structures and
morphologies of the T0 and T3 samples were characterized
after 100 cycles at 0.5C at RT. Figure 7a shows the XRD patterns
of the electrode samples, as well as pure LiMn2O4 before the
electrochemical cycle, which was included for comparison.
Except for the Al and C peaks, both the T0 and T3 sample
diffraction peaks indicated spinel LiMn2O4, which were
unchanged after 100 cycles. The peak intensity for T3 was
stronger than that for T0, indicating that T3 had better
crystallinity. The lattice parameters and cell volumes of the T0
and T3 samples after 100 cycles were calculated, and the results
were compared with the parameters before the electrochemical
cycle, as shown in Table 3. The internal stress caused by volume
changes was not conducive to the structural stability of the
material.46 After 100 cycles, the volume shrinkage of the T3
sample was smaller, indicating that Ti doping enhanced the

Table 2. Crystallographic Data Obtained from Rietveld
Refinement

sample a (Å) V (Å3) Rwp (%)

T0 8.2267 556.775 8.42
T1 8.2301 557.464 8.14
T2 8.2328 558.018 7.75
T3 8.2333 558.107 7.92
T4 8.2343 558.309 9.17
T5 8.2349 558.437 8.85
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structure of the material and alleviated the cycle capacity

reduction issues. As shown in the T0 and T3 electrode SEM

images, after 100 cycles at 0.5C (Figure 7b,c), the T0 surface

contained more byproducts, while the T3 surface was relatively

clean and intact. Therefore, doping with an appropriate amount

of Ti appeared to be conducive to reducing the erosion of the

electrolyte and maintaining the integrity of particles, thus

improving the electrochemical performance of the material.

To further confirm the electrochemical behavior of the Ti-
doped samples, cyclic voltammetry (CV) curves were recorded
by scanning the T3 sample, which had the best electrochemical
performance, along with the undoped T0 sample at 0.1−0.8 mV
s−1, as shown in Figure 8. The CV curves of LiMn2O4 and
LiMn1.97Ti0.03O4 were similar in shape, with both observing two
pairs of redox peaks, indicating that Li-ion intercalation and
deintercalation processes occurred in two steps,47 which was
consistent with the charging/discharging curves described

Figure 3. SEM images of the samples (a) T0, (b) T1, (c) T2, (d) T3, (e) T4, and (f) T5. (g) Energy-dispersive X-ray spectroscopy (EDS) mapping of
T3.
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above. As shown in Figure 8a,b, the peak potential of the samples
moved to both sides as the scanning rate increased, reflecting the

polarization reversibility. Figure 8c shows a good linear
relationship between the square root of the scanning rate
(ν1/2) and the peak current of the ipa2 peak (Ip), indicating that
the charging and discharging processes of the lithium ions were
diffusion-controlled processes. The diffusion coefficient of Li+

(DLi
+) can be calculated according to the following formula48−51

I n A D C2.69 10p
5 3/2

Li
1/2

Li
1/2ν= × × × × × ×+ +

where Ip is the peak current (mA), n is the electron transfer
number (n = 1), A is the electrode surface area (cm2), CLi

+ is the
concentration of Li+ (0.02378 mol cm−3), and ν is the scanning
rate (mV s−1). Therefore, the resulting DLi

+ values of T0 and T3
were 3.64× 10−12 and 5.23× 10−12 cm2 s−1, respectively. The T3
sample had a large Li-ion diffusion coefficient, indicating that the
Li-ion diffusion rate was faster, which was consistent with the
rate performance results.
To study the reaction kinetics of the Ti-doped LiMn2O4

cathode material in the cell, electrochemical impedance
spectroscopy (EIS) measurements were performed on the T0
and T3 samples. Figure 9 shows the EIS spectra of the T0 and T3
samples after 1 and 100 cycles, respectively. The intercept
between the semicircle and the x-coordinate in the high-
frequency region represented the solution resistance of the
electrolyte (Rs), while the semicircle of the intermediate
frequency region was generated by the interaction of two
resistors. These were denoted by solid electrolyte interface
impedance (Rf) and charge-transfer impedance (Rct), which are
typically associated with the electronic conductivity of
materials.52 The increase in the semicircle indicated that the
capacity for the partial charge transfer and the material transfer
was reduced on the interface between the cathode and the
electrolyte.53 The sloped line represented the Warburg
impedance (W1), which was related to the rate of Li+ diffusion
in the electrode. As shown in Figure 9, the semicircle for the T0
sample was larger than that for the T3 sample, while the lithium-
ion diffusion rate was faster in the T3 sample. Based on the
principle of least square fitting, an equivalent circuit model was
established to fit the experimental data, and the simulated
impedance curves were in good agreement with the
experimental data. Table 4 shows the fitted resistance values
in the electrochemical impedance spectrum. After one cycle, the
Rf and Rct fitted values of T3 (36.22 and 46.19 Ω) were smaller
than those of T0 (54.90 and 44.29Ω). This showed that the T0

Figure 4. (a) Initial charge/discharge curves and (b) the cycling performance curves of the samples from T0 to T5 at 0.2C at RT.

Figure 5. Cycling performance curves of T0 and T3 at 0.2C at 55 °C.

