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ARTICLE INFO ABSTRACT

Titanium niobium oxide (TiNb,O-) has been regarded as a promising anode material for high-rate lithium ion
batteries (LIBs) due to its potential to operate at high rates with improved safety and high theoretical capacity of
387mAh g’l, Herein, three-dimensionally ordered macroporous (3DOM) TiNb,O, composed of intercon-
nected single-crystalline nanoparticles was prepared using polystyrene (PS) colloidal crystals as a hard
template. The final product yields a homogeneous, continuous, and effective honeycomb-like construction.
This architecture provides facile Li* insertion/extraction and fast electron transfer pathway, enabling high-
performance lithium ion pseudocapacitive behavior, leading to good electrochemical performance. As a result,
the 3DOM-TiNb,O, shows a remarkable rate capability (120mAhg™ at 50C) and durable long-term
cyclability (82% capacity retention over 1000 cycles at 10 C). The work presented herein holds great promise
for future design of material structure, and demonstrates the great potential of TiNb,O- as a practical high-rate
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anode material for LIBs.

1. Introduction

Lithium ion batteries (LIBs) have become ubiquitous power sources
for portable electronics by virtue of their high energy density and power
density. The potential application of these energy storage devices in
pure electric vehicles (EVs), hybrid electric vehicles (HEVs), and large-
scale energy storage have been demonstrated [1-4]. Graphite is widely
used as the anode material in commercial LIBs, but it cannot satisfy the
increasing demand required for high power application. As an alter-
native to commercial graphite anode in high-rates LIBs, spinel
Li4Tis01, has been extensively investigated because it exhibits excel-
lent lithium ion insertion/extraction reversibility with “zero strain” at a
relatively higher operating voltage (1.55V vs. Li*/Li), ensuring long
cycle life and additional safety by avoiding lithium dendrite formation
[5,6]. Despite these obvious advantages, the specific capacity of
LisTis015 is only 175mAhg™!, a fraction of the energy density
provided by graphite (372 mA h g™1). As a consequence, the practical
application in the full batteries of Li4;TisO1» anode is limited due to its
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relatively low energy density.

In 2011, TiNb,O-, was proposed by Goodenough's group as a high
rate anode material, demonstrating potential to replace Li4TisO01, [7,8].
Subsequently, it attracted much research interest because of its out-
standing electrochemical performance [9-12]. The theoretical capacity
of TiNb,0 is 387.6 mA h g~! corresponding to a 5-electron transfer
reaction (Ti**/Ti®*, Nb°*/Nb>*), which is almost two times higher than
that of Li4TisO1, [13]. Meanwhile, the high voltage plateau of TiNb,O-
(~1.64 V) can avoid the formation an SEI layer, resulting in a rapid Li*
intercalation/deintercalation and longer cycle life compared to carbon-
based electrodes [14]. In addition, the slow rise/drop characteristic
near the end of the charge/discharge process observed in the voltage-
time curve is conductive to the precise estimation for state of charge
(SOC), which is typically based on a predetermined OCV—SOC relation-
ship (OCV: open-circuit voltage) [14]. This is especially important for
the development of battery pack management systems used in EV [15].
In contrast, LisTisO;> generally shows a very flat voltage plateau
followed by an abrupt rise/drop following the charge/discharge
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process, leading to difficulty in estimating SOC. This information is
especially difficult to ascertain when combined with a cathode material
exhibiting similar charge/discharge characteristics, such as the
LiFePO, cathode. For these reasons, the TiNb,O- exhibits enormous
potential to replace Li4Ti5O1- as the next generation anode material for
high-power lithium ion batteries.

