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ABSTRACT: Developing high-performance anode materials is crucial for five different particle Ti-Nb-O
advancing lithium-ion batteries, particularly to meet the growing demands Sl @7 THO,

for higher capacity, improved safety, and enhanced rate performance in . mix well and press at 1Pa
applications such as electric vehicles. In this study, we reveal the significant . o .

impact of the TiO, particle size on the synthesis and electrochemical
ature solid-phase method, we synthesized TNOs with varying compositions Nb,O4 \
1100°C12h

performance of titanium—niobium oxides (TNOs). Using a high-temper-
and sizes by reacting TiO, particles of different sizes (5—10, 10—25, 30, 60,
and 100 nm) with Nb,Oj particles. Comprehensive characterization through
X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, and electrochemical tests revealed that the TNO synthesized using 10—25 nm TiO, particles (designated as
TNO4) exhibited superior electrochemical performance. TNO4 demonstrated the highest charge/discharge capacities at high
current densities and exceptional cycling stability, which can be attributed to its optimal composition and particle size, both of which
facilitate efficient lithium-ion diffusion and electron transport. This work not only highlights the critical role of precursor particle size
in tailoring the properties of TNO anode materials but also identifies the optimal TiO, particle size for synthesizing high-
performance TNOs via a simple and scalable method. Additionally, this work underscores that both the composition and the particle

size of TNOs significantly affect their electrochemical performance. Our findings provide valuable insights and serve as a practical
reference for the design and preparation of advanced anode materials for lithium-ion batteries.

1. INTRODUCTION solid electrolyte interface (SEI) layer, leading to initial
irreversible capacity loss and poor rate performance due to
the hindered transfer of Li* through the SEI layer.*”'’
Additionally, lithium dendrites tend to deposit on graphite
during the fast charging and discharging processes. This can
lead to internal short circuits and significantly reduce the safety
of the battery.

Many studies have shown that metal oxides with stable
structures can serve as effective anode materials for Li*
insertion and extraction. Among them, titanium—niobium

electric vehicles over the past decade. However. demand is oxides can achieve higher theoretical capacities through three
v ) OV P ) WEVET, redox reactions: Ti**/Ti**, Nb*/Nb*, and Nb*/Nb**.''~*

rapidly increasing for higher capacity, improved safety, better
stability, and enhanced rate performance, particularly in the

Sony Corporation developed lithium-ion batteries (LIBs) in
the 1990s. Compared to other types of batteries, LIBs offer
higher energy and power density, making them widely used in
portable electronic devices.'~* The high energy density of LIBs
is due to their use of nonaqueous electrolytes, which provide a
higher operating voltage (>3.2 V) compared to the aqueous
electrolytes used in other systems, which typically offer lower
voltages (<2 V).> LIBs have been widely used in consumer
electronics, including portable devices, electric tools, and

Most of the Ti—Nb—O groups can be represented by the

chemical formula TiNb,O,,,s,. In the family of titanium—

context of el.ec.tric vehicles,.where a higher.c.apacity is crucial niobium oxides, the inclusion of TiNb,O- (x = 2), Ti,Nb,O5
for longer driving ranges without compromising safety. (x = 5), TiNbOy, (x = 6), and TiNb,,Op (x = 24)

HoweYer, graphite—a'node—based LIBS fall short (,)f meet'ing corresponds to theoretical capacities of 388, 396, 397, and 401
the requirements for high power density and safety in practical

applications. This is due to the poor alignment between the
electrochemical potential of lithium-intercalated carbon anodes Received: February 15, 2025
(Fermi energy (Eg) = 0.1 eV versus Li*/Li) and the lowest Accepted:  March 20, 2025
unoccupied molecular orbital (LUMO) of organic liquid- Published: April 11, 2025
carbonate electrolytes. &7 Specifically, the Ep of carbonate

electrolytes is about 1 eV lower than that of lithium. This

discrepancy causes the electrolyte to decompose and form a
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Figure 1. (a) XRD patterns and composition percentages calculated using XRD (b) peak area and (c) peak intensity of the as-prepared titanium—

niobium oxides.

mAh g™, respectively.'>~'® Moreover, the stable Wadsley-Roth
shear structure of TiNb,O,,, s, contributes to its good cycling
stability.lg_21 Furthermore, similar to Nb,Oj electrodes, the
TiNb,O,,, s, family has a high operating voltage of
approximately 1.0—2.0 V (versus Li*/Li),”>™>" which aligns
well with the LUMO of organic liquid-carbonate electro-
lytes.”>~*” The formation of lithium dendrites can be avoided,
thereby ensuring the safety of the battery.”"”*

In 2011, Goodenough’s group first reported on the use of
TiNb,O, as a negative electrode material for lithium
batteries.”””" It undergoes a S-electron transfer process during
lithium ion deintercalation, corresponding to multiple redox
reactions: (Ti**/Ti**, Nb>*/Nb*, and Nb‘”/Nstr),n‘31 and
exhibits excellent electrochemical performance. Following the
initial report, several other research groups also studied
TiNb,O,. In addition to the extensively studied TiNb,O,,
other Ti—Nb—O electrodes such as Ti,Nb,,O,5, TiNbsO,;,
and TiNb,,Oy, have also garnered significant interest in energy
storage systems.'”'*® According to the theoretical capacity
calculation formula, the theoretical capacity of TiNb,O,,, .
increases with an increasing x value. These TiNb,O,,, s, (x >
2) compounds, with higher theoretical capacity, have attracted
increasing attention.

Ti,Nb,(0,, with its high theoretical specific capacity (396
mAh g™') and suitable working potential, is regarded as one of
the most promising negative electrode materials for LIBs.”>**
In 2012, Chen group published results on the electrochemical
deintercalation of lithium from Ti,Nb;;O,9, demonstrating
that its charge—discharge mechanism is similar to that of
TiNb,0,.**

Ti—Nb—O materials are typically prepared using various
methods, including the solvothermal method,”*"** sol—gel
method,”*° electrostatic spinning method,”” polypyrrole-
chemical vapor deposition method,” and high-temperature
solid-phase method.>* Among these methods, solvothermal,
sol—gel, electrostatic spinning, and polypyrrole-chemical vapor
deposition techniques are time-consuming and involve a
complex process. In contrast, the high-temperature solid-
phase method offers advantages such as low cost, high yield,
and a simpler process, making it the primary method for
producing electrode materials for LIBs. The synthesis method
involves transferring the solid precursors to a heating furnace
after preliminary grinding and mixing. The desired materials
are then obtained through high-temperature calcination, crystal
bonding, and cooling under an appropriate atmosphere. The
titanijum—niobium oxides are typically synthesized through the
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high-temperature calcination of a mixture of TiO, and Nb,Os.
However, the electrochemical performance of materials
prepared by the high-temperature solid-phase method is
relatively poor overall”” and may be influenced by properties
of titanium—niobium oxide materials, such as particle size and
composition. Thus, it is important to synthesize titanium—
niobium oxide materials with varying compositions and
particle sizes to explore their electrochemical performance,
establishing the relationship between these properties and the
electrochemical performance of titanium—niobium oxide
materials.

In this work, we synthesized titanijum—niobium oxides with
varying compositions and particle sizes by reacting five
different particle sizes of TiO, with Nb,Os using a high-
temperature solid-phase method. The synthesis of Ti,Nb,;;,0,9
reported in the current literature did not explore the influence
of particle size of the raw materials (e.g, TiO,). X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) were conducted to
characterize the as-prepared Ti—Nb—O materials. Further-
more, we performed electrochemical tests, including galvano-
static tests, cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) measurements, to study the
electrochemical performance and related storage mechanism of
these as-prepared titanium—niobium oxides. The results
demonstrate that TNO4, synthesized using 10—25 nm TiO,,
exhibits the highest percentage of Ti,Nb,,O,o, the smallest
particle size, and the best cycling performance at 1 C (1 C =
396 mA g ). In contrast, TNO1, synthesized using 100 nm
TiO, has the highest percentage of TiNb,O, the largest
particle size, and the highest discharge capacity at 0.1 C.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Using the high-temperature solid-
phase synthesis method, TiO, of different particle sizes (100,
60, 30, 10—25, and 5—10 nm, respectively) were purchased
and uniformly mixed with Nb,Oj particles. The mixture was
then placed in a mold and pressed at 1 MPa. The mixture of
TiO, and Nb,Og was placed in a crucible and then heated in a
muffle furnace at 1100 °C for 12 h. The as-prepared titanium—
niobium oxides were designated as TNO1, TNO2, TNO3,
TNO4, and TNOS, respectively.

2.2. Materials Characterization. SEM images were
obtained by using a Hitachi S-4800 microscope. TEM images
were captured with a JEOL JEM-2100F microscope. XRD

https://doi.org/10.1021/acsomega.5c01447
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patterns were collected on a Rigaku D/max 2500 PC
diffractometer.

All electrochemical tests were performed at room temper-
ature by using CR2032 coin cells. The anode electrode was
prepared by mixing the active material, acetylene black, and
poly(tetrafluoroethylene) in a weight ratio of 80:10:10. The
mass loading of each electrode is ~2 mg cm™. Metallic lithium
foil served as both the reference and counter electrodes. The
electrolyte was a solution of 1 M LiPF4 using a mixture of
ethylene carbonate, diethyl carbonate, and dimethyl carbonate
(1:1:1 by volume) as the solvent. Constant current charge—
discharge measurements were conducted by using a LAND
CT2001A battery testing system. The test voltage window was
set to 1—3 V versus Li*/Li. CV measurements were conducted
at a scan rate of 02 mV s™' by using a CHI 760E
electrochemical workstation. EIS measurements were per-
formed using a CHI 760E electrochemical workstation with a
perturbation of S mV.

3. RESULTS AND DISCUSSION

As revealed by XRD patterns (Figure 1a), the results show that
the as-prepared titanium—niobium oxides have multiple
phases, consisting of Ti,Nb;,O,, (JCPDS card no. 13-0317),
TiNb,O, (JCPDS card no. 39-1407), and a small amount of
Nb,O; (JCPDS card no. 19—0862). Among these, the peaks of
TNO#4 are high and narrow, indicating the best crystallinity.
The typical diffraction peaks of TNO4 appear at 20 values of
17.3, 18.7, 23.8, 24.9, 26.1, 32.2, 33.3, 35.6, 38.9, 44.4, and
47.6° corresponding to the (—104), (300), (011), (400),
(=206), (—115), (=411), (206), (—515), (700), and (020)
crystal planes of Ti,Nb;,O,,."" Additionally, the peak at 26.9°
corresponds to the (221) crystal plane of TiNb,O,, while the
peaks at 35.3 and 35.9° correspond to the (—812) and (612)
crystal planes of Nb,Os,* respectively.

In addition, the compositions of these samples were
analyzed based on XRD results. The compositions of
electrochemical materials directly affect their charge storage
capacity and electrochemical behavior, which in turn influence
the overall performance. The composition percentages of each
sample were calculated based on peak intensity and peak area,
respectively. The peak areas (Figure 1b, Table 1) and peak

Table 1. Composition Percentages of the As-Prepared
Titanium—Niobium Oxides Were Determined Based on
XRD Peak Areas

TNO1 TNO2 TNO3 TNO4 TNOS

Ti,Nb,,0, 43% 56.7% 56.4% 86.1% 53.3%
TiNb,0, 44.6% 34.5% 41% 7.8% 43.9%
Nb,O 12.4% 8.8% 2.6% 6.1% 2.8%

intensities (Figure lc, Table 2) were calculated, plotted, and
tabulated to summarize the data. It can be clearly seen that the

Table 2. Composition Percentages of the As-Prepared Ti—
Nb—O Samples Were Determined Based on XRD Peak
Intensities

TNOl  TNO2 TNO3  TNO4  TNOS
Ti,Nb,,05 41.8% 54.1% 48.2% 75.4% 45.9%
TiNb,O, 47.8% 31.5% 41.2% 20.6% 42.9%
Nb,O; 10.4% 14.4% 10.6% 4% 11.7%

TNO1 sample has the highest percentage of TiNb,O,, whereas
the main composition for the TNO2—-TNOS samples is
Tiy)Nb;jO,9. For TNOI, it has the highest percentage of
TiNb,O,: TiNb,O, accounts for 44.6% based on XRD peak
areas and 47.8% based on the XRD peak intensity. Ti,Nb;,O,
accounts for 43 and 41.8%, respectively, while Nb,Os accounts
for 12.4 and 10.4%, respectively. For TNO4, it has the highest
percentage of Ti,Nb;(O,9: Ti,Nb;jO,9 accounts for 86.1%
based on XRD peak areas and 75.4% based on the XRD peak
intensity. TiNb,O, accounts for 7.8 and 20.6%, respectively,
while Nb,O; accounts for 6.1 and 4%, respectively. Moreover,
the results of the composition of the phases were further
determined by Rietveld refinements (Figure S1 and Table S1),
and the trends were consistent with the above results. Overall,
that TNO4, synthesized using 10—25 nm TiO,, exhibits the
highest percentage of Ti,Nb;;,O,, while, TNO1, synthesized
using 100 nm TiO, has the highest percentage of TiNb,O,.

Based on the experimental results, it is shown that TiO, with
a large particle size is more likely to generate TiNb,O,.*
While TiO, with a small particle size is more likely to generate
Ti,Nb;(O,. Smaller particle sizes of TiO, are able to reach the
desired degree of reaction in a shorter period of time, thus
increasing the yield of Ti,Nb,;(O,.

Figure 2 shows SEM images of TNO1 (Figure 2a—c),
TNO?2 (Figure 2d—f), TNO3 (Figure 2g—i), TNO4 (Figure

Figure 2. SEM images of titanium—niobium oxides shown as follows:
(a—c) TNO1, (d—f) TNO2, (g—i) TNO3, (j—1) TNO4, and (m—o)
TNOS.

2j—1), and TNOS (Figure 2m—o), respectively. It can be
observed that titanjum—niobium oxides exhibit a relatively
similar particle morphology consisting of irregular block-
shaped particles with ample gaps between them. This
morphology is advantageous for facilitating the entry of the
electrolyte. The particle sizes of titanium—niobium oxides
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prepared using different TiO, particle sizes also vary. Among
the five samples (TNO1—TNOS), the average particle sizes
are 1.09, 1.03, 1.06, 0.94, and 1.00 pum, respectively. Among
them, TNO4, made using TiO, with a particle size of 10—25
nm, has the smallest particle size at 0.94 pm.

Further, SEM measurements were performed on the cycled
TNO4 electrode, as shown in Figure SS. It can be observed
that the structure of the postcycled TNO4 is not much
different from that of the pristine TNO4, and the average
particle size of the postcycled TNO4 measured by the SEM
results is 0.95 pum, which is basically the same as the average
particle size of the pristine TNO4.

TEM measurements were further performed to reveal the
structures of TNO4, as shown in Figure 3. TNO4 is composed

Figure 3. (3, c) TEM images of TNO4. (b, d) HRTEM images of
TNO4.

of many irregular blocky structures (Figure 3a,c), which agrees
with the SEM results. The high-resolution TEM (HRTEM)
image of a TNO4 nanocrystal presents a (400) plane with a
lattice spacing of 0.357 nm (Figure 3b)” and (300) with a
lattice spacing of 0.47 nm (Figure 3d),’ indicating that the
major phase of TNO4 is Ti,Nb;jO,. In addition, we
performed TEM measurements on a circulated TNO4
electrode (Figure S4). The HRTEM image of the cycled
TNO4 electrode nanocrystal presents a (011) plane with a
lattice spacing of 0.37 nm (Figure S4a).'” TNO4 is composed
of many irregular blocky structures (Figure S4b), which agrees
with the precycled TNO4’s result.

The crystal structure of the Ti,Nb;,0, compound is ReO,
type, and the space group is A2/m. The ReOj structure can be
evolved from the ABO; perovskite structure, in which the A
cation is replaced by a vacancy. The host can be used as a
storage material because of its potential to absorb small cations
such as Li*. The Ti,Nb,(O,y compound, whose structure is
composed of crystal shear planes along the (010) direction,
can be described separately as AB.**

TiNb,O, has a monoclinic layered structure with a space
group of C2/m. Each layer has a different arrangement of
atoms in the (010) direction than the adjacent layer but is the
same as the next, forming an A-B-A type structure within the
unit cell. Two titanium atoms symmetrically distributed near
the center and a third titanium atom near the c-axis are the
most favorable energy configurations. Chen’s group used first-
principles calculations and spherical aberration-corrected

scanning transmission electron microscopy to study possible
lithium storage sites. The results show that the lithium ions are
stored in the (001) lattice plane of TiNb,O,, and the lattice
constant changes when the lithium is inserted.**

For TiNb,O, and Ti,Nb,,0,, during the discharge process
(lithium intercalation), lithium ions enter the framework,
causing slight changes in the material’s oxidation state (mainly
affecting titanium and niobium atoms). Deintercalation during
charge involves the reverse of this process, where lithium ions
leave the structure, leading to the oxidation of titanium or
niobium atoms in the framework and thus allowing the
deintercalation of lithium ions. This is typically achieved by
applying an external voltage that forces Li ions to migrate from
the material’s bulk structure to the electrolyte, where they
become solvated and then can move to the anode or cathode
depending on the battery’s operational cycle. The correspond-
ing equations are as follows:

xLi* + xe” + TiNb,0, = Li,TiNb,O, (1)
xLit + xe” + Ti,Nb,,O,, = Li Ti,Nb,,0, (2)

To gain deeper insights into the redox reactions at the
electrodes, CV measurements were conducted for TNOI,
TNO2, TNO3, TNO4, and TNOS, each assembled in half-
cells, over a voltage range of 1—3 V at a scan rate of 0.2 mV s~
(Figure 4a—e). These samples exhibit similar redox peaks in
the CV curves. Taking Figure 4a as an example, during initial
charging and discharging, the shift of Ti* to Ti** results in
broad redox peaks at 1.83 V. In addition, a pair of sharp
cathodic/anodic peaks are observed at ~1.57 and 1.71 V, and
the first loop CV (Figure S2) cathode/anode peak is ~1.48
and 1.71 V, which could be attributed to the Nb**/Nb*
transition. It can be clearly seen that the CV curve is shifted to
the right, which can be regarded as the activation process of
the electrode. While the fluctuation at 1.42 V is caused by the
Nb*/Nb** redox pair.””***® Subsequently, the second and
third cycles of TNO1-TNOS exhibit slightly different CV
profiles compared to the first cycle. This variation can be
attributed to Li" insertion and changes in the electronic
structure resulting from Nb(Ti)—O octahedral distortion
during irreversible lithiation.””

Although the CV curves of the five titanium—niobium oxides
follow the same general trend (Figure 4), the differing
compositions of the samples lead to distinct features. TNO1
is primarily composed of TiNb,O,, while TNO2—TNOS is
dominated by Ti,Nb,,0,, (Figure 1, Tables 1 and 2). The
main cathodic/anodic peaks of TNO2—TNOS are observed at
1.53/1.76, 1.55/1.77, 1.56/1.77, and 1.56/1.79 V, respectively,
as shown in Figure 4e. Based on the calculations, the voltage
difference (AE) of the redox reaction for each material is
determined to be 0.15, 0.23, 0.22, 0.21, and 0.23 V,
respectively. Among them, TNO1 has the smallest AE,
indicating faster kinetics at a low scanning rate, which leads
to a higher peak in the corresponding CV curve (Figure 4f).
The smallest redox voltage difference for TNOI may be
attributed to the composition of the material. Compared with
TNOI1, TNO2, TNO3, and TNOS, the curves of TNO4
present a relatively high consistency after the first cycle,
indicating superior electrochemical stability.

Figure Sa—d shows the relationship between voltage and
capacity for TNO1, TNO2, TNO3, TNO4, and TNOS in the
voltage range of 1-3 Vat 0.2 and 1 C. For TNO1-TNOS, the
discharge curves can be categorized into three regions. The
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Figure 4. CV curves for the initial three cycles at a scan rate of 0.2 mV s™* for (a) TNOI, (b) TNO2, (c) TNO3, (d) TNO4, and (e) TNOS. (f)
CV curves for the initial first cycle at a scan rate of 0.2 mV s~! for the five titanium—niobium oxides.
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first region is a sharp voltage drop from the open-circuit
voltage to ~1.60 V versus Li* /Li, corresponding to the Ti*'/

15748

Ti** redox reaction. The second region presents a plateau
region around 1.60—1.50 V, associated with the successive
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Figure 6. (a) EIS spectra, (b) R, values, and (c) fitting curves of the Warburg factor ¢ using the real axis Z’ and frequency o for the five titanium—

niobium oxides before cycling tests.

lithium insertions involving the Nb>* /Nb*" reaction during
the two-phase transition. The final region, between 1.00—1.50
V, reflects solid-solution lithium insertion behavior, corre-
sponding to the Nb*/Nb*" redox reaction.””***’ Similarly,
three distinct regions emerge during the subsequent charging
process.

Figure Sa presents the galvanostatic discharge/charge curves
during the first cycle at 0.2 C. The charge/discharge capacities
for TNO1—TNOS are 228.5/242.5, 215.4/225.3, 222.4/224.2,
224.6/231.7, and 213.7/221.9 mAh g™, respectively. Figure Sb
shows the galvanostatic curves for the second cycle at 0.2 C,
with charge/discharge capacities of 221.0/226.4, 211.9/215.0,
212.4/208.8, 217.1/220.0, and 208.4/212.2 mAh g,
respectively. Figure Sc illustrates the galvanostatic discharge/
charge curves for the cycle at 0.2 C, where the capacities for
TNO1-TNOS are 209.3/215.0, 205.5/211.6, 207.6/206.2,
218.2/223.8, and 201.8/206.1 mAh g ™', respectively. Figure 5d
shows the curves during the first cycle at 1 C, with charge/
discharge capacities of 125.9/132.7, 141.9/147.7, 133.2/137 4,
145.5/151.4, and 142.4/148.3 mAh g™' for TNO1-TNOS,
respectively. Despite having the largest particle size, TNO1
exhibits the highest capacity during the first and second
charge/discharge cycles at a low current density of 0.2 C
(Figure Sab), consistent with the above CV results. The
slightly higher initial capacity of TNO1 at 0.2 C may be
attributed to its composition, which is predominantly
TiNb,O,. However, its lower purity and larger particle size
led to the most significant capacity decline during the test, with
the battery’s capacity continuing to decay to the lowest level
(Figure Sc). Furthermore, TiNb,O,-dominated TNO1 shows
the lowest charge/discharge capacity at a high current density
of 1 C, while Ti,Nb,;O,5-dominated TNO4 exhibits the
highest. This indicates that Ti,Nb;;O,y may have faster
reaction kinetics than TiNb,O, at higher current densities, a
conclusion further supported by the subsequent rate capability
test (Figure Se).

Figure Se shows the rate capacities of TNO1-TNOS. At the
same rate (0.2, 0.5, 1, S, and 10 C), the average charge/
discharge capacities for TNO4 are 197.5/202.9, 136.7/138.7,
104.7/105.4, 52.5/52.3, and 31.0/29.9 mAh g_l, respectively.
For TNOJI, they are 187.80/193.85, 116.99/118.75, 84.4/85.0,
33.2/33.2, and 10.1/9.5 mAh g_l. For TNO2, they are 175.7/
180.7, 131.8/133.9, 98.6/99.3, 43.2/42.7, and 21.2/19.9 mAh
g_l. TNO3 averages 186.23/184.7, 123.6/123.8, 89.7/89.9,
37.3/37.4, and 15.1/14.4 mAh g~'. For TNOS, the values are
187.0/191.6, 131.8/134.0, 97.3/98.2, 43.3/43.0, and 22.0/20.3

mAh g~'. Overall, TNO4 consistently shows higher average
charge/discharge capacities than other materials, particularly at
the high rate of 10 C.

Additionally, the cycling performance of each electrode was
tested for 200 cycles at 1 C, as shown in Figure 5f. TNO4
demonstrates an initial reversible capacity of 89.7 mAh g™
with an efficiency of approximately 99.7%. After 200 cycles, the
reversible capacity gradually increases to 101.7 mAh g™ with
an efficiency of nearly 100%. In contrast, the initial reversible
capacities of TNO1, TNO2, TNO3, and TNOS are 67.3, 74.1,
60.6, and 63.1 mAh g, respectively, which decrease to 62.7,
39.6, 45.5, and 37.3 mAh g_1 after 200 cycles. We selected
TNOI and TNO4 to assemble the battery for 1000 long cycles
for comparison (Figure S3), and the results show that the first
charge and discharge capacity of TNO4 is 100.9/98.5 mAh
g™, and TNO1 is 72.3/62.2 mAh g™'. In the first circle, the
charge and discharge capacity of TNO1 decreases rapidly; after
1000 cycles, the charge and discharge capacity of TNO1 is
18.7/18.6 mAh g, and the charge and discharge capacity of
TNO#4 is 25.8/25.8 mAh g~'. This highlights that TNO4 not
only has a much higher capacity than those of the other four
materials but also demonstrates superior cycling stability. The
enhanced rate capability and cycling performance of TNO4
can be attributed to its purity (the highest percentage of
Ti,Nb;(O,o, which has a high theoretical capacity) and its
smallest particle size.

We compare the results of this work with published work
(Table S2), and the results of the present work show an
intermediate level in comparison. Specifically, our battery
capacity is slightly inferior for some studies compared to others
but shows relatively good performance compared to some
fundamental research work.

EIS measurements reveal the reaction kinetics of these
titanium—niobium oxides before cycling (Figure 6a). The EIS
spectra are fitted based on the equivalent circuit (inset), where
R is the series resistance of the electrode, separator, and
electrolyte, R, is the transfer resistance of the material, CPE
represents the double-layer capacitance, and Z, is the Warburg
impedance.***’ The fitted values of R, are shown in Figure 6b.
TNO4 exhibits a smaller R, value both before and after testing,
which can be attributed to its higher conductivity and faster
electrochemical reaction kinetics.

The diffusion coeflicients of lithium ions within the
electrodes were calculated by using the EIS method.
1/2

Z =R, + R, + ow™ (3)
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Table 3. Dy;+ Values of the Five Titanium—Niobium Oxides Based on EIS Spectra

TNO1 TNO2 TNO3 TNO4 TNOS
Dy (em? s71) 410 x 10716 8.96 X 1071¢ 6.71 x 10716 9.61 x 10716 5.42 x 10716
Do = RT? composition percentage of the as-prepared Ti—Nb—O
L= 52 A2 F2C2 62 (4) samples determined based on Rietveld refinements

Here, w is the angular frequency, and o represents the slope of
Z' versus @~ '/ plots in the low-frequency region. R is the gas
constant, T denotes the absolute temperature, n represents the
number of electrons transferred during oxidation, A refers to
the electrode surface area, F is the Faraday constant, and C
represents the concentration of lithium ions. Values of ¢ can be
obtained by fitting the Z' versus ™"/ plots displayed in Figure
6¢c. The lithium-ion diffusion coefficient (Dy;) values
calculated using eqs 3 and 4 are shown in Table 3. The
lithium-ion diffusion coefficient of the TNO4 sample (9.6 X
107 cm? s7') is significantly higher compared to other
samples, indicating superior ionic conductivity in TNO4. The
enhanced ionic conductivity can be attributed to TNO4’s
stronger adsorption capacity for Li" and its rapid electron
transfer reactions, both of which contribute to its excellent
electrochemical performance.

4. CONCLUSIONS

In this study, we synthesized titanium—niobium oxide
materials using a high-temperature solid-phase method by
reacting TiO, with Nb,Os at 1100 °C for 12 h. TiO, particles
of varying particle sizes (100, 60, 30, 10—25, and 5—10 nm)
were used in the synthesis. By adjusting the particle size of
TiO,, we explored its influence on the composition, particle
size, and electrochemical properties of the resulting titanium—
niobium oxides. Our findings demonstrate that the particle size
of TiO, has a significant effect on the composition and
electrochemical performance of the synthesized materials. The
sample prepared with 100 nm TiO, (TNO1) exhibited distinct
characteristics compared to the others, including a higher
proportion of TiNb, Oy, larger particle size, and higher charge—
discharge capacities at low current densities. However, TNO1
also showed poor cycling stability, which can be attributed to
its lower purity and larger particle size. In contrast, the samples
prepared with smaller TiO, particles (TNO2—TNO4), which
were predominantly composed of Ti,Nb,,O,q, exhibited
smaller particle sizes, higher charge—discharge capacities at
high current densities, and superior cycling performance.
Notably, the TNO4 sample, synthesized using 10—25 nm
TiO,, demonstrated the most optimal electrochemical proper-
ties, making it the most promising candidate among the
materials tested. This work identifies 10—25 nm TiO, as the
optimal particle size for synthesizing Ti,Nb,,O,o via a simple
high-temperature solid-phase method. The findings provide
valuable insights and serve as a reference for the preparation of
high-performance titanium—niobium oxide materials, contri-
buting to the advancement of efficient anode materials for
LIBs.
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