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This work proposed a collaborative strategy of Ti-doping and octahedral morphology to improve the
cycling property of lithium manganate oxide (LiMn2Os). The LiTio0sMn1.9504 octahedrons were
prepared by solid-phase method with Mn3O4 octahedrons and TiO2 nanoparticles as manganese
precursor and titanium dopant, respectively. XRD and SEM characterizations indicated that the existence
of tetravalent titanium ions presents no substantive impact on the spinel structure. The obtained
LiTio.osMn1.9504 sample well inherited the octahedral morphology of Mn3Os octahedrons. For this
sample, the Ti-doping could enhance the crystal structure stability and avoid the reduction of trivalent
manganese ions, and the octahedral morphology helped to maintain the spinel structure by inhibiting the
manganese dissolution. These functions could effectively enhance the cycling stability of LiMn20..
When tested at 1.0 C, the 1st reversible capacity of LiTio.osMn1.9504 0ctahedrons was higher than that of
both the LiTig.0sMn19504 particles and LiMn2O4 particles. After 100 cycles, the capacity retention of
LiTio.0sMn1.9504 octahedrons could reach up to 94.2%, which was much higher than that of other two
samples (90.3% and 75.2%). Furthermore, the high-rate capability and high-temperature performance
were significantly improved due to the synergetic modification of Ti-doping and octahedral morphology.

Keywords: Lithium manganate; Titanium doping; Octahedral morphology; Cycling stability;
Synergistic effect

1. INTRODUCTION

Cathode materials have an important impact on the manufacturing cost and charge-discharge
property of lithium-ion batteries [1-3]. Lithium manganate oxide (LiMn2O4) has many advantages such
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as rich manganese resources, cheap production cost, mature manufacturing technology, which are
conducive to the practical application of LiMn20O4 [4-7]. However, it is somewnhat regrettable that the
poor cycling stability of this cathode material has a serious negative impact on the long battery life.
According to the reported works, the poor cycling stability has strong connections with Jahn-Teller
distortion, surface Mn dissolution, and particle aggregation, which severely disrupt the structural
stability of LiMn20O4 [8-11].

To inhibit the Jahn-Teller distortion, a great many of scientific researchers modified the structural
stability of LiMn2O4 by introducing some heterogeneous ions to replace the manganese ions. The
corresponding ions mainly involve negative nonmetal ions (F-, CI") [12, 13], low-value metal ions (Li",
Cu?*, Mg?*, AP*, Er®") [5, 14-17], high-value nonmetal/metal ions (Sn**, Si**, Ti**, V°*) [18-22]. Among
these ions, high-value nonmetal/metal ions can show extra effect of avoiding the reduction of trivalent
manganese ions, which have much to do with the reversible specific capacity. Several research works
confirmed that the Ti-doping could enhance the crystal structure stability because of the stronger Ti-O
chemical bond and inhibited Jahn-Teller distortion in the crystal structure but also avoid the reduction
of trivalent manganese ions [20, 23]. Xiong [20] synthesized the tetravalent titanium-doped lithium
manganate oxide by high-temperature solid state method. The results showed that the introduction of
tetravalent titanium ions could enhance the strength of chemical bonds and reduce the degeneracy of
manganese ions, which improved the structure stability. Xue [24] prepared the titanium doped lithium
manganese oxide nanorods, which confirmed the positive function of Ti-doping on the reversible
specific capacity. These research results indicated that the Ti-doping is a valuable strategy to improve
the electrochemical performance of LiMn2Oa. Furthermore, several reported works demonstrated that
the octahedral morphology helped to realize the improvement of cycling stability by inhibiting the
manganese dissolution to maintain the structure stability of LiMn.O4 [25, 26]. Jin [26] successfully
synthesized the LiMn2O4 octahedrons with the hydrothermally synthesized MnszO4 octahedrons as
manganese precursor, which effectively achieved the improvement of capacity retention.

Herein, the LiTio.0sMn1.9504 0ctahedrons was prepared through a solid-phase process with MnzO4
octahedrons as manganese precursor and TiO2 nanoparticles as titanium dopant. The Ti-doping could
enhance the crystal structure stability and avoid the reduction of trivalent manganese ions, and the
octahedral morphology helped to maintain the spinel structure by inhibiting the manganese dissolution.
Compared with the existing research works, the synergistic effect of Ti-doping and octahedral
morphology significantly enhanced the electrochemical properties of LiMn2Os, which has important
value and significance in the development of this cathode material.

2. EXPERIMENTAL

2.1. Materials synthesis

The LiTio0sMn1.9504 octahedrons was prepared through a solid-phase lithium intercalation
process. The manganese precursor MnzOs octahedrons was first synthesized by a simple and low-cost
hydrothermal reaction process. Subsequently, a certain amount of Mn3O4 octahedrons, TiO>
nanoparticles, and LiOH-H>O were mixed by means of ethanol. The corresponding grinding-mixing
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process was repeated for three times. The obtained mixture was dried in vacuum and further headed at
800 °C for 10 h in air atmosphere. For comparison, both the LiTig.0sMn1.9504and LiMn2O4 samples with
irregular morphology were synthesized with electrolytic MnO2 (EMD) and LiOH-H>O as raw materials.
In the following description, these two samples with irregular morphology were marked as
LiTio.0sMn1.9504 particles and LiMn2O4 particles, respectively.

The obtained LiTio05Mn1.9504 octahedrons, LiTio.osMn1.95s04 particles, and LiMn2O4 particles
were characterized based on the analytical techniques such as XRD and SEM. XRD pattern was applied
to analyze the effect of Ti-doping on the phase structure of LiMn;O4, and SEM image was used to
confirm the effect of Ti-doping on the surface morphology of LiMn20a. The influence of Ti-doping and
octahedral morphology on the electrochemical properties of LiMn2Os was investigate thoroughly by
means of LANHE CT2001A battery tester and CHI660E electrochemical workstation.

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of (a) LiTio.osMn1.9504 octahedrons, (b) LiTio.0sMn1.9504 particles, and (c)
LiMn20Oy4 particles.

Fig. 1 provides the XRD patterns of the obtained LiTio.0sMn1.9s04 octahedrons, LiTio.osMn1.9504
particles, and LiMn2O4 particles. All the diffraction peaks of LiMn.O4 particles completely correspond
to the characteristic peaks of LiMn,Os (JCPDS No. 35-0782) [7, 27, 28], and the LiTio.0sMn1.9504
particles exhibit similar characteristic peaks to that of LiMn,O4 particles. There is no other impurity peak
in the XRD patterns of these two samples. These results suggest that the electrolytic MnO, completely
convert into LiMn204 and a certain amount of titanium ions presents no substantive impact on the spinel
structure type of LiMn204 [11]. As for the LiTio.0sMn1.9504 0ctahedrons, the corresponding characteristic
diffraction peaks are in almost total agreement with that of LiTio0sMn1.9504 particles and LiMn204
particles, and no other diffraction peaks of manganese oxides and titanium oxides can be observed, which
suggests the successful transformation of Mn3Os octahedrons to LiTioosMn19s04 sample [2, 26].
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Moreover, all the XRD patterns of these three samples does not present the (220) peak, which has much
to do with the diffraction of the tetrahedral sites [15, 23]. According to the reported works [29, 30], the
doped cations at tetrahedral (8a) sites can cause the emergence of (220) peak even if the amount of doped
cation is quite low. Therefore, it can be inferred that the tetravalent titanium ions only replace the
tetravalent manganese at octahedral (16d) sites, which can achieve the improvement of structural
stability of LiMn20a.

Figure 2. SEM images of LiMn;O4 particles (a), LiTio.osMn1.9504 particles (b), and LiTio.0sMn1.9504
octahedrons (c, d).

Fig. 2 provides the SEM results of LiTio.0sMn1.9504 octahedrons, LiTio.0sMn1.9504 particles, and
LiMn204 particles. The LiMn2O4 particles (Fig. 2a) present a very unsatisfactory surface morphology
with uneven particle size distribution. By contrast, the LiTio.osMn19504 particles present relatively
uniform particle size distribution. The introduction of titanium ions reduces the particle agglomeration
to a great extent. For the LiTio.0sMn1.9504 octahedrons shown in Fig. 2c and d, it presents obvious
octahedral morphology, which realizes a good inheritance of octahedral morphology of Mnz04
octahedrons. More importantly, this sample also presents uniform particle size distribution, which
further contributes to the improvement of electrochemical performance [31-33]. Fig. 3b-e provides the
EDS pattern and SEM Mapping images of LiTioosMn1.9s04 octahedrons in the selected area shown in
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Fig. 3a, which can present the element composition and distribution. As shown in Fig. 3b, the EDS
pattern of LiTio.osMn1.9504 octahedrons possess Mn, O, and Ti elements, which are in agreement with
the theoretical design of LiTio.osMn1.950a.

Figure 3. (a) SEM image, (b) EDS pattern, and (c-e) SEM Mapping images of LiTio.0sMn1.9504
octahedrons.

(a)

g (b) Mn2p

Mn2p

T T T T T T T T Lt T T T
1400 1200 1000 800 600 400 200 0 660 655 650 645 640 635
Binding energy / eV Binding energy / eV

(c) - Ti2p (d) Ols

Jl....-.

>

=

T T T T T T T T T T T T T
468 465 462 459 456 453 450 535 534 533 532 531 530 529 528 527

Binding energy / eV Binding energy / eV

Figure 4. (a) Full XPS spectrum and (b-c) XPS spectra of Mn2p, Ti2p and O1s in LiTio.0sMn1.9504
octahedrons.
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Figure 5. Electrochemical performance of LiTio.0sMn1.9504 octahedrons, LiTio.osMn1.9504 particles, and
LiMn2O4 particles: (a) 1% charge-discharge curves, (b) cycling property, (c) histogram
comparsion of 1% discharge capacity and capacity retention, and (d) long cycling performance.

The SEM Mapping images (Fig. 3c-e) suggest the uniform distribution of these three elements
in LiTio.0sMn1.9504 octahedrons. Fig. 4 provides the full XPS spectrum and XPS spectra of Mn2p, Ti2p
and O1s in LiTio.0sMn1.9504 octahedrons, which can confirm the electronic state of Mn, O, and Ti
elements. The full XPS spectrum (Fig. 4a) of LiTioosMn1.9504 octahedrons presents the existence of
Mn2p, O1s, and Ti2p peaks, which are in agreement with the EDS result. Fig. 4b-d provides the XPS
spectra of Mn2p, Ti2p and O1s in LiTio.0sMn1.9504 octahedrons. As shown here, the binding energy
peaks of Mn2p and O1s elements agree with the reported results [29, 31]. The binding energy peaks of
Ti2p are divided into Ti 2p3/2 and Ti 2p1/2 at 458.2 and 464.1 eV, suggesting the tetravalent oxidation
state of Ti element LiTio.0sMn1.9504 octahedrons [20].

The obtained LiTio05Mn1.9504 octahedrons, LiTio.osMn19504 particles, and LiMn2O4 particles
were cycled at 0.5 C to investigate the 1% charge-discharge curves (Fig. 5a). All the initial discharge
curves of these three samples possesses two obvious voltage platforms, which are in almost total
agreement with that of LiMn2O4. According to the existing literatures [2, 9, 34, 35], these characteristic
platforms have strong connections with the lithium intercalation in the process of electrochemical
cycling. Fig. 5b exhibits the cycling performance of these three samples at 0.5 C, and Fig. 5¢ presents
the corresponding histogram of 1% discharge capacity and capacity retention. As shown here, the
LiTio.osMn1.9504 particles present higher cycling stability than that of the LiMn2O4 particles, and the
LiTio.0sMn1.9504 octahedrons presents the optimal electrochemical performance with highest capacity
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retention. Such excellent performance is mainly contributed from the synergistic effect between titanium
doping and octahedral morphology [2, 20, 24, 26].
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Figure 6. (a) Representative discharge curves of LiTio.osMn1.9504 octahedrons and (b) Rate stability of
LiTio.0sMn1.9s04 octahedrons, LiTio.osMn1.9s04 particles, and LiMn2O4 particles.

Fig. 5d presents the long cycling stability of LiTio.osMn19504 octahedrons, LiTio.osMn1.9504
particles, and LiMn204 particles at 1.0 C. It can be seen that the unmodified LiMn2O4 particles exhibit
relatively poor electrochemical performance. The initial reversible capacity only reaches a lower value
of 112.5 mAh g1. After 100 cycles, the discharge specific capacity presents a considerable capacity loss
with unsatisfactory capacity retention of 75.2%. For the LiTio.0sMn1.9504 particles, the cycling stability
was optimized by introducing a certain amount of tetravalent titanium ions. After 100 cycles, the capacity
retention of LiTioosMn19504 particles increases to 90.3%. For the undoped LiMn2Os sample, the
obtained Ti-O chemical bond possesses much higher chemical bond energy than that of the Mn-O
chemical bond after introducing a certain amount of tetravalent titanium ions, which efficiently
suppresses the two-phase coexistence in the discharge process of LiMn204. Moreover, the introduction
of tetravalent titanium ions increases the difference of chemical bonds, which can contribute to reduce
the degeneracy of manganese ions to inhibit the Jahn-Teller distortion in the crystal structure [20, 36-
38]. As for the LiTio.osMn1.9504 octahedrons, the cycling stability was further optimized by introducing
the octahedral morphology. The reversible specific capacity can further increase to 120.9 mAh g with
excellent capacity retention of 94.2% after 100 cycles. According to the research works [2, 26], the
octahedral morphology helped to realize the improvement of cycling stability by inhibiting the
manganese dissolution to maintain the structure stability of LiMn2Oa. It is therefore comprehensible that
the LiTio.0sMn1.9s04 octahedrons shows the optimal cyclic stability with excellent capacity retention.

Fig. 6a provides the representative discharge curves of the LiTio.osMn1.9504 octahedrons at
different charge-discharge rates. It can be found that the increased cycling rate leads to the gradual vague
of voltage platforms. With the increasing of charge-discharge rate, the corresponding voltage platforms
in the discharge curves gradually decrease, which has strong connection with the unsatisfactory
polarization [39-41]. Fig. 6b provides the corresponding cycling property of LiTig.osMn19504
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octahedrons, LiTio.0csMn1.9504 particles, and LiMn2O4 particles at different charge-discharge rates. As
shown here, the cycling rate has great influence on change of the reversible specific capacity. Especially,
the high charge-discharge rate can lead to the serious loss of reversible specific capacity. For the
unmodified LiMn2O4 particles prepared from electrolytic MnO, the reversible capacity of 115.1 mAh
gl at 0.5 C has slightly small difference with that of LiTio.0sMn1.9504 particles and LiMn,O4 particles.
Unfortunately, the reversible specific capacity rapidly attenuates to 51.8 mAh g as the cycling rate
reaches up to 5.0 C. By contrast, the LiTio.0csMn19504 particles present good cycling stability at high
charge-discharge rate. The reversible specific capacity of LiTioosMn1.9504 can increase to 74.8 mAh g
!, Such good performance is closely related to the existence of titanium ions in the spinel crystal structure
of LiTio.0sMn1.9504 [20, 24]. As for the LiTio.0csMn1.9s04 0ctahedrons, the optimal high-rate capability of
98.5 mAh g* can be achieved at 5.0 C, which has much to do with the further modification of octahedral
morphology.

( )140 (b)mu
~ 120 %es - 120
(1) )
< <
g 100 £ 100
= =
£z £z
'S 804 ‘S 80
= =
g &
;,, 604 —e—LiTi Mn 0, Octahedrons E‘) 60 —e—LiTi Mn 0, Octahedrons
s&. ——LiTi  Mn, O, Particles :E ——LiTi , Mn O, Particles
S 4] —*LiMn,O, Particles S 4] T+ LiMnO, Particles
w N w .
=] =]
20 T u u T T 20 T T T T T
0 10 20 30 40 50 0 1 2 3 4 5
Cycle number Cycle number

Figure 7. (a) Cycling property and (b) Rate capability of LiTio.0sMn1.9504 0ctahedrons, LiTio.osMn1.9504
particles, and LiMn204 particles at 55 °C.