However, the intrinsic low electronic and ionic conductivity of
TiNb,O- have restricted its electrochemical kinetics [16]. To address
these problems, several efforts have already been completed to improve
the electrochemical properties [17—-19]. Thereinto, synthesis of nanos-
cale electrode materials [20—24] has proved to be an effective approach
since nanometer size particles can dramatically reduce Li* ion diffusion
time and improve Li* insertion/extraction kinetics by shortening the
Li* solid diffusion pathway. Beyond that, reduced particle size of
dozens of nanometers has been shown to produce significant pseudo-
capacitive effects [25]. Take into consideration that pseudocapacitive
charge storage is not a diffusion-controlled process and can signifi-
cantly enhance the rate performance and reversibility in lithium-ion
batteries [26]. Previous work by Dunn et al. demonstrates great
promise towards high-rate electrodes in LIBs driven by an intercalation
pseudocapacitive mechanism [27]. However, nanosized insertion-type
anode materials typically suffer from poor crystal structure stability
and low tap density, reducing the cycling stability and volumetric
energy density that can be obtained. Hence a tradeoff occurs between
high-rate performance and cycling stability. It is challenging, but
desirable, to enhance the electrochemical performance of a host
material without sacrificing stability. One simple and effective way to
alleviate this issue is to prepare micro-scale materials with hierarchi-
cally nanostructured configuration, merging advantages of fast Li*
transport and structure stability together.

Three-dimensionally ordered macroporous (3DOM) structure, with
an interconnected network of nanometer thick walls, is an attractive
architecture for electrode materials. 3DOM materials provide an
intercontinuous network of pores for ample contact with liquid
electrolyte. Meanwhile, the continuous walls provide three-dimen-
sional transport pathways for electron and lithium ion conduction
[28], improving electronic and ionic conductivity. Typically, the 3DOM
structure is obtained by replicating the structure of a colloidal crystal
template stacked by microspheres [29,30]. Hence, it presents a high
surface-area-to-volume ratio with nanometer sized walls for short
diffusion lengths and a high active surface area for a large number of
intercalation sites [28], More than that, the hierarchical nanostructure
can also be conducive to the intercalation pseudocapacitive behavior.
Up to now, the construction and the performance of 3DOM structured
TiNb,O- anode materials have not been reported.

Herein, the 3DOM-TiNb,O-, was first prepared and used as an
anode material for high-rate lithium ion batteries. The obtained 3DOM
structure presents a hierarchical architecture and is composed of
interconnected single-crystalline nanoparticles in the nanometer range.
The 3DOM-TiNb,O, exhibits an average reversible capacity of
135mAhg™! at a charge rate of 20 C, even delivers high reversible
capacities of 120 and 99 mA h g™ at charge rates of 50 C and 100 C,
respectively. Furthermore, this presented material can maintain a
capacity retention ratio of 82.3% following 1000 cycles at 10 C.
Furthermore, given the unique architecture of 3DOM-TiNb,O- demon-
strated that intercalation pseudocapacitance dominates the fast charge
storage process in the 3DOM-TiNb,O- anodes and strongly contributes
to the superior rate capability and long cycle life of LIBs.

2. Experimental section
2.1. Preparation of 3DOM-TiNb,O»
Monodispersed polystyrene (PS) dispersions were synthesized

using emulsifier-free emulsion polymerization technology. The PS
spheres were close-packed into colloidal crystals by drying at 50 °C
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for 24 h. These dried samples were used as hard templates in the
synthesis of three-dimensionally ordered macroporous TiNb,O-.
Precursor solutions were obtained by dissolving a desired amount of
mixed metal salt [NbCl5/C;6H3604Ti=2/1, mol] into absolute ethyl
alcohol solvent at room temperature. Subsequently, the PS colloidal
crystals were soaked in precursor solution for 12 h. Excess solution was
removed from the impregnated PS template by vacuum filtration. The
obtained sample was dried in air at 50 °C for 24 h. The polystyrene
spheres were removed by calcination in air atmosphere at 900 °C for

5h at a heating rate of 1 °C min~1.

2.2. Materials characterization

Size and morphology of 3DOM-TiNb,O, was characterized using a
Helios Nanolab 600i high-resolution Field Emission Scanning Electron
Microscope (FESEM) operating at 10 kV. Transmission electron micro-
scopy (TEM) and high resolution TEM (HRTEM) images were taken
with a TecnaiG2F30 transmission electron microscope with an accel-
eration voltage of 300 kV. The crystal structure of the samples was
confirmed by X-ray powder diffraction (XRD) carried out on a Rigaku
D/max-yA X-ray diffractometer with Cuxa radiation (A=1.54178 A).
The N, adsorption/desorption isotherms of the samples were per-
formed at 77 K using 3H-2000PS2 (Beishide Instrument Technology
Co., Ltd), and the specific surface area was calculated from the BET plot
of the N, adsorption isotherm. To investigate the valence bond of
TiNb,O~, a Raman spectrometer (Horiba Jobin Yvon, LabRam Aramis)
and the FT-IR spectrometer (ThermoNicolet iS10) with an attenuated
total reflectance (ATR) unit were used to obtain the Raman and FT-IR
spectrum. The X-ray photoelectron spectra (XPS) was recorded on a
PHI 5700 ESCA system fitted with Al xa radiation.

2.3. Electrochemical performance measurements

The electrochemical performance of the TiNb,O, sample was
analyzed in TiNb,O,/Li half cells. The working electrodes were
fabricated as follows. First, the 3DOM-TiNb>O~ (70 wt%), Super P
(20 wt%), and polyvinylidene fluoride (PVDF 10 wt%) were mixed and
then stirred in appropriate amount of N-methyl-2-pyrrolidone (NMP)
to form a homogeneous black slurry. The black slurry was spread onto
Cu foil via doctor blading. The electrode was dried in vacuum at 120 °C
for 12 h and then punched into disks with diameter of 14 mm. The
average loading weight of the active material in the coin cell fabrication
is ~1.5 mg. Lithium metal was used as the counter electrode in the coin
cell, and a porous polypropylene membrane (Celgard 2500) was used
as the separator. CR2025-type coin cells were assembled in an argon-
filled glove box with both moisture and oxygen contents below
0.5 ppm. The electrolyte was 1 mol L™! LiPF4 in ethylene carbonate/
dimethyl carbonate (EC/DMC, 1/1 by volume) solvent. The galvano-
static charge/discharge test (1.0-3.0 V) was performed on the Neware-
CT3008 test system.

3. Results and discussion

As shown in Scheme 1, the 3DOM-TiNb,O- was prepared by a facile
hard template method. The close-packed PS colloidal crystals, utilized
as a typical hard template, were soaked in precursor solution and the
penetrant process proceed spontaneously through a capillary attraction
for 12 h, while excess solution was removed by vacuum filtration along
with an in situ hydrolysed process, followed by calcination in air to
remove the PS hard template. SEM images of the monodispersed PS
spheres and the self-assembly PS colloidal crystals are shown in Fig.
S1. Fig. S1a shows uniform monodispersed PS spheres with the average
diameter of ~325 nm. Fig. S1b, ¢ and d give typical surface morphol-
ogies of the PS colloidal crystals array with a hexagonal closed-packed
arrangement of PS particles. The interstices among the PS micro-
spheres in Fig. S1d are the formation location of TiNb,O- triangle
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Scheme 1. Schematic illustration for preparation of 3DOM-TiNb,O; anode materials using PS microspheres as a hard template.

array, as shown in the corresponding SEM and TEM images of a
3DOM-TiNb,O; triangle array in Scheme 1.

Crystal structure of as-synthesized TiNb,O- was confirmed by X-ray
diffraction (XRD) analysis (Fig. 1a). All observed diffraction peaks are
in good agreement with the standard XRD pattern (JCPDS: #77-1374),
indicating good crystallinity of TiNb,O-. The characteristic diffraction
peaks of (002), (110), (003) and (-602) can be assigned to ‘ReOs’

structure and belong to a monoclinic system (space group C2/m) with
the lattice constants a=20.351 A&, b=3.801A, ¢=11.882A4, and
b=120.191 [31]. The Fig. 1a inset shows the crystal structure of the
monoclinic TiNb,O, phase along the a-axis. The MOg (M=Ti, Nb)
octahedra present an ‘A-B-A’ layer structure, which can accommodate
embedded Li* and maintain structure stability [13,16]. To further
confirm the formation of TiNb,O-, FT-IR spectroscopy was used to
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Fig. 1. (a) XRD pattern and standard pattern. (Inset) crystal structure of the monoclinic TiNb,O- viewed along the a-axis. (b) FTIR spectra, (¢) Raman spectroscopy, and high resolution

XPS spectra for (d) Nb, (e) Ti and (f) O elements of the 3DOM -TiNb,O-.
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reveal the bonding characteristics. As shown in Fig. 1b, the bonds at
approximate 1650 cm™! and 3450 cm™! are attributed to the stretching
vibrations of hydroxyl groups from the absorbed water vapour on the
surface of TiNb,O; [32]. The bands at 924 cm™! and 530 cm™! can be
assigned to the stretching vibrations of the Nb-O bonds and the Nb-O-
Nb bridging bonds, respectively. Finally, bands at 694 cm™ and
839 cm™! arise from stretching vibration of Ti-O-Ti bonds [33].
Structure of the monoclinic TiNb,O, phase was also investigated by
Raman spectroscopy, as shown in Fig. 1c. The two bands at 889 and
1001 ecm™ can be assigned to symmetric metal-oxygen stretching
vibrations of corner/edge-shared NbOg octahedra, respectively. The
metal-oxygen vibrations of the TiOg octahedra occur at 540 and
647 cm™!, while the band at 262 cm™! can be attributed to symmetric
and antisymmetric bending vibrations of O-Ti-O, O-Nb-O [34].
Therefore, based on the above analysis, TiNb,O, phase can be
confirmed to be present following the thermal annealing process.

X-ray photoemission spectroscopy (XPS) was further employed to
analyze the valence state information of Nb, Ti and O elements in
TiNb,O-, as shown in Fig. S2. The broad spectrum obtained reveals the
existence of Nb, Ti, O and C elements in the sample. The presence of C
can be attributed to adsorbed carbon from the atmosphere [35]. Fig. 1d
shows the HRXPS spectra of Nb, reveling a Nb 3d 5/2 peak is located at
approximately 207.4 eV corresponding to Nb°*, in good agreement
with the binding energies in Nb,Os [36], indicating that all of the Nb in
TiNb,O- is pentavalent. The XPS spectrum of Ti 2p double peak is
presented in Fig. le and displays energies at about 463.8 eV and
458.2 eV, correspond to Ti 2p 1/2 and Ti 2p 3/2, respectively. The
splitting data of 5.6 eV in core levels indicates a normal state of Ti** in
the oxide [17,37]. The main peak of O 1s (Fig. 1f) is centered at
529.6 eV, which is attributed to oxygen species in the TiNb,O-, phase
[17]. Another small peak at 531.1 eV can be ascribed to hydroxyl
oxygen, which is also observed in FTIR data.

The morphology and microstructure of TiNb,O~ was observed using
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). Fig. 2a and Fig. S3 show the typical morphology of

Nano Energy 34 (2017) 15-25

prepared 3DOM-TiNb»O. It is observed that nearly all the obtained
TiNb,O- microparticles present three-dimensionally ordered porous
structure. Fig. 2b shows a representative 3DOM structure, where the
well-ordered “air spheres” and the interconnected inorganic walls
create three-dimensional “honeycomb” pore structure [38,39].
Naturally, the open and interconnected 3DOM structure could give a
high specific area to expose more surface sites. Fig. 2¢ shows a typical
“honeycomb pore” structure unit with an average wall thickness of
50 nm and interconnected pore diameter of 100 nm. Fig. 2d and e
presents the TEM images of obtained 3DOM-TiNb,O, sample from
different visual angles. Interestingly, the close packing arrangement of
the original PS template (Fig. S1b-d) is successfully preserved after
removing the PS template, highlighting the efficacy of our proposed
synthesis route. Obviously, the dark regions correspond to the TiNb,O-
framework and the light regions correspond to the void space. Fig. 2d
shows an ordered macroporous arrangement with a diameter of about
325 nm, corresponding to the results of the SEM images. It can be
found in Fig. 2e that the well-ordered inorganic walls connected the ‘air
spheres’ spread throughout the porous particle from different viewing
direction compared with Fig. 2d. A clear connecting type can be
observed in Fig. 2f, presenting a typical three dimensional ordered
interconnected structure of TiNb,O-, well coinciding with the Scheme
1.

In order to further understand the architecture of the 3DOM-
TiNb,O-, high resolution transmission electron microscopy (HRTEM)
was performed to study the construction and crystalline phase. As
shown in Fig. 3a, the typical “honeycomb” crosslinking structure
consists of a rough inorganic wall with a diameter of about 50 nm
and presents obvious regularity. Fig. 3b shows the enlarged area of the
yellow box in Fig. 3a. It is observed that the interconnected walls are
composed of nano-crystalline grains that are tightly linked together
with a size of 20—40 nm. Fig. 3¢ shows an enlarged area of Fig. 3b, and
presents several crystalline grains with different orientation existing in
the selected region. The regular spacing of the lattice fringes of nano-
crystallites is 0.34 nm, which is consistent with an interplanar distance

T~
»
e

7 SRR L)

R

Fig. 2. SEM images (a, b, ¢) and TEM images (d, e, f) of the 3DOM TiNb,O- after calcination at 900 °C for 5 h.
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Fig. 3. (a) HRTEM image of the 3DOM-TiNb,O- after calcination at 900 °C. (b) HRTEM image of the interconnected walls (enlarged image of the yellow box in Fig. 5a). (c) The lattice
fringes of different crystalline grains (enlarged image of the yellow box in Fig. 4¢), and the FFT results corresponding to the selected red box. (d) HAADF-STEM image of a pore unit in

the 3DOM architecture. (e-g) Element mappings of the pore unit in the Fig. 3d.

of the (003) plane of TiNb,O- [40]. A fast Fourier transform (FFT) of
region 1 in Fig. 3c displays very sharp diffraction spot arrangements,
revealing the single crystalline nature of the selected crystalline grain
[41]. A similar phenomenon is also observed in the FFT result of region
2, suggesting a special oriented feature of TiNb,O; crystal structure,
which has been investigated in detail in our previous work [40].
Meanwhile, selected area electron diffraction (SAED) of a larger area
was performed. The scattered diffraction points in Fig. S4 further
confirm that the interconnected walls are composed of multiple single-
crystalline nanoparticles. A similar 1D hierarchical structure named
“Nano-Pearl-String” was obtained using electrospinning by Maier's
group [42], indicating a universal growth mechanism associated with
TiNb,O-, oxides. To determine the distribution of Ti, Nb and O
elements in the titanium niobium binary oxide, elemental mappings
of the representative pore structure unit were conducted in Fig. 3e-g,
and the results matched well with high-angle annular dark-field
scanning TEM (HAADF-STEM) image in Fig. 3d, revealing a homo-
geneous distribution of Ti, Nb and O atoms in 3DOM-TiNb,O-. The
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same conclusion can be further confirmed by the EDS result in Fig. S5.

Fig. 4a shows the nitrogen adsorption-desorption isotherms of
3DOM-TiNb,O,, and it presents a high Brunauer-Emmett-Teller
(BET) surface area of 26.99 m?g™!. The corresponding pore size
distribution profile is shown in Fig. 4b along with the Barrett-Joyner-
Halenda (BJH) pore diameter of 3DOM-TiNb,O- based on adsorption
curve, demonstration the presence of three different pore sizes. A pore
diameters of 5.5 nm and 23 nm are caused by interparticle pores
among the single-crystalline nanoparticles [43], and a broad pore size
distribution from ~50 nm to ~130 nm, corresponding to the inter-
connecting pore obtained from the remove of adjacent PS micro-
spheres, coinciding with a pore diameter of ~100 nm in Fig. 2¢. As a
whole, the obtained hierarchical porous structure is beneficial to the
infiltration of electrolyte, and therefore enhances lithium ion transport
kinetics [44].

In order to investigate the electrochemical performance of the
3DOM-TiNb,0-, half-cell lithium batteries were assembled and eval-
uated. Compared to single metal oxides, the Li* intercalation/deinter-
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Fig. 4. (a) Nitrogen adsorption-desorption isotherm and (b) corresponding pore size distribution curve or 3SDOM-TiNb,O-.
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Fig. 5. (a) Cyclic voltammograms of the cell in the potential window of 1.0-3.0 V at a scan rate of 0.1 mV s~*. (b) The initial two charge/discharge curves of TiNb,0/Li half cell at 1 C;
(c) Cycling performance and coulombic efficiency of the cell at 1 C, and (d) Rate capability of TiNb,O- electrodes at various rate (1 C, 2 C, 5 C, 10 C, 20 C, 50 C, 100 C): discharge rate
was fixed at 1 C. (e) Cycling performance and coulombic efficiency of TiNb,O- anode at 10 C after 5 cycles at 0.1 C.

calation behavior of binary metal oxides is more complex due to
synergistic effects occurring [45]. Herein, cyclic voltammetry was
performed to study the electrochemical behavior of the 3DOM-
TiNb,O,. As shown in Fig. 5a, the initial three cycles were carried
out at a scan rate of 0.1 mVs~! between 1 and 3.0 V. A couple of
obvious redox peaks can be observed at around 1.56 and 1.71V,
corresponding to the reduction/oxidation reaction of Nb>*/Nb**
couple. Another couple of unconspicuous broad redox peaks can be
seen at 1.81 and 1.90 V is attributed to the Ti**/Ti** couple, and the
broad bump in the range of 1.0-1.4 V can be assigned to the Nb*"/
Nb3* redox couple [20,23]. Notably, the phenomenon, reduction peak
position in the first cycle differs from that in the subsequent cycles, is in
virtue of the migration of the Fermi level and major distortion of the
Nb (Ti)-oxygen octahedra during the insertion of lithium ions [13].

20

Fig. 5b shows the galvanic charge/discharge curves of the first two
cycles in the range of 1-3.0V at 1C (387 mA g™!). The initial two
discharge and charge capacities are 251, 212mAhg™! and 210,
198 mA h g™!, corresponding to a coulombic efficiency of 84% and
93%, respectively. The reversible capacity deceases in the second cycle
may be related to the channelling effects derived from distortion of the
MOy (M=Ti, Nb) octahedra during charge/discharge process [13,46].
In addition, the discharge plateau, shown at approximately 1.65V,
ascribes to a two phase transformation process [16,47], and the two
sloping regions (1.7-3.0V and 1.0-1.5V) are related to a solid-
solution reaction [16]. The cycling performance of the 3DOM-
TiNb,O- at 1 C is presented in Fig. 5c. After 50 cycles the capacity of
the cell reaches 139 mA h g™!, corresponding to a capacity retention
ratio of 65%. In order to study the fast lithium-ion transport and
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and diffusion-controlled capacities at different sweep rates.

capacity recovery of TiNb,O- electrodes, TiNb,O,/Li half cells were
tested at various rates, ranging from 1 C to 20 C and then returned to
1 C (Fig. S6). The average charge capacity for 5 cycles are 206, 162,
124, 105 and 84 mA h g™! at a charge/discharge rate of 1 C, 2C, 5C,
10 C and 20 C respectively. Returning the rate back to 1 C results in the
capacity recovering back to 184 mA h g™}, indicating good electroche-
mical reversibility of the TiNb,O- electrode. At the same time, it is
worth noting that the mass-loading of electrodes is also a critical
parameter except the value of specific capacity, and plays an important
role in the battery design and configuring. High mass-loading can
significantly improve the energy density of the full batteries within the
limited space. Therefore, a lot of work devoted to improving the energy
density through elevating the mass-loading of electrodes [48].
Typically, V. Aravindan and S. Madhavi et al. reported a high mass-
loading of 5mgem™ for high energy density non-aqueous Li-ion
capacitors using TiO»-B nanorods and TiO» nanofibers [49,50], also
observably promotion was achieved on the LIBs from their other work
[51]. As a consequence, we believe that it is a meaningful research
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direction to enhance the mass loading of nanomaterials in the
subsequent research on TiNb,O- anodes.

Generally, EVs and HEVs will be charged at night in an effort to
draw power at off-peak hours. On account of the sufficient time, the
charge rate of the power lithium ion batteries can be decreased in order
to increase the actual charge capacity. It worth to be noticed that the
charging process of full batteries corresponds to Li* insertion into the
anode material, therefore, the discharge rate of TiNb»O-/Li half cells
can be reduced to investigate the real fast discharge performance of full
battery pack. Herein, the discharge rate of TiNb,O-/Li half cell was
fixed at 1 C while the charge rate was varied, as shown in Fig. 5d.
Reversible capacities as high as 135 and 120 mA h g~! are achieved at
charge rates of 20 C and 50 C, respectively. Even at an elevated charge
rate of 100 C (38.7 A g™1), a high capacity of 99 mA h g™! was obtained.

Fig. 5e shows the long-term cycling ability of 3DOM-TiNb,O,
electrodes at a charge/discharge rate of 10 C, following an activation
process at 0.1 C. The capacity of the first and 1000th cycle are 106 and
87 mAh g1, respectively, reflecting a capacity retention of 82%. In
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—> Electron transport

=>» Lithium ion diffusion

Fig. 7. Schematic illustration for the ion transport and electron transport in the 3DOM-TiNb,O~ anode materials, and the different structure characteristics of the 3DOM-TiNb,O: 1)
the sharp nanoscale interconnected walls, 2) two types of porosity, the macropores and the smaller quasi mesopores, 3) the rough surface and the single-crystallines nanoparticles.

addition, the coulombic efficiency was found to be nearly 100% in each
cycle. The outstanding cycling performance can be attributed to the
excellent structural integrity and crystallinity of the 3DOM-TiNb,O-
architecture.

Considering the large specific surface area and good rate capability
of 3DOM- TiNb,O-, it can be theorized that electrochemical capaci-
tance effects play a role in the fast charge/discharge process observed
[52-54]. As well demonstrated, utilization of nanostructured materials
as active electrodes can be beneficial for the improvement of high rate
operations, for these arising reasons, 1) nanomaterials, especially the
nanoparticles with dozens of nanometers, ensures most of the electro-
chemical reactions occurring on the surface and near-surface region of
the electrodes, and thereby display typical pseudocapacitive Li* inter-
calation, in which the charge storage within the crystalline framework
of these materials is not controlled by the Li* diffusion process [55]. 2)
As the sizes of active materials decreasing to nanoscale, the crystalline
structure would not undergo a phase transformation in Li+ intercala-
tion process, leading to a high-effective enhancement of long-term
cycle stability [56].

Herein, a quantitative analysis method [57,58] based on the cyclic
voltammograms was used to further distinguish between capacitive and
diffusion-limited contributions to the total observed capacity. Lithium-
ion intercalation kinetics can be analyzed by plotting log(i) versus
log(v) for anodic and cathodic peak currents. The measured current (i,
A) obeys a power-law relationship with the sweep rate v (mV s™) [59]:

i=a’ (€8]

where both a and b are adjustable parameters, with b-values derived
from the slope of the plot of log i vs log v. In particular, a b-value of 0.5
indicates a diffusion-controlled process caused by cations intercalation,
while b=1 symbolizes a capacitive behavior via a surface faradaic redox
reaction [27,60].

The CV curves at various scan rates from 0.05 to 1mV s~ are
shown in Fig. 6a, displaying similar shapes with broad peaks during
both cathodic and anodic processes. It is interesting to note that the
small peak separations are nearly identical when the scan rate is
increased from 0.1 to 1 mV s™, demonstrating minimal polarization at
high rates. To analyze the intrinsic electrochemical behavior, log(i)
versus log(v) was plotted. As presented in Fig. 6b, the calculated b
values are respectively 0.75 and 0.72 for cathodic and anodic current
peaks, indicating that reaction current is derived from both lithium ion

-1
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intercalation and surface capacitance. To distinguish quantitatively the
capacitive contribution from the total current response through the
voltammetric sweep rate, Eq. (1) is rewritten as [61].

i(V)=kv+ sz”z 2)

where k; and k- are adjustable values. The total current, at a fixed
potential i(V), is a combination of surface capacitive effects (k;v) and
diffusion-controlled processes (k-v?/?). For analytical purposes, Eq.
(2) can be rearranged as follows:

iV = k2 4 |y 3)

