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Abstract

TiNb,O; (TNO) has been regarded as a promising anode material for high-power lithium—ion batteries due to its high
theoretical capacity and work voltage (387.6 mA h g=!, 1.6 V vs. Li*/Li). Herein, a series of microspherical TNO anode
materials are synthesized by a facile solvothermal method, and the effect of solvothermal time on the microstructure and
electrochemical performance is investigated. Specifically, when the solvothermal time is 12 h, the TNO microsphere (TNO-
12) exhibits higher specific surface area and more reasonable pore size distribution. As a result, TNO-12 anode delivers a
high reversible discharge capacity of 299.87 mA h g~! with a superior initial coulombic efficiency above 98.5%, excellent
cycling capacity retention of 80.15% after 100 cycles at 0.5 C (150 mA g™ '), and good rate performance at 0.1-2 C. Most
importantly, the full cell constructed with TNO anode and commercial oxide cathode (LiNij, (Mn, ,0,/LiMn,0, with a mass
ratio of 85: 15) exhibits excellent cycling stability at high current densities (79.14% after 100 cycles at 0.5 C). This study
optimizes the synthesis process for high-performance microspherical TNOs, providing new insights for the next generation

of commercial anodes.
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Introduction

The expanding electric vehicle industry has led to a strong
demand growth of lithium—ion batteries [1-6]. In this regard,
the key determinant of their electrochemical performance is
electrode materials [7—12]. Graphite anode has dominated
the market since its first commercialization. As a typical
intercalation-type anode material, the layered structure of
graphite has good structural stability during intercalation/
deintercalation of lithium—ion (6 C+xLi* +xe™ <>Li,Cy).
However, due to its low operating potential (0.1 V vs. Li*/
Li), it is prone to lithium dendrite during cycling, leading to
internal short circuits in the battery, which can cause serious
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safety problems [13]. In addition, the decomposition of the
electrolyte and the formation of a solid electrolyte interface
(SEI) film on the material surface at lower operating poten-
tials will greatly affect the initial Coulombic efficiency of
the battery.

To overcome the challenges inherent in low operating
voltage anode materials, identifying an innovative high-
voltage, high-performance anode material is an immediate
priority. The most widely investigated of all is Li TisO,
(denoted as LTO), which has an average voltage of 1.55 V
and a capacity of about 150 mA h g~! [14—16]. Compared to
the 0.10 V of standard graphite anode, although the average
lithiation potential of 1.55 V reduces the energy density of
the full battery, it is still advantageous due to its resistance
to dendrite formation and the hindrance of solid electrolyte
interphase (SEI) formation, even at high current densities
[17-19]. In addition, TiNb,O, (denoted as TNO) is another
anode material with high lithiation potential in great demand
[20]. Due to five lithium atoms being insertable into the
layered structure with three redox pairs (Nb>*/Nb**, Nb**/
Nb**, Ti**/Ti**), the theoretical capacity of TNO is almost
double that of LTO anode at approximately 387 mA h g~
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This makes TNO a better candidate to substitute graphite as
anode material than LTO in the future [21-24].

The structural characteristics of electrode materials sig-
nificantly affect their electrochemical performance. As a
result, it is crucial to employ appropriate synthesis param-
eters and processes to achieve the desired morphology, size,
phase, and composition. The high-temperature solid phase
method is a popular choice as it is simple, cost-effective, and
easy to operate. It is widely used for the synthesis of granu-
lar TNO. Choi et al. synthesized TNO by solid phase method
by using TiO, and Nb,Os as raw materials [25]. However,
non-uniform composition, agglomeration of particles, and
large particle size are the disadvantages of the synthesized
products. For nanoscale products, the sol—gel method is pre-
ferred [26], which was employed by Ise et al. for synthesiz-
ing TNO nanoparticles (ranging from 50 to 300 nm) using
NbCls and TiOSO,. However, the sol-gel method has the
drawback of a lengthy synthesis cycle and the generation of
gas during drying [27]. The solvothermal method is another
option that can produce nanoparticles with better dissolu-
tion, dispersion, and reaction activity [28]. Li et al. synthe-
sized TNO microspheres with a three-dimensional nanopore
structure by the solvothermal method, and the particle size
of products is 2-3 pm [29]. The study findings demonstrate
diverse forms of TNO morphologies, including spherical,
one-dimensional (1D), three-dimensional (3D) porous, and
particulate shapes, which can be achieved via distinct syn-
thetic approaches. While size and porosity are among the
factors influencing the Li—ion storing capacity of TNO, the
research suggests that the spherical morphology exhibits
superior electrochemical performance in comparison to oth-
ers. Typically, spherical TNO is generally prepared by the
solvothermal method.

