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Spherical LiTio.0sMn1.9s04@VXC-72R was successfully fabricated by spray-drying method with
LiTio.0sMn1.9504 and VXC-72R nanoparticles as host material and surface modifier. The nanosized
LiTio.0sMn1.9504 particles were obtained by a simple solid-state reaction process followed with ball-
milling treatment. Nano-sized Mn3O4 and TiO> were applied as manganese precursor and titanium
dopant. For the obtained composite microspheres, the introduction of Ti** ions can reinforce the spinel
structure of LiMn204 and avert the decrease of reversible capacity; Nanosized LiTio.0sMn1.9504 particles
help improve the charge transfer efficiency; VXC-72R inhibits the aggregation of LiTio.0sMn1.9504
particles and provide more efficient charge transmission channels; the spherical morphology decreases
the surface area of LiTio.osMn1e5s04@VXC-72R composite, which can enhance the surface stability of
active material. Thanks to the synergistic interaction of these positive functions, the
LiTio.0sMn1.9504@VXC-72R sample presented superior cycling performance at 1.0 C (100 cycles,
Retention: 93.9%; initial discharge capacity: 120.8 mAh g*) Furthermore, both high-rate performance
and high-temperature cycling stability were improved to a certain extent.

Keywords: Cathode material; LiMn2O4; Ti-doping; VXC-72R nanoparticles; Spherical morphology;
Electrochemistry performance

1. INTRODUCTION

With the development of new energy industry, lithium-ion batteries are important to deal with
the energy crisis and environmental pollution. As one kind of commercialized cathode materials, lithium
manganate oxides (LiMn2O4) were applied in the field of power supply and energy storage because of
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the high performance-price ratio and good safety performance [1-3]. It should be noted that the
electrochemical property has severely disrupted the application of LiMn2Os in the field of high-end
power lithium-ion batteries [4-6].

The cycling property of LiMn2Og is intimately connected to the practical application of cathode
materials [7-10]. To enhance the cycling property of LiMn20s, many modification approaches such as
body-doping, surface coating, and morphology controlling were proposed to optimize the structural
stability and surface morphology [11-16]. Among the aforementioned modification strategies, the
doping approach can effectively reinforce the spinel structure of LiMn2O4 by replacing manganese ions
with other heterogeneous ions (F, Li*, zZn%*, Mg?", AP, Ti*) [14, 17-21]. Especially, the
high valence Ti** ions not only improve the structural stability of LiMn2O4 but also avert the decrease
of Mn**ions in the crystal structure of LiMn,Oa, which has much to do with the reversible capacity [21,
22]. Xiong et al. prepared the titanium-doped LiMn204 samples through a simple solid-state sintering
process [21]. Electrochemical measurement showed that the LiMn1.97Tio.0304 sample possessed good
cycling performance with high reversible capacity, which is closely associated with the positive function
of Ti*" ions. Several other reported works also confirmed the impact of titanium-doping on the cycling
stability of LiMn204 [23, 24]. Furthermore, Zhao et al. reported the preparation of LiMn204 and carbon
black nanoparticles composite through the spray-drying process [25]. The combination of carbon black
nanoparticles and spherical morphology can contribute to the enhancement of cycling property and rate
performance due to the decreased manganese dissolution, charge transfer efficiency, and uniform
distribution of carbon black nanoparticles with high electronic conductivity.

In this work, we fabricated the spherical LiTioosMn19s0:@VXC-72R composite with
LiTio.0osMn1.9504 and VXC-72R nanoparticles as host material and surface modifier. The nanosized
LiTio.osMn1.9504 particles were obtained by a simple solid-state reaction process followed with ball-
milling treatment. Nano-sized Mn3O4 and TiO2 were applied as manganese precursor and titanium
dopant. The cycling performance, rate capacity, and elevated temperatures properties were investigated
in detail.

2. EXPERIMENTAL

To prepare the LiTigosMn19s02@VXC-72R composite microspheres, the LiTio.osMn1.9504
octahedrons were obtained by a simple solid-state reaction process followed with ball-milling treatment.
Nano-sized Mn304 and TiO> were applied as manganese precursor and titanium dopant. According to
the chemical formula, LiOH-H20 (Excessive amount: 5%), octahedral Mn3O4 and nanosized TiO, were
mixed evenly and calcinated in high temperature muffle furnace (780 °C, 10 h) followed with the ball-
milling treatment to obtain the nanosized LiTio.0sMn1.9s04. And then, VXC-72R nanoparticles (0.72 g)
and LiTio.0sMn1.9504 nanoparticles (11.28 g) were evenly dispersed into the deionized water. The black
mixed slurry was spray-dried for the preparation of the spherical LiTio.0sMn1.9s04@VXC-72R composite
(Drying temperature: 180 °C).

The influence of Ti-doping and VXC-72R on the phase structure and surface morphologies of
the spherical LiTio.0sMn1950:@VXC-72R composite was characterized by XRD and SEM analysis
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techniques. XRD pattern was applied to study the on the phase structure, and SEM image was used to
confirm the surface morphology. The electrochemical performance of the spherical
LiTio.0sMn1.9504@VXC-72R composite were obtained by LANHE CT2001A battery tester.

3. RESULT AND DISCUSSION
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Figure 1. XRD patterns of spherical LiTio.0sMn1.9504@VXC-72R composite and LiMn20O4 particles.

Figure 2. SEM images of (a, b) LiMn2Os particles and (c, d) spherical LiTio.o0sMn1.0s0:@VXC-72R
composite.
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Figure 1 provides the XRD analysis results of the spherical LiTio.0sMn19504@VXC-72R
composite and LiMn204 particles. It can be observed that these two spinel samples present apparent
diffraction peaks of LiMn204 [9, 24, 25]. Moreover, other peaks of MnO- particles, MnzO4 octahedrons
and TiO2 nanoparticles was not seen in the aforementioned XRD analysis results, which means the
complete transformation of MnO2 or Mn3O4to LiMn2O4 samples [21, 24]. Figure 2 provides the SEM
analysis results of the spherical LiTio0sMn1.9s04@VXC-72R composite and LiMn2O4 particles. It can
be found from Figure 2(a, b) that LiMn2Os particles prepared from MnO: particles present
inhomogeneous particle size distribution.

Figure 2(c, d) provides the SEM analysis results of LiTio.0sMn1.9504@VXC-72R composite
microspheres prepared from Mn3O4 octahedrons and TiO. nanoparticles. It can be found that the
obtained composite microspheres fabricated by spray-drying method presents apparent spherical
morphology, which helps decrease the surface area. The dissolution of surface manganese can be
inhibited to a certain degree because of the decreased contact area of composite microspheres with
electrolyte [25]. The uniform distribution of VXC-72R nanoparticles with high electronic conductivity
can not only inhibit the aggregation of LiTio.0sMn1.9504 particles but also provide more efficient charge
transmission channels [26].

The initial charge-discharge curve can provide some important information about the
electrochemical reaction. Figure 3 provides the corresponding charge-discharge curves of spherical
LiTi0.0sMn1.9s04@VXC-72R composite and LiMn204 particles. It can be found that both the undoped
LiMn2O4 and LiTioosMn1.9s04@VXC-72R composite microspheres possess similar initial charge-
discharge curves. The apparent voltage platforms around 4.10 and 3.95 V in the initial discharge curves
agree with the corresponding characteristic voltage platforms of LiMn2O4, which indicates that both the
Ti** ions doping and spherical morphology does not have the influence on the lithium intercalation
process [24, 25].
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Figure 3. Initial charge-discharge curves of spherical LiTioosMn19504@VXC-72R composite and
LiMn204 particles.
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Figure 4. Cycling stability of spherical LiTio.0sMn1.9s04@VXC-72R composite and LiMn204 particles

cycled at 0.5 C.

Figure 4 provides the cycling property of the spherical LiTig.0sMn19504@VXC-72R composite
and LiMn;0O4 particles cycled at 0.5 C. As shown here, the undoped LiMn,O4 presents low initial
discharge capacity of 118.2 mAh g with poor cycling performance. After 30 cycles, the discharge
capacity decreases to 107.5 mAh g with low retention rate of 90.9%. For the obtained spherical
LiTio.osMn1.9s04@VXC-72R composite, the better cycling property can be achieved with higher
capacity retention rate of 97.0% (Initial discharge capacity: 128.7 mAh g), which can be further
observed form the histogram of initial capacity and retention shown in Figure 5. Such good
electrochemical property has much to do with the synergistic interaction of Ti-doping, VXC-72R
nanoparticles, and spherical morphology [23, 25].

180

150 -

120 4

90 4

60 -

30+

Discharge capacity / mAh g

1 A mitial discharge capacity [[__J] Capacity retention

120

L] L] ! L]
- (=N o0 —
=} (—} > (—3

=]

Capacity retention(%o)

I
2
>

Figure 5. Histogram of

LiMn O, Particles  LiTi, ,Mn 0 @VXC-72R

198 4~

initial discharge capacity and capacity retention of spherical
LiTio.0sMn1.9504@VXC-72R composite and LiMn204 particles cycled at 0.5 C.
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Figure 6. Long cycling performance of spherical LiTio.0sMn1.9504@VXC-72R composite and LiMn204
particles cycled at 1.0 C.

Long cycling stability is of great significance to the practical application of spherical
LiTio.0sMn1.9s04@VXC-72R composite. Figure 6 provides the corresponding long cycling stability of
these two samples cycled at 1.0 C. It can be found that the LiMn2Os sample exhibit poor cycling
performance with low discharge capacity, which has much to do with the agglomerated particles [8, 27].
The 100" discharge capacity decreases to 88.7 mAh g* after 100 cycles (Retention rate: 78.2%). For the
obtained spherical LiTio.0sMn1950:@VXC-72R composite, the better cycling property can be achieved
after 100 cycles with higher retention rate of 93.9% (Initial capacity: 120.8 mAh g). Such superior
cycling property is intimately connected to the synergistic interaction of Ti-doping, VXC-72R
nanoparticles, and spherical morphology: (1) The Ti**-doping can strengthen the structure stability of
LiMn2O4 and replace a certain amount of Mn** ions, which contributes to the high reversible capacity
[23, 24]; (2) The nanosized LiTio0sMn1.9504 particles help improve the transmission efficiency of lithium
ions due to the nanosized particle size [9, 28]; (3) The well-distributed VXC-72R nanoparticles with
high electrical conductivity inhibit the aggregation of LiTigosMn1.9504 particles and provide more
efficient charge transmission channels [7, 10]; (4) The spherical morphology decreases the surface area
of LiTio.0sMn1.95s04@VXC-72R composite, which can decrease the manganese dissolution to a certain
degree because of the decreased contact area of composite microspheres with electrolyte [25, 26]. Table
1 lists the comparison of long cycling performance of LiTigosMn19s04@VXC-72R composite
microspheres and other cathode materials for lithium-ion batteries. It can be found that the
LiTio.0sMn1.9s04@VXC-72R composite microspheres present better cycling performance compared to
other LiMnO4-based cathode materials for lithium-ion batteries, which is intimately connected to the
the synergistic interaction of Ti-doping, VXC-72R nanoparticles, and spherical morphology.
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Table 1. Long cycling performance of LiTio.0sMn1.9s04@VXC-72R composite microspheres and other
cathode materials for lithium-ion batteries [21-23].

Cycling Initial capacity ~ Capacity
Sample condition (mAh g!) retention (%) Reference
: . 1.0 C,
LiMn,04 nanoparticles 100 cycles 114.0 87.8 [22]
: : . 0.5C, 0
LiMnj 97Ti0.0304 particles 70 cycles 135.7 95.0% [21]
LiMn1 o7Tio0;0s nanorods 0. 125.1 93.8 [23]
100 cycles
LiTioosMn1.9s0:@VXC-72R - 1.0 C, 120.8 93.9% This work
composite microspheres 100 cycles

Figure 7 provides the rate property of spherical LiTioosMn1.9504@VXC-72R composite and
LiMn2O4 particles. The cycling charge-discharge rate produces obvious impact on the discharge
capacity. These two samples show more obvious changes with the increasing of cycling rate. When
tested at 10 C, the discharge capacity of LiMn.O4 sample shows a large capacity attenuation. The
discharge capacity rapidly decrease to 43.4 mAh g* with low retention rate of 38.4% compared to the
1% discharge capacity. For the obtained spherical LiTio0sMn1.5504@VXC-72R composite, the cycling
property is much better than that of the LiMn.Og4 particles. The discharge capacity can reach up to 87.1
mAh gt at 10 C. Such superior rate capability is intimately connected to the synergistic interaction of
Ti-doping, VXC-72R nanoparticles, and spherical morphology [23, 25, 26].
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Figure 7. Rate capability of spherical LiTio.0csMn1.9s04@VXC-72R composite and LiMn2O4 particles.
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Figure 8. Elevated-temperature cycling property of spherical LiTig0sMn19502@VXC-72R composite
and LiMn204 particles.
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Figure 9. Elevated-temperature rate capability of spherical LiTio.0sMn1.9s04@VXC-72R composite and
LiMn204 particles.

Figure 8 provides the cycling property of spherical LiTio.0sMn1.9s04@VXC-72R composite and
LiMn2O4 particles cycled at 1.0 C under high temperature (55 °C). The unmodified LiMn2O4 sample
exhibit poor cycling performance with low discharge capacity, which has much to do with the
agglomerated particles. The 50" discharge capacity decreases to 69.9 mAh g after 50 cycles (Retention
rate: 61.6%). For the obtained spherical LiTio.0sMn19504@VXC-72R composite, the better cycling
property can be achieved after 50 cycles with higher retention rate of 92.2% (50" capacity: 111.6 mAh
g1). Figure 9 provides the corresponding rate property of these two samples under high temperature
(55 °C). When tested at 10 C, the discharge capacity of LiMn2Os sample shows a large capacity
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attenuation. The discharge capacity rapidly decrease to 36.9 mAh g*. For the obtained spherical
LiTio.0sMn1.9504@VXC-72R composite, the cycling property is much better than that of the LiMn2O4
particles. The discharge capacity can reach up to 80.7 mAh g* at 10 C. Such superior cycling property
is intimately connected to the synergistic interaction of Ti-doping, VXC-72R nanoparticles, and
spherical morphology

4. CONCLUSIONS

A spray-drying strategy was successfully applied to fabricate the LiTio.osMn1.9s04@VXC-72R
composite microspheres with LiTio0sMn1.9504 and VXC-72R nanoparticles as host material and surface
modifier. The nanosized LiTioosMn1.9504 particles were obtained by a simple solid-state reaction
followed with ball-milling treatment. For the composite microspheres, the synergistic combination of
Ti-doping, VXC-72R nanoparticles, and spherical morphology enhanced the cycling performance, rate
property, and elevated-temperature cycling property.
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