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Titanium niobium oxides (TNOs) are attractive anode materials for high power density Li-ion batteries. However, the details

of capacity storage in TNOs is not fully understood today as it depends on the Ti and Nb composition and their changes in

oxidation state. This is further complicated by a wide variation in gravimetric capacities reported in literature for TNO

anodes. Therefore, in this work, we systematically synthesise TiNb207, Ti2Nb10029, Ti2Nb1403s, and TiNb24Os particles using

the same solid state reaction approach, and report their electrochemical properties via galvanostatic cycling, cyclic

voltammetry, galvanostatic intermittent titration technique (GITT). Further we use operando X-ray absorption spectroscopy

(XAS) to investigate the redox reactions taking place in each of these compositions, which provides new insights in their

charge storage mechanisms. We found that of the materials tested, TiNb,O; anodes have the best cycling and rate

performance, which could be related to the higher utilization of Nb redox revealed via operando XAS analysis.

Introduction

Lithium titanium oxide (LTO) is a commercially used anode
materials for high power lithium-ion batteries (LIBs) [1].
Although the gravimetric capacity (¥175 mAh/g) and nominal
voltage of LTO (~1.55 V) are worse than those of commercial
graphite anodes (360 mAh/g and 0.1 V respectively), LTO
anodes have a superior rate performance, which is favourable
for high power application [2]. Hence, there have been many
publications showing LTO anodes with great capacity retention,
even at 10 C-rates with high material areal loadings [3]. In
graphite anodes are typically
performance, which is in part due to its very low nominal
voltage versus Li, which can lead to Li plating. The development
of new LIB anodes for electric vehicles (EVs) needs to
accommodate the requirements for a long driving range with
those of short battery charging times and battery safety. It is
therefore important to balance the parameters such as the

contrast, limited in rate
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anode capacity, nominal voltage, rate performance and cost
judiciously. LTO anodes were used in EVs such as Mitsubishi's i-
MIEV and Honda’s Fit EV, as well as power tools, despite their
low capacity and high nominal voltage, as described above [1].
most EVs have graphite anodes, and many
manufacturers are exploring alternative materials that combine
the rate performance of LTO with the capacity of graphite,
which are promising for improving future EV batteries.
Recently, titanium niobium oxide (TNO) has gained interest as
one such material [4-8].

The gravimetric capacity of reported TNO anodes ranges
from 210 to 341 mAh/g depending on the material design and
cut-off voltage, which is 20~95% higher than LTO anodes, while
maintaining fast charging properties [5,9]. However, the exact

However,

details of the redox mechanisms contributing to the gravimetric
capacity measure in TNO anodes remain ambiguous. For
example, Dr. S. Dai and co-workers reported valance state
variation of Ti and Nb during the initial discharge by in situ Ti K-
edge and Nb K-edge X-ray absorption near edge structure
(XANES) spectra between 1.0 V and 3.0 V voltage range in
TiNb,0O7[10]. As a result, Ti** and Nb>* were reduced to Ti3-2* and
Nb3-6+, matched with experimental discharge
capacity of 281 mAh/g. However, it could not explain the broad
range of capacities reported in the publications. Moreover,
there are only a few reports investigating how redox
mechanisms vary depending on the TNO formulation [11,12]. In
this work, we investigate the reaction mechanisms taking place
in TNO anodes by systematically synthesising materials with
different compositions (TiNb,0O7, TizNb10029, Ti2Nb14039, and
TiNb24062) using the same synthesis protocol and benchmarking
them against LTO anodes. We developed a dry solid state
synthesis method for the above four TNO formulations which

which well
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Figure 1. Morphology and crystalline structures of the as-prepared TNOs: SEM images of (a) TiNb,0O>, (b) TizNb19O2s, (c) TizNb14039, and (d)

TiNb240¢;, (€) PSD results, and (f) power XRD patterns of TNOs

allows for a side-by-side comparison of their capacity, rate
performance, capacity retention and capacitive behavior.
Further, in order to study the charge storage mechanisms taking
place in these materials, detailed electrochemical tests are
carried out together with operando XAS to track the changes in
redox state of Ti and Nb as a function of the state of charge.
These new fundamental insights in the operation of different
TNO batteries are critical for their further optimisation and
potential use in future EVs and other commercial applications.