In line with these advances, we prepared TNO micro-
spheres with high specific surface area and reasonable
pore size distribution using solvothermal method as
promising alternatives to develop commercial anode mate-
rial for high-performance lithium—ion full batteries. The
effect of solvothermal time on TNO was explored in focus.
The phase composition and microstructure of the TNO
microspheres are systematically studied. Meanwhile, the
electrochemical performance is comprehensively evalu-
ated by charge—discharge test, cyclic voltammetry, and
electrochemical impedance spectroscopy. Remarkably,
TNO microspheres prepared at solvothermal time of 12 h
(TNO-12) show cleanest and densest microsphere mor-
phology, as well as a higher specific surface area and the
most favorable pore size distribution compared to other
samples. This optimal morphological structure of TNO
leads to a high specific capacity, long cycling lifespan,
and enhanced rate capability. In addition, blending two or
more active materials (i.e., creating physical mixtures) is
a widely used strategy in commercial batteries to achieve
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better performance compared to a single component.
Therefore, the full cell constructed with TNO anode and
LiNiy ¢Mn,, ,O0,/LiMn,0, blended cathode is assembled
and exhibits excellent cycling stability at high current
densities. This work offers a new reach direction for the
design and synthesis of high work voltage anode for high-
performance lithium—ion full batteries.

Experimental
Material preparation

NbCls (Shanghai Aladdin Biochemical Technology Co.,
Ltd.) and tetrabutyl titanate (Shanghai Aladdin Biochemical
Technology Co., Ltd.) were used as Nb drinkable and Ti pre-
cursors, respectively, to synthesize TiNb,O, powders using
solvothermal. Specifically, a mixture of tetrabutyl titanate
and NbCl; in a 1:2 ratio was added to 40 ml of ethanol
(99%, Aladdin) and mixed at room temperature for 20 min.
The resulting mixture was then transferred to a Teflon-lined
autoclave and subjected to solvothermal treatment at 180 °C
for 8, 12, and 16 h, respectively. The resulting precipitates
were washed multiple times with deionized water, and the
obtained powders, referred to as TNO precursors, were cal-
cined at 900 °C for 6 h in the presence of air using a muffle
furnace. The samples were abbreviated as TNO-X, where X
represents the solvothermal time.

LiNij ¢(Mn, ,O, (denoted as NM64, Zhejiang Hitrans Lith-
ium Battery Technology Co. Ltd.) and LiMn,O, (denoted as
LMO, Zhejiang Hitrans Lithium Battery Technology Co.
Ltd.) were mixed thoroughly to form blended cathode mate-
rials (simple mechanical mixing) with mass ratios of 85: 15
marked as 15NM.

Material characterizations

The TNO anode materials prepared with different solvo-
thermal times were characterized via X-ray diffraction
(XRD, PANalytical X’Pert Pro) with Cu Ka radiation
(A=0.1541 nm) in the 26 range of 10-60°. The morphol-
ogy of TNO and TNO precursors observed by scanning
electron microscope (SEM, FEI Nova NanoSEM450). The
specific surface area and pore size distribution of the sam-
ples were calculated by the Brunauer—-Emmett—Teller (BET)
method and the nonlocal density functional theory (NLDFT)
method, respectively.

Cell assembly and electrochemical measurements
For half-cell tests of the TNO, 2025-type coin cells were

used with metallic Li foils as the anodes. The active elec-
trode slurry contained 80 wt% active material, 10 wt%
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conductive additive (Super-P), and 10 wt% polyvi-
nylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP), and the solid content was 28%. After the slurry
was coated on the copper foil, the working electrode was
placed in an air-circulating oven at 80 °C for 2 h and
then transferred to vacuum oven at 120 °C for 10 h. The
electrolyte was 1 M LiPF¢ in a 1:1:1 ratio of ethylene
carbonate (EC), dimethyl carbonate (DEC), and ethyl
methyl carbonate (EMC).

