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ABSTRACT: The fast-charging capability of lithium-ion batteries (LIBs) is becoming more important than before to meet the
increasing requirements in practical applications. Because of safe working potential (above 1 V) and moderately high specific
capacity, titanium niobium oxide (TiNb2O7, TNO) shows great potential as a fast-charging anode. Herein, a TNO-C assembly
consisting of active initial TNO nanoparticles with conformal carbon coating is fabricated. The small size of TNO nanoparticles
provides a short diffusion distance for lithium ions, and surficial carbon layers enable good electronic conductivity within the entire
assembly. Moreover, the compact structure within the TNO assembly and efficient space packing of spheroidal secondary particles
are beneficial for close packing, leading to an overall short distance for electron transport and ion diffusion. As expected, the as-
designed TNO-C electrode delivers a high capacity of 194 mAh g−1 under 10C, and 71% of capacity was achieved under 0.2C.
Moreover, the TNO-C electrode shows stable cycling performance with capacity retention of 92.2% after 100 cycles under 2C. In
addition, by pairing with a lithium nickel−cobalt manganate (LiNi0.6Co0.2Mn0.2O2, NCM) cathode, the full cell exhibits a high
capacity of 140 mAh g−1 under 3C and a high capacity retention of 97.4% after 100 cycles. The rational design of a TNO-C assembly
makes it an excellent anode candidate for fast-charging LIBs.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are one of the most successful
energy-storage technologies that are widely involved in
portable electronic devices and electric vehicles.1−3 To meet
the increasing demands of batteries in fast charging for various
applications, anodes with high rate capability and good safety
are being intensively pursued.4−6 Because of the sluggish
lithium-intercalation kinetics and low lithiation potential (0.1
V vs Li/Li+) of current graphite anodes, overpotential under
high charging current densities can easily push the anode
potential to the threshold for lithium-metal plating, leading to
performance degradation and even safety concerns.7−9

Li4Ti5O12 attracts abundant attention because of its safe
lithiation potential of about 1.5 V versus Li+/Li. However, its
low theoretical specific capacity of 175 mAh g−1 significantly
limits the energy density of batteries.10,11 Nb-based materials
often possess fast ionic transport kinetics and show promise as
anode materials with a high rate for high-power LIBs. For
example, T-Nb2O5, Nb18W16O93, and TiNb2O7 have been
prepared and exhibited excellent rate capability as battery

anode materials.6,12 Additionally, the inherent properties of
bulk TiNb2O7 have been investigated from experimental and
computational insights, and the results reveal its fundamental
of the lithium-insertion mechanism.13 In these respects,
titanium niobium oxide (TiNb2O7, TNO) exhibits great
advantages as a fast-charging anode material for LIBs because
of its higher theoretical specific capacity (388 mAh g−1) than
Li4Ti5O12, moderate lithiated potential of 1.5 V versus Li+/Li
on average, and a high ion-diffusion coefficient (10−11 m2

s−1).4,13−16

In addition to the inherent properties of materials, a rational
structure design of materials and electrodes with high ionic and
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electronic conductivity and reduced charge-transport distance
can ensure rapid electrochemical reaction and endure good
rate capability of anodes, and thus high power density of
batteries.17,18 To enhance the ionic and electronic con-
ductivity, the main strategies are decreasing the size of the
active materials to the nanoscale to shorten the transport
distance for ions at the particle level and compositing with
conducting additives to improve the electric conductivity.19,20

However, small-sized nanomaterials will lead to a low tap
density and thick electrode with the same mass loading, leading
to a long electron and ion-transfer distance and eventually an
inferior rate capability (Figure 1a).21 Additionally, the high
surface area of active nanomaterials will cause severe side
reactions with the electrolyte, resulting in degraded cycling.
The increase in the electrode thickness and porosity also gives
rise to an increase in the electrolyte adsorption of electrodes,
limiting the volume energy density of LIBs.22 Closely
compacted assembly of nanoparticles with a large size can
tackle the issues that single nanoparticles bring in and realize a
high volumetric capacity (Figure 1b).8 A further combination
with conducting coating, such as the assembly of active
materials, can help realize the high rate capability of practical
battery anodes.
To realize a high-rate battery anode for fast-charging LIBs,

herein, we reported closely compacted TiNb2O7-C secondary
particles consisting of TiNb2O7 nanoparticles with good
electronic conductivity and fast charge-transport capability.
As expected, the TiNb2O7-C assembly exhibited high rate
capability and showed 71% capacity at a high rate of 10C
(calculated based on the value of 275 mAh g−1 at 0.2C). High
cycling stability was realized at 2C, and the capacity retention
was 92.2% after 100 cycles for half cells. A full cell of TNO-C||
NCM was also fabricated and exhibited superior fast-charging
ability at 3C, as well as high cycling stability. Such an assembly
of TNO-C composites provides a successful example of the
rational material structure design toward practical fast-charging
LIB anodes.

2. EXPERIMENTAL SECTION
2.1. Synthesis of TiNb2O7 and TiNb2O7-C Composites. The

TNO nanospheres were prepared via a facile one-step solvothermal
method.23 In a typical procedure, 60 mL of ethyl alcohol was used to

dissolve 411 μL of tetrabutyl titanate (Ti(OC4H9)4, Aladdin) and 648
mg of niobium chloride (NbCl5, Aladdin) under violent stirring until
a uniform solution was formed. Subsequently, a homogeneous
solution was transferred to an autoclave, which was treated at 210
°C for 21 h. White sediment was washed and collected after the
solvothermal process by centrifugation. After drying at 70 °C, the
white powder was treated at 800 °C for 300 min in air with a heating
rate of 2 °C min−1 to produce TNO material. To fabricate the TNO-
C composite, 400 mg of TNO powder was dispersed in an aqueous
solution containing 90 mg of dopamine. After stirring for 2.5 h, the
solid product was collected by vacuum filtration and vacuum-dried at
60 °C overnight. The TNO-C material was obtained by the thermal
annealing of the above-prepared solid product at 700 °C for 120 min
under an argon atmosphere at a ramping rate of 2 °C min−1.

2.2. Material Characterization. The active materials involved
were tested by field-emission scanning electron microscopy (FE-SEM,
Nova NanoSEM 450), X-ray diffraction (XRD, x’pert3 powder) with
a Cu radiation target, transmission electron microscopy (TEM,
Tecnai G220), and Raman spectroscopy (LabRAM HR800).
Thermogravimetric analysis (TGA, Diamond TG/DTA) was
employed to investigate the ingredient weight ratio.

2.3. Electrochemical Measurements. The TNO and TNO-C
electrodes were prepared by blending the active material, carbon
black, and polyacrylic acid with a weight ratio of 8:1:1 in deionized
water to a homogeneous slurry, which was then coated on a copper
current collector using a doctor blade coating approach, and the
corresponding electrode was achieved after vacuum drying and
mechanical rolling. The NCM electrodes were prepared using the
same procedure with the TNO electrodes, except for the binder use of
polyvinylidene fluoride. The electrochemical performances was
investigated with CR2032-type coin cells, which were assembled in
a glovebox full of Ar with O2 and H2O contents both less than 0.1
ppm. The separator was Celgard 2500 membranes. LiPF6 (1.0 M) was
dissolved in ethylene carbonate and diethylcarbonate with a volume
ratio of 1:1 and 5 wt % fluoroethylene carbonate (FEC) as the
additive. A Neware multichannel battery testing instrument was used
to test the galvanostatic discharge/charge (GDC) of TNO||Li half
cells with a potential range of 1−3 V vs Li/Li+ at 25 °C (1C = 300 mA
g−1). The specific capacity of the TNO-C composites was obtained by
calculating based on the total mass without subtracting carbon. A
VMP3 multichannel potentiostat (Bio-Logic) was used to perform
electrochemical impedance spectroscopy (EIS) and cyclic voltamme-
try (CV). The EIS tests were conducted under an open-circuit
potential with an amplitude of 10 mV at a frequency range from 100
kHz to 0.01 Hz. The electrochemical stability of NCM||TNO-C full
cells was measured by galvanostatic and voltage charge/discharge on
the Neware battery instrument within the voltage range from 1.5 to

Figure 1. Schematic of electrodes with (a) nanoscale active materials and (b) micrometer-sized assembly of nanomaterials with carbon coating that
increases the tap density and reduces the thickness of electrodes with the same areal capacity in comparison to single nanoparticles, which shortens
the transfer pathways of charges and increases the volumetric capacity of electrodes and the energy density of batteries.

Figure 2. Synthesis schematic of the TNO-C materials.
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2.8 V. The specific capacity of full cells was obtained by calculating
based on the active mass loading of the NCM cathode, and the rate
capability was evaluated based on the practical cathode capacity of
150 mA g−1.

3. RESULTS AND DISCUSSION

The synthesis schematic of the TNO-C composite is shown in
Figure 2, involving a solvothermal process and a subsequent
carbonization operation. Shortly, secondary TNO particles are
obtained in the solvothermal process under certain pressure
and attraction force of different polarity charges. Subsequently,
polydopamine is coated on the surface of the TNO particles
using a solution approach, followed by carbonization under an
Ar atmosphere to acquire the TNO-C composites.
The TNO intermediates from the solvothermal process and

the bare TNO products after thermal annealing in air are
characterized by SEM (Figure 3a,b). The secondary TNO
particles show a spherical morphology with the size range
between 400 and 800 nm. These secondary particles are
densely compacted without showing pores on the surface but
only a rough surface of the entire secondary assembly under
SEM. As shown in Figure 3c, the spherical shape and
submicroscale size of the secondary particles are well
maintained for the TNO-C composite during the surface

polymerization of polydopamine and the calcination process.
The surface of the TNO-C becomes smoother after carbon
coating in comparison to the bare TNO (Figure 3d). The
TEM results showed that the assembly of TNO-C spheres
comprises closely compacted nanocrystals with diameters
between 30 and 50 nm (Figure 3e). In addition, a uniform
carbon nanolayer of ∼1 nm covers the entire surface of the
particles to improve the electric conductivity and protect the
structural integrity of the TNO-C assembly during the
charging/discharging process (Figure 3f). Moreover, lattice
fringes with about 0.34 nm spacing are clearly observed,
corresponding to the (003) lattice plane of TNO. The
corresponding EDS mapping verifies the uniform distribution
of Nb, Ti, O, and C elements in the TNO-C assemblies,
demonstrating the successful fabrication of high-quality TNO-
C composites.
XRD characterization is conducted to analyze the crystal-

linity and phase information of the prepared materials. As
shown in Figure 3g, the XRD results for the TNO and TNO-C
materials are nearly overlapped, and the main sharp diffraction
peaks at 2θ values of 17.4, 23.9, 25.9, 32.5, and 47.8°
correspond to the (301), (110), (303), (312), and (020)
planes of TiNb2O7 (JCPDS no. 39-1407), suggesting the
successful formation of the TNO phase. XRD measurement is

Figure 3. (a, b) SEM of TNO secondary particles. (c, d) SEM characterization of the TNO-C composite. (e) TEM and (f) HRTEM images for
TNO-C, and the elemental mapping images of Nb, Ti, C, and O. (g) XRD and (h) Raman measurements for bare TNO and TNO-C composites.
(i) TGA test for the TNO-C material.
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also carried out for bare TNO materials achieved under other
calcination temperatures (Figure S1). Their XRD patterns are
nearly the same, except for the stronger crystallinity at a higher
temperature of 900 °C. Raman spectroscopy was also
performed to analyze the microstructures of bare TNO and
TNO-C materials within the range of 200−2000 cm−1 (Figure
3h and Figure S2). The obvious band centered at 643 cm−1

results from the vibration of TiO6 octahedra.
24 The two peaks

located at 886 and 1003 cm−1 correspond to the phonon
vibration of the TNO nanospheres, which are ascribed from
the corner and edge-shared NbO6 octahedra, respectively.25

Two additional broad bands of the TNO-C composite located
at 1340 and 1574 cm−1 correspond to the D and G peaks of
the carbon layer.26 The results of these above characterizations
clearly evidence the successful fabrication of TNO-C
assemblies.27 TGA tests are conducted under ambient air at
a heating rate of 5 °C min−1 to identify the carbon content
ratio of TNO-C composites. For the oxidation of carbon, the
total weight decreases with the temperature increasing to
nearly 400 °C (Figure 3i). The lost mass percentage of carbon
in the TNO-C is nearly 1.4%, according to the TGA report.
The impact of calcination temperature of bare TNO on the

rate capability is first investigated. A series of bare TNO
samples is synthesized using different calcination temperatures

from 700 to 900 °C (denoted as TNO-700, TNO-800, and
TNO-900), and their rate capability is evaluated. The TNO-
800 delivers high capacities of 248 mAh g−1 at 0.2C and 172
mAh g−1 at 5C with a capacity retention of 70%.28,29 The
TNO-700 and TNO-900 exhibit similar capacities to the
TNO-800 at 0.2C and 0.5C, respectively (Figure 4a).
However, when the current density further increases, the
reversible capacity dramatically decreases. For example, TNO-
700 and TNO-900 deliver 79 and 63 mAh g−1 at a current
density of 5C, respectively. The worse rate capability of TNO-
700 and TNO-900 may result from the inferior ionic
conductivity because of the low crystallinity (for TNO-700)
or large initial particle size (for TNO-900). To further improve
the rate capability of TNO-800, an ultrathin carbon nanolayer
is conformally coated, which enhances the electronic
conductivity. In comparison to TNO-800, the TNO-C
composite exhibits 275 mAh g−1 at 0.2C and 194 mAh g−1

at 10C, with a capacity retention of 71%, which are among the
best in the literature.27,29,30 When the rate returns to 0.5C, the
capacity of the TNO-C composite recovers the initial value at
0.5C, and stable capacity-cycle number plots are also obtained,
indicating the enhanced conductivity and structural stability
due to the conformal ultrathin carbon coating.

Figure 4. (a) Rate performance of the TNO-C composite and bare TNO fabricated using different calcination temperatures. (b) GDC curves of
the TNO-C composite at a series of current densities. (c) Rate capability of TNO-C composites with different carbon contents by adjusting the
polymerization time. (d) CV tests of the TNO-C composite. (e) Nyquist plots of the TNO and TNO-C composites before cycling. (f) Cycling
performance comparison of the TNO-C composite and bare TNO at 0.5C and (g) 2C in half cells. (h) Corresponding GDC plots of the TNO-C
composite and (i) bare TNO from different cycles at 2C.
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Figure 4b displays the GDC curves of the TNO-C (referred
to TNO-C-2.5 h if stated otherwise) electrode at different
current densities. A voltage plateau with an average voltage of
∼1.6 V is observed, which is associated with the Li+-insertion
behavior, and sloping regions (>1.65 and <1.55 V) are
presented on the GDC curves, which correspond to the Li+

extraction process.30 As the current density increases from 0.2
to 5C, a little change in the average potential is observed, and
the variation in electrochemical polarization is as small as 0.05
V, indicating the excellent charge-transfer capability of TNO-
C.21 TNO-C materials with different mass contents of carbon
are synthesized by adjusting the polymerization time of
dopamine, and the corresponding samples are denoted as
TNO-C-1.5 h, TNO-C-2.5 h, and TNO-C-4 h. As shown in
Figure 4c, TNO-C-2.5 h demonstrates the best performance in
terms of stability and capacity, demonstrating its optimized
carbon coating.31

Figure 4d exhibits the CV tests of the TNO-C composite at
scan rates from 0.05 to 3.0 mV s−1 and a pair of redox peaks
are exhibited for all the CV curves. Only slight potential shifts
of 0.08 and 0.1 mV are observed for the cathodic scan and
anodic scan when the scan rate increases from 0.05 to 3 mV
s−1, indicating fast electrochemical reaction kinetics for the
TNO-C composite.32 The EIS measurements are tested within
the frequency range from 100 kHz to 0.01 Hz at the open-
circuit voltage for the bare TNO and TNO-C to examine the
electrochemical behavior (Figure 4e). The Nyquist curves
show a semicircle at high frequencies, which is ascribed from
the charge-transfer resistance (Rct) and a slope at low
frequencies, which represents for the ion-diffusion behavior
inside the electrode.23,33 Rct and the series resistance (Rs)
value, which comprised the contact resistance at the interface
of the electrolyte and electrode, internal resistance, and
electrolyte resistance, are calculated with an equivalent
circuit.34 The Rs of the TNO-C composite and bare TNO
are 1.55 and 1.88 Ω, respectively. The Rct for TNO-C is
calculated as 173.3 Ω, which is much smaller than that of the
TNO-electrode (443.4 Ω). These results indicate that the thin
carbon layer of the TNO-C nanospheres helps decrease the
charge-transfer resistance, accounting for the improved rate

performance of the TNO-C composite. The calculated values
of the lithium-ion diffusion coefficient before the cycling
process are 4.2 × 10−14 cm2 s−1 for TNO-C and 4.8 × 10−14

cm2 s−1 for TNO, respectively, according to the EIS data.
Similar values of the lithium-ion diffusion coefficient indicate
that the carbon coating does not bring much negligible impact
on the diffusion of the lithium ions. EIS confirms that the
carbon content for the TNO-C composite can effectively
increase the electrode electric conductivity, leading to
improved electrochemical performance.
The cycling comparison between the TNO-C composite and

bare TNO is first conducted at 0.5C within 1−3 V versus Li+/
Li, as shown in Figure 4f. High capacity retention of 93.1% is
achieved for the TNO-C composite after 100 cycles in sharp
contrast to 77% for the bare TNO. The cycling stability of the
TNO-C composite is also evaluated at 2C (Figure 4g). After
activation for five cycles at a low rate, the TNO-C composite
displays 231 mAh g−1 at the first cycle at 2C and 213 mAh g−1

for the 100th cycle with a high capacity retention of 92.2%. In
comparison, the bare TNO delivers a low capacity of 214 mAh
g−1 at 2C and decays to 159 mAh g−1 after the 100th cycle with
a low retention of 74.2%. The improved cycling stability at
different C rates correlates with the fast charge-transfer
capability and the structural integrity of the TNO-C
composite. To deeply understand the electrochemical
behavior, the corresponding voltage curves of bare TNO and
the TNO-C composite at different cycles are shown in Figure
4h,i, which clearly illustrates the disparity in overpotential
evolution. For the TNO-C composite, the GDC plots from the
first cycle to the 100th cycle show the same shape with
constant voltage plateau positions with only a slight increase in
overpotential. In comparison, the bare TNO shows an obvious
increase in overpotential after 20 cycles, indicating the inferior
electrochemical stability.
Full cells fabricated with the NCM622 cathode and the

TNO-C composite anode are also assembled to further
evaluate the fast-charging capability of the TNO-C material
(Figure 5a). Figure 5b shows the charge/discharge voltage
profiles at different cycles of the TNO-C||NCM full cell at a
fast-charging current of 3C. The charging capacity at 3C is

Figure 5. (a) TNO-C//NCM full cell schematic. (b) GDC plots at different cycles and (c) full cell cycling performance of TNO-C||NCM at 3C.
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152.8 mAh g−1, and the discharge capacity at 0.5C is 140.1
mAh g−1, leading to a high Coulombic efficiency of 92%.
Additionally, the voltage profiles at different cycles nearly
overlap, which indicates the highly reversible intercalation/
deintercalation mechanism of Li+. Figure 5c displays the cycle
stability of the TNO-C||NCM full cell at 3C within the voltage
range from 1.5 to 2.8 V. The full cell displays a discharge
capacity of 140.1 mAh g−1 for the initial cycle and 136.4 mAh
g−1 after 100 cycles with high retention of 97.4%. The excellent
fast-charging capability of the TNO-C composite with high
stability makes it a promising candidate for LIBs in high rate
applications.

4. CONCLUSIONS
In summary, TNO-C assemblies in the submicrometer size are
synthesized using a solvothermal method with the combination
of conformal conductive carbon coating. The design of the
secondary TNO structure and ultrathin carbon layer enhances
the charge transfer within the electrode. Meanwhile, the
submicrometer size and spherical morphology of the TNO-C
composite are beneficial for the close compact of active
materials and thus short charge-transfer distance at the
electrode level. Combining with the intrinsic advantage of
the moderate working potential, the obtained TNO-C
composite exhibits a high capacity of 194 mAh g−1 at 10C
with a capacity retention of 71% (based on the value at 0.2C)
and high stability with a capacity retention of 92.2% at 2C for
100 cycles in a half cell. Furthermore, the full cell TNO-C||
NCM shows excellent cycle performance at a high charging
rate of 3C with retention of 97.4% for 100 cycles. The facile
fabrication of such a TNO-C composite with excellent
electrochemical performance under high-rate conditions
makes it a potential high-rate anode candidate for LIBs.
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