By plotting v?/Z versus i/v?/?, k; and k» can be determined from
the slope and the y-axis intercept point. Thus, based on the calculated
k; and k-, we are able to figure out the capacitive (k;v) and diffusion-
limited (kov?/?) contributions at the specific fixed potentials. This
analysis, outlined in Fig. 6¢ and d, where the shaded area (kjv,
capacitive charge) and the experimental currents (solid line, total
charge) are presented, and the diffusion-controlled charge is mainly
generated at around the peak voltage. Based on this analysis, we
determine that the total capacity of 3DOM-TiNb,O; contributed by the
capacitive effects increases with increasing scan rate. As sweeping rates
increase from 0.05 to 1 mV s~!, the proportion of surface capacitance-
controlled capacity increase from 50.9% to 79.3%, as shown in Fig. 6e.
The high contribution of capacitive charge storage in this case may be
attributed to the large specific surface area derived from the 3DOM
architecture composed of interconnected nano-crystallines, which
provides sufficient active area for electrochemical Li* intercalation
and de-intercalation, as well as cluster gaps or interstitial sites for
lithium storage [62,63]. More importantly, the dominant capacitive
charge storage mechanism enhances the high rate capability of 3DOM-
TiNb,O.

In view of the above results and analysis, the essential reasons of
extraordinary high rate capability and excellent cycling performance
can be summarized from three aspects, as illustrated in Fig. 7. Firstly,
the nanoscale interconnected walls reduce polarization of the electrode.
Due to the 3D ordered structure of the colloidal crystal template,
3DOM-TiNb,O- exhibits porosity at two length scales: macropores,
formed by the remove of PS spheres, and the smaller quasi mesopores,
formed by contact points between PS spheres. This dual interconnected
porous structure produces sharp nanoscale edges which are uniformly
distribute throughout the electrode. Upon application of a potential, a
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relatively high strength electric field develops at these sharp nanoscale
edges, resulting in a weaker electric field in the remaining surface and
reducing the overall polarization [28]. In addition, the 3DOM-TiNb,O-,
with porous walls, display an open interconnected macroporous net-
work and a nanoporous framework, which act as a reservoir/highway
for electrolyte impregnation and ion transport [64]. Secondly, surface
roughness improves lithium ion intercalation and deintercalation
kinetics as defects allow for lithium ions to quickly intercalate into/
de-intercalate from the electrode, minimizing sluggish solid-state ion
transport [65,66]. Finally, nano-crystallites in the 3D architecture
facilitate electron and ion transport during the charge/discharge
process. Since the discharge process is a double injection procedure
of ions and electrons [67,68], the electrical conductivity of TiNb,O-
anode will increase along with discharging, and therefore the electro-
chemical reaction rate is accelerated. Meanwhile, Li* diffusion lengths
in the electrode material and electrolyte is reduced down to the
nanometer scale, as a result, the resistances of both the electrode and
the electrolyte decreases. From the above analysis, it can be concluded
that the mechanism by which both electrons react and ions transport
are three-dimensional nanoscale and, therefore, present obvious and
highly-efficiency pseudocapacitive behavior. Due to that, favorable ion
kinetics are achieved and the rapid Li* intercalation/de-intercalation
are enhanced, leading to excellent rate capability and long-term cycle
life at high rates.

4. Conclusion

In summary, we have successfully fabricated 3DOM-TiNb,O-
composed of interconnected single-crystallites using a self-assembly
polystyrene (PS) microsphere template. When used as an anode
material for lithium ion batteries, the obtained TiNb,O,, with a
three-dimensional open macroporous and quasi mesopores structure,
exhibit high rate performance and ultra-long cyclic stability. Reversible
capacities as high as 135 and 120 mA h g~! were achieved at a charge
rates of 20 C and 50 C, respectively. Even at elevated charge rates of
100C (38.7Ag™), a capacity of 99mAhg™' was obtained.
Furthermore, a high capacity retention ratio of 82% can be achieved
after 1000 cycles at 10 C with a maintained coulombic efficiency of
nearly 100%. Such high electrochemical performance is attributed to
the favorable kinetics resulting from the unique 3DOM architecture,
which provides fast capacitive charge storage, leading to good rate
capability and long-term cycle life. Our strategy of designing a 3DOM
architecture of TiNb,O- is a promising method for developing novel,
high-power electrode materials. The results presented suggest that
TiNb,O is a promising anode material for advanced lithium ion
batteries for potential application in hybrid vehicles and pure electric
vehicles.
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