For the full-cell tests, the blended material (15NM)
and TNO were used as the cathode and anode materi-
als, respectively. Electrochemical experiments were con-
ducted by CR2032-type coin cells. The cathode slurry
was composed of active material, conductive additive
(Super-P), and polyvinylidene fluoride (PVDF) binder
by a mass ratio of 85:8:7. The solvent was N-methyl-
2-pyrrolidone (NMP), and the solid content was 28%.
After the slurry was coated on the aluminum foil, the
cathode was placed in an air-circulating oven at 80 °C
for 2 h and then transferred to vacuum oven at 120 °C for
10 h. The anode preparation process is the same as for the
above-mentioned half-cells. A Celgard 2300 membrane
was employed to separate cathode and anode. The electro-
lyte was 1 M LiPF¢ in a 1: 1: 1 ratio of ethylene carbonate
(EC), dimethyl carbonate (DEC), and ethyl methyl car-
bonate (EMC). The specific structure of the full cell is
illustrated in Fig. S1.

Cyclic voltammogram (CV) was measured on an Ivium
multichannel potentiostatic-galvanostatic system at a
scan rate of 0.1 mV s~!. The electrochemical impedance
spectra (EIS) were obtained using a CHI650B electro-
chemical workstation (Chenhua in Shanghai, China), over
a frequency range of 1 to 10° Hz and an amplitude of
5 mV. The cells were tested at constant rate of 0.2 C (1
C=180 mA g~') within the potential range of 2.5~4.2 V
by a battery test system (Neware Technology Co., Ltd.).

Fig. 1 SEM images of TNO
at different magnifications: a
TNO-8 h, b TNO-12 h, and ¢
TNO-16 h, respectively

Results and discussion
Material characterization

To investigate the effect of solvothermal time on the product
morphology, SEM images of the TNO precursors and TNO
materials are presented in (Figs. S2, 1). The panoramic mor-
phologies of the TNO precursors and TNO samples at low
magnification show monodisperse and microsphere structure
with the particle size of 2 to 6 um. The surface of TNO-8
precursors is smooth and clean, while the surfaces of TNO-
12 and TNO-16 precursors show obvious granularity. Upon
calcination, TNO-8 material has irregular primary particle
composition with loose structure. Although the structures of
both TNO-12 material and TNO-16 material are extremely
dense, excess micro particles are generated on the surface of
TNO-16 microspheres as shown in the red circle in Fig. lc.
This microstructure of TNO-12 possesses thermal stability,
which can prevent structural collapse during electrochemi-
cal cycling. At the same time, the TNO-12 microsphere is
composed of many highly uniform nano primary particles,
giving it high porosity, which is conducive to the permeation
of the electrolyte [29].

As shown in Fig. 2a, the high crystallinity and phase
purity of the as-prepared TNO microspheres are confirmed
and the diffraction peak of all samples corresponds well
to the standard card of TiNb,O, (PDF#39-1407), indicat-
ing a typical layered ReOj; structure. There are no other
secondary or parasitic phase peaks detected, such as TiO,,
Nb,Os, or Ti,Nb;,0,4, which reveals the high purity of the
product [30, 31]. Additionally, nitrogen adsorption iso-
therms and pore size distribution of TNO microspheres
prepared at different solvothermal times are displayed in
Fig. 2b and c. All the isotherms are similar to type III iso-
therms, and the curves are concave downward throughout
the interval of relative pressure with no inflection points.
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Fig.2 a XRD patterns, b nitrogen adsorption isotherms, and ¢ pore size distribution of TNO at different solvothermal times

It is due to the fact that the interaction between nitrogen
molecules is stronger than that between nitrogen and sam-
ple. The BET surface area of TNO-12 is calculated to be
the largest (6.12 m? g '), compared with only 3.77 m? g~!
and 2.86 m? g~! for TNO-8 and TNO-16. Further analysis
of the pore size distribution of the materials reveals that
all samples have a broad pore sizes distribution ranging
from 4 to 120 nm. The pore sizes are mainly distributed
between 70 and 120 nm which makes them macroporous
materials. For TNO-8, the maximum number of macropo-
res is determined by its loose structure, which affects the
structural stability, and TNO-16 has the minimum number
of macropores, which limits the permeation of the electro-
lyte, causing low utilization of active material.