Figure 6. Rate capabilities of the samples from T0 to T5 at different
current densities at RT.
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sample had a large charge-transfer impedance and that doping
with Ti improved the electron conductivity. After 100 cycles, the
impedance difference between the T0 and T3 samples was more
obvious, as the Rf and Rct values for the T0 sample increased to
323.30 and 212.60 Ω and increased to 202.50 and 117.40 Ω for
the T3 sample, respectively. The results indicated that after 100
cycles, the impedance inside the LiMn2O4 cathode material
increased due to the distortion of the crystal structure. However,
the Ti-doped LiMn2O4 material had a more stable crystal lattice,
a more stable Li+ diffusion channel, and lower charge-transfer
resistance. Therefore, the T3 sample had better cycling
performance and rate performance.

3. CONCLUSIONS
In this work, LiMn2−xTixO4 was prepared using a one-step
hydrothermal method. The structural characterization results
showed that Ti was successfully doped into the samples, and Ti4+

replaced Mn4+ at the octahedral sites. All of the samples
contained spinel structures, sharp diffraction peaks, and no
impurity phases. The Ti doping has no significant effect on the
morphology and size. Electrochemical tests showed that
LiMn1.97Ti0.03O4 exhibited better cycling performance and rate
performance, where the first discharge-specific capacity was 136

mAh g−1 at 0.2C, and the discharge-specific capacity was 106.2
mAh g−1 after 300 cycles at 25 °C with a capacity retention of
78.09%. Additionally, the specific capacity of LiMn1.97Ti0.03O4
was 102.3 mAh g−1 after 100 cycles at 55 °C, with a capacity
retention rate of 75.44%. The structure and morphology of the
samples after cycling also indicated that Ti doping enhanced the
stability of the material’s crystal structure, reducing the side
reactions between the particle surface and the electrolyte. The
CV and EIS spectra also showed that appropriate doping with Ti
increases Li+ diffusion while reducing the internal resistance of
the electrode during charging and discharging. Therefore, our
results indicated that the doping of Ti improved the electro-
chemical performance of spinel LiMn2O4.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Materials. All samples were prepared
using a hydrothermal method, where 0.21 g of LiOH·H2O (AR,
Aladdin), 0.79 g of KMnO4, and TiO2 (AR, Aladdin) were
dissolved in 50 mL of deionized water, producing a 1:1 molar
ratio of Li/Mn. Aniline was added to the mixture as a reducing
agent and the solution was continuously stirred for 30 min. The
aniline amount was calculated by controlling the molar ratio of
aniline/KMnO4, producing a 1:5 molar ratio of aniline/KMnO4.
Afterward, the resulting solution was moved into an autoclave,
where it chemically reacted at 200 °C for 12 h, and the resulting
mixture was filtered, dried, and ground to obtain LiMn2−xTixO4
(x = 0, 0.01, 0.02, 0.03, 0.04, and 0.05) samples, which were
denoted by T0, T1, T2, T3, T4, and T5, respectively.

4.2. Structural Characterization. X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) was used to

Figure 7. (a) XRD patterns of the T0 and T3 electrodes. (b, c) SEM images of the T0 and T3 electrodes after 100 cycles at 0.5C.

Table 3. Volume of T0 and T3 (△VRepresents Their Volume
Change before and after Cycling)

sample V (Å3) (before cycling) V (Å3) (100th) ΔV (%)

T0 556.775 553.136 0.65
T3 558.107 556.874 0.22
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analyze the elemental surface composition and valence of the
samples. The sample crystal structures were characterized via a
X-ray diffractometer (XRD, Bruker D8 ADVANCE, Germany),

where the radiation source was Cu Kα with a wavelength of

0.15406 nm, and diffraction peaks were obtained from 10 to 80°

Figure 8.Cyclic voltammetry curves with various sweeping rates from 0.1 to 0.8 mV s−1: (a) T0, (b) T3, and (c) peak current (Ip) of ipa2 as a function
of the square root of the sweeping rate (v1/2).

Figure 9. Electrochemical impedance spectroscopy plots for T0 and T3 (a) after 1 cycle and (b) after 100 cycles. Inset: the corresponding equivalent
circuit diagram.
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at 5°min−1. Themorphology was observed by scanning electron
microscopy (SEM, Zeiss Sigma300, Germany).
4.3. Electrochemical Characterization. The obtained

LiMn2−xTixO4 samples, a poly(vinylidene fluoride) binder, and
acetylene black were mixed together at a weight ratio of 8:1:1
and ground in an agate mortar, along with an N-methyl-2-
pyrrolidone solvent to ensure uniform grinding. Afterward, the
mixture was evenly coated on aluminum foil and dried in a
vacuum drying oven at 110 °C to obtain the pole piece, and
positive 11 mm diameter pole pieces were created via punching.
The electrolyte solution consisted of LiPF6 (1M), with a volume
ratio of 1:1:1 ethylene carbonate, 1,2-dimethyl carbonate, and
ethyl methyl carbonate. The negative electrode was constructed
from a lithium metal sheet, while porous polypropylene film
(Celgard 2400) was used for the diaphragm. The cells were
assembled into a button cell in an argon gas-filled glovebox. A
battery test system (LAND-CT2001A, China) was then used to
conduct a constant current charge−discharge experiment on the
prepared semibattery. The charge−discharge cutoff potential
was set between 2.9 and 4.3 V, while cyclic voltammetry and
impedance were obtained using an electrochemical workstation
(CHI600A, China).
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