Results and discussion

We synthesized 4 different compositions of TNO (TiNb,O7,
TizNb10029, Ti2Nb14039, and TiNb240s;) via solid state reactions.
We blended TiO,; and NbO, powders with a blade mixer and
calcinated them at 1000°C under oxygen atmosphere. A
detailed description of the synthesis process is provided in the
experimental section. The resulting shape and size of the four
TNO compositions is shown in Figures 1 and S1, and show a
similar spread of diameters, which therefore allow for a fair
direct comparison of their electrochemical performance. The
crystalline structure of TNO materials is based on ReOs-type
crystal building blocks, which are formed by corner- and/or
edge-sharing octahedra and a small number of tetrahedra [11].
To verify the crystalline structure of 4 different compositions of
TNO, XRD analysis and Rietveld refinement were carried out
(Figure 1f and S2). The Rietveld refinement results shown in
Figure S2 match with previous reports, which validates the
synthesis protocol developed in this work [13—16]. Details of the
refined lattice parameters are summarized in table S1 [17-19].
TiNb;0O7, Ti2Nb1gO29, and TiNbsOs, are constructed with
structural unit of a corner- and edge-shared 3 x 3 octahedron
block (space group C2/m), 3 x 4 octahedron block (space group

2| J. Name., 2012, 00, 1-3

A2/m), and 3 x 4 octahedron block plus 0.5 tetrahedron at the
block corner (space group C2) respectively [20]. All the other
compositions of Ti-Nb oxides studied here have a single phase
except TiNb,O7 which has mixed phase of TiNb,O7 (82.04%) and
H phase Nb,Os (17.96%). The Ti and Nb are homogeneously
mixed in the Ti-Nb oxide structures because the ionic radiuses
of Ti* and Nb5* are similar (0.61 A for Ti** and 0.64 A for Nb5*)
[21].

The energy storage in TNO anode is driven by changes in
oxidation states of Ti and Nb during charge and discharge.
According to previous reports, Ti** and Nb%* are converted to
Ti3* and Nb3* during charging (lithiation) process [11]. The
theoretical capacities of TNO anodes depend on the
composition of Ti and Nb and can be calculated by assuming
certain oxidation state change and normalising the charges
stored per unit mass. We carried out these calculations (see
supporting information for details) under different assumptions:

(i) Ti** and Nb>* are converted entirely to Ti3* and
Nb3* (One electron transfer in Ti, two electrons
transfer in Nb): This results in theoretical

capacities of 388 mAh/g for TiNb,O,;, of 396
mAh/g for TioNbigO2, of 398 mAh/g for
Tisz14039, and of 402 mAh/g for TiNb24052.

Ti** and Nb>5* are converted to Ti3* and Nb** (One
electron transfer in Ti, one electron transfer in Nb):
This results in theoretical capacities of 233 mAh/g
for TiNb,O7, of 216 mAh/g for Ti2Nb10029, of 212
mAh/g for TiaNb14O3s, and of 205 mAh/g for
TiNb24052.

These calculations illustrate that the capacity of TNO anodes
can vary substantially depending on the actual oxidation state
changes that are achieved in Ti and Nb within the voltage

(i)

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Electrochemical performance of the as-prepared TNO anodes: (a) 0.05C first formation voltage profiles of the TNO anodes, (b)
0.04 mV/s cyclic voltammetry (inset: magnified part from 1.75 to 2.00 V), (c) 0.5C cycling performances of the TNO anodes. (d) Rate

performances of the TNO anodes

window they are cycled. It is worth noting that the capacities of
TNO anode reported in previous publications vary broadly
(210~326 mAh/g) and we have summarized these values in
Table S2 [9,22-32].