Fig. 7a presents the cycling performance of LiTio.0sMn19504 octahedrons, LiTio.0sMn1.9504
particles, and LiMn204 particles at 55 °C. The unmodified LiMn204 particles exhibit quite poor elevated-
temperature electrochemical performance. The initial discharging specific capacity of 112.3 mAh g is
similar to the capacity value at room temperature. After 50 cycles, this sample presents a considerable
capacity loss with unsatisfactory capacity retention of 57.1%. By contrast, the elevated-temperature
cycling stability of LiTio.0sMn1.9504 particles (Capacity retention: 83.7%) was optimized by introducing
a certain amount of tetravalent titanium ions due to the fact that the Ti-O chemical bond possesses much
higher chemical bond energy than that of the Mn-O chemical bond, which has strong connection with
the strong crystal structure stability [20, 23, 24]. As for the LiTio.0sMn1.9504 octahedrons, the elevated-
temperature cycling stability of LiTio.0sMn19s04 sample (Capacity retention: 93.4%) was further
optimized by introducing the octahedral morphology. The synergistic interaction of Ti-doping and
octahedral morphology significantly enhances the high-temperature electrochemical property of
LiMn2Os4. Fig. 7b presents the rate capability of these three samples. It can be found that the
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LiTio.0sMn1.9504 octahedrons show much better rate performance than that of the LiMn2O4 particles and
LiTio.0sMn1.9504 particles. Especially, the LiTio.osMn1.9504 octahedrons shows the optimal rate capability
of 100.8 mAh g* at 5.0 C. However, the LiMn,Os particles and LiTio.osMny1.9504 particles only show
relatively lower reversible capacity of 83.7 mAh g?! and 56.2 mAh g?, respectively. For the
LiTio.osMn1.9504 0ctahedrons, the excellent elevated-temperature electrochemical performance has much
to do with the synergetic modification of Ti-doping and octahedral morphology [7, 24, 42].
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Figure 8. (a) Nyquist plots of LiTioosMn19504 octahedrons, LiTioosMn1.9504 particles, and LiMn204
particles.

Fig. 8a presents the Nyquist plots of LiTio.0sMn1.9s04 octahedrons, LiTio.0sMn1.9s04 particles, and
LiMn204 particles, and the corresponding equivalent circuit model is shown in Fig. 8b. According to the
reported works [1, 6, 43], the electrochemical performance is closely related to the charge transfer
resistance (R2) in the high-frequency region. Therefore, R> values were compared to analyze the
electrochemical performance of these three samples. As shown in Fig. 8a, the unmodified LiMn204
particles present relatively large R, value (281.3 Q cm?), which is in conformance with the poor cycling
stability. By contrast, the LiTio0sMn1.9504 particles showed small Rz value (179.5 Q ¢cm?), which has
much to do with the introduction of titanium ions in the spinel crystal structure. Especially, the
LiTio.0sMn1.9504 octahedrons shows the minimum Rz value (97.2 Q cm?), which is mainly contributed
by the titanium ions doping and octahedral morphology [20, 24]. Moreover, the uniform particle size
distribution is also significant for the improvement of electrochemical property of LiMn2O4 [29, 31, 32].

4. CONCLUSIONS

To summary, we reported the synthesis of LiTio0sMn1.9504 octahedrons by solid-phase method
with Mn3O4 octahedrons as manganese precursor and TiO2 nanoparticles as dopant. The obtained
LiTio.0sMn1.9504 octahedrons show the characteristic diffraction peaks of LiMn2O4 without other impure
phases. The electrochemical measurements showed that the LiTio.0sMn1.9504 octahedrons possess the
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optimal cyclic stability compared to the LiTio.osMn1.9504 particles and LiMn2O4 particles. When cycled
at 1.0 C, the LiTioosMn1.9504 octahedrons presented a relatively satisfactory initial capacity of 120.9
mAh g?. After 100 cycles, the capacity retention of LiTio.0sMn19s04 octahedrons could reach up to
94.2%, which was much higher than that of other two samples. Moreover, the LiTig05Mn19504
octahedrons could exhibit excellent high-rate capability and high-temperature cycling stability. Such
excellent performance is mainly contributed from the synergistic effect between Ti-doping and
octahedral morphology.
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