Fig.3 The CV profiles obtained

Electrochemical properties

To determine the optimal reaction time, CR2025 coin cells
were assembled to evaluate the electrochemical performance
of various TNO samples. Figure 3a-c shows the CV curves
of TNO electrodes prepared at different solvothermal times.
Apparently, the CV characteristics are in general agreement
with other structures of TNO electrodes prepared by dif-
ferent methods recorded in the publication [32-34]. Unlike
other research reported that there is one pair of peaks in
range of 1.69-1.93 V caused by different titanium states in
TNO, these redox peaks are not apparent in TNO micro-
spheres. The appearance of peaks located at 1.50 V and
1.75 V can be attributed to the Nb>*/Nb** redox couples.
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The broad bump in the range of 1.0-1.4 V may correspond
to the Nb**/Nb>* redox couples [29]. The highest overlap of
CV curves is observed for the TNO-12 electrode compared
to the TNO-8 and TNO-16 electrodes, with the smallest
potential difference between the redox peaks of Nb>+/Nb**
and the lowest peak potential of the first oxidation peak. It
suggests superb cyclability and excellent kinetics of TNO-
12 electrode. Electrochemical impedance spectroscopies of
different solvothermal times are illustrated in Fig. 3d. It is
clear that the TNO-12 shows the smallest charge transfer
resistance (R, [35].

Figure 4a-c illustrates the charge—discharge curves of
TNO-8, TNO-12, and TNO-16 electrodes at initial three
cycles. The shape of the charge/discharge curves are the
same for all electrodes and the voltage curves shows sloping
lines during both charge and discharge processes. It can be
also seen that the discharge plateaus of the TNO electrodes
near 1.65 V correspond to the redox peak at 1.75/1.50 V.
Moreover, the initial lithiation (discharge) capacity of
TNO-8, TNO-12, and TNO-16 is 283.36, 299.87, and
291.30 mA h g7!, respectively. Obviously, the TNO micro-
spheres prepared with a solvothermal time of 12 h provides
the maximum discharge capacity. Moreover, the initial
columbic efficiency value of all electrodes is above 98.5%,
indicating the low irreversible reactions, which is benefited
from the high work voltage of the TNO electrode without

solid electrolyte interface (SEI) generation in the first cycle.
Therefore, it is superior to adopt TNO as the anode for the
full cell.

The long-term cycling ability of the TNO electrodes at a
current density of 150 mA g~! is presented in Fig. 4d. The
similar capacity reduction upon early cycling is observed for
all three electrodes. After 60 cycles, the discharge capacity
of TNO-8 electrode dropped sharply. Meanwhile, 180-12
electrode shares the same downward trend as 180-16 elec-
trode, except that the reversible capacity of 180-16 electrode
is lower. The capacity retentions of TNO-8, TNO-12, and
TNO-16 electrodes after 100 cycles are 70.47%, 80.15%,
and 74.97%, respectively. Additionally, the rate capability
of the TNO electrodes prepared at different solvothermal
times is verified by multi-rate tests. As displayed in Fig. 4e,
the TNO prepared with a solvothermal time of 12 h show
excellent rate performance, which are far superior than that
of TNO-8 electrode. Even at a high current density of 2.0 C,
TNO-12 electrode still has a high reversible capacity of
238.80 mA h g~!, whereas the TNO-8 electrode only deliv-
ers 185.33 mA h g~!. Noticeably, when the current density
gradually decreases, 180—12 and 180-16 electrodes both
recover high reversible capacity.

Figure 5 demonstrates the SEM images of various TNO
electrodes obtained at different solvothermal times after
100 cycles. Apparently, all TNO samples maintain their
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Fig.4 Charge—discharge curves of the initial three cycles: a TNO-8, b TNO-12, and ¢ TNO-16. d Cycling performance and e rate performance

of TNO prepared at different solvothermal times
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Fig.5 SEM images of TNO
electrode at different solvother-
mal times after 100 cycles

original intact spherical structure after 100 cycles, show-
ing the excellent structural stability of the TNO micro-
spheres. On the other hand, according to a widely accepted
view, the electrolyte decomposition and SEI film forma-
tion occur only near 0.8 V [36]. Therefore, TNO exhib-
its high intercalation potential of about 1.65 V vs. Li/
Li, which is traditionally believed to avoid the electrolyte
decomposition and effectively inhibit the formation of SEI
film [37-39]. However, in the actual operation process,
a thick layer of SEI film can be clearly observed on the
surface of TNO-8 and TNO-16. It significantly increases
the interfacial impedance between the electrode and elec-
trolyte and consumes the active lithium ions, consequently
affecting the cycling stability of the electrode. In contrast,
the SEI film of TNO-12 is thin and uniform, which can
prevent further reduction reaction between electrolyte and
electrode during the cycling.

To stand out the practical application feasibility of TNO
in Li—ion batteries, 1SNM-TNO full cells are assembled
to further evaluation the electrochemical performance. In
Fig. S3, the capacity retention rates of full cells with N/P
ratios of 1.1:1, 1.05:1, 1: 1, and 0.95: 1 for 60 cycles are
75.80%, 92.95%, 82.92%, and 74.42%, respectively. Obvi-
ously, 1.05: 1 proved to be the best NP ratio for assembling
full cells. Figure 6a shows the impedance plot of the full
cell, which shows that the bulk impedance R, of the full
cell is about 2.5 Q and the charge transfer impedance R, is
about 25 Q, both within the ideal range [35, 40, 41]. Fig-
ure 6b shows the charge/discharge graph of the full cell; the
discharge plateau of the full cell is around 2.1 V, which is
determined by the difference between the discharge plateau
of the cathode material (3.8 V) and the discharge plateau of
the anode material (1.7 V). To reveal the stability of the full
cell, differential capacity curve was presented in Fig. 6c.
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After the first cycle, the horizontal coordinate of the peak
corresponding to the charge is shifted. The second and third
cycle differential capacity curves coincide closely, indi-
cating that the full-cell system possesses good charge/dis-
charge reversibility. In addition, Fig. 6d shows the discharge
capacity of the full cell at a high current density of 0.5 C
(90 mA g~!). The Coulombic efficiency of the first cycle of
the full battery is about 69.65%. During the activation phase
of the battery (the initial eight cycles), the discharge capacity
is increasing, after the end of the activation procedure, the
Coulombic efficiency of the battery remains stable (>99%),
and it has good cycling stability. To be more specific, the
full cell delivers the acceptable initial discharge capacities
of 112.24 mA h g~! at 0.5 C. After 100 cycles, the revers-
ible capacities are 88.83 mA h g~! with satisfactory capac-
ity retentions of 79.14% at 0.5 C. Figure 6e presents the
multi-rate capability comparison of full cell. Impressively,
the cell delivers remarkable specific discharge capacities of
141.56, 134.49, 117.61, 99.38, and 74.84 mA h g™ at 0.1,
0.2, 0.5, 1.0, and 2.0 C, respectively, along with a high and
stable Coulombic efficiency above 99%. Subsequently, the
reversible capacity of the cell rose back to 136.65 mA h g™!
when the current density returned to 0.1 C. It shows that
the full-cell system has good stability and rate performance.

In short, optimizing the preparation process to improve
the morphological structure of TNO anode is necessary for
enhancing its performance. Due to the higher specific sur-
face area and reasonable pore size distribution, the TNO-
12 anode shows a high energy density, long cycle life, and
excellent rate performance. In addition, the excellent elec-
trochemical performance of full battery also paves the way
for its future practical application.

Conclusions

In summary, a series of microspherical TNO anode materi-
als are synthesized by facile solvothermal method. The TNO
microsphere prepared at solvothermal time of 12 h (TNO-
12) shows the cleanest and densest microsphere morphology.
Meanwhile, the higher specific surface area and the most
favorable pore size distribution of TNO-12 make it more con-
ducive to the diffusion of Li*. As a result, TNO-12 exhibits
a high specific discharge capacity, excellent cycling perfor-
mance, and rate performance. More importantly, the full cell
constructed with TNO anode and NM64 cathode also dem-
onstrates excellent cycling stability at high current densities.
We expect this work to promote the practical implementation
of lithium—ion batteries with high energy density.
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