We first carried out half-cell experiments in coin cells with
active material: Carboxymethyl cellulose (CMC)/ Styrene
butadiene rubber (SBR) binder: Super-P carbon additive weight
ratio of 8:1:1 and are tested in triplicates. All electrodes were
coated on a Cu foil with an areal loading of 1.5~2.0 mg/cm?2 and
were tested using 1.3 M LiPFg in mixture of ethylene carbonate
(EC), Ethyl methyl carbonate (EMC) and diethyl carbonate (DEC)
(3:5:2) with 10 wt% fluoroethylene carbonate (FEC) as an
electrolyte. Cut-off voltage was 0.1-2.5 V. Our TiNb;O5,
Ti2Nb10029, TizNb14039, and TiNb240s2 anodes show reversible
capacities of 278, 299, 302, and 289 mAh/g respectively and
coulombic efficiencies of 88.1, 88.7, 87.7 and 87.5% in first
0.05C formation cycle (Figure 2a and S3). The capacities
measured fall between the two different oxidation state
assumptions made above, and this warrants a more detailed

This journal is © The Royal Society of Chemistry 20xx

investigation of the actual changes in oxidation taking place. To
confirm the extent and potentials of each redox reactions, cyclic
voltammetry (CV) was performed at slow scan rate of 0.04 mV/s
(figure 2b). The major lithiation and delithiation peaks of all the
TNO compositions studied here are between 1.6 and 1.7 V vs.
Li/Li* respectively, which has previously been associated to the
redox reactions of Nb5*/Nb#4* [33,34]. The second highest redox
peak couple shows at around 1.1-1.3 V (lithiation) and 1.3 V
(delithiation), which has been linked to the redox reactions of
Nb**/Nb3*, The lithiation peak of Nb**/Nb3* was broader than
the delithiation peak of Nb**/Nb3+. The minor peak couples at
1.8-2.0 V are related to the redox reactions of Ti4*/Ti3*
[22,31,35]. The redox peaks of Ti**/Ti3* at TiNb24Os, sample are
at around 2.0 V and the redox peaks of Ti4*/Ti3* at Ti2Nb10029
and Ti2Nb14039 show at around 1.9 V (see inset of Figure 2b).
However, TiNb,0O7 show no minor peaks at 1.8-2.0 V.

Figure 2c shows cycling performance of TNO anodes at 0.5C in
half-cells. Of the TNO anodes studied here, the TiNb,0O; anode
showed the best cycling performance of 87% retention at 100t

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Full cell performance with TNO and LTO anode (a) cycling performance of LTO-NCM and TNO-NCM full cells. (b)

Rate performance of LTO-NCM and TNO-NCM full cells

cycle. The TizNb19O29, TizNb14039, and TiNb24Og, anodes show
retentions of 72, 66, and 60% at 100* cycle respectively.
TiNb,O7 anodes also show a better rate performance than other
TNO anodes studied here. As shown in figure 2b, TiNb,O7
achieved a capacity retention of 48% at 10C whereas TizNb10039,
Ti2Nb14039 and TiNb2406, both achieve about 42, 40 and 41%
respectively. Note that in high-rate performance, slight
differences in particle size may have an effect. However, in our
experiments, the differences in electrochemical performance
based on the Ti-to-Nb ratio in TNO anodes were not
overshadowed by variations in particle size.

To verify the practical viability of our TNO anodes and to
compare them with commercial LTO anodes, we compared the
full cell performances of TNO and LTO anodes with same
LiNio.6C00.2Mno 20, (NCM622) cathode with N/P ratio of 1.4. We
utilized the TiNb,O; composition, which showed the best
performance in our TNO anode half-cell tests, for the full cell
experiments. Figure S4 shows voltage profiles of full cell
formation cycles. Gravimetric capacity of full cell is based on the
weight sum of both cathode and anode active materials. The
discharge capacities and coulombic efficiencies of TNO-NCM
and LTO-NCM full cells at 1st formation were 81.86 mAh/g and
91.41% (for TNO-NCM) and 74.13 mAh/g and 91.69% (for LTO-
NCM) and respectively. Nominal voltages of TNO-NCM and LTO-
NCM full cells at 15t discharge were 2.19 and 2.29 V respectively.
The nominal voltage of TNO-NCM is slightly lower than that of
LTO-NCM, however the gravimetric capacity is slightly higher.
The cycling performances of both TNO-NCM and LTO-NCM full
cells showed very stable 0.5C cycling life (figure 3a). There is no
significant fading in cycling life. Also, two full cells show great
rate performance at 0.5C charge and 0.5, 1, 2, 3,4, and 5 C
discharge rate test. At 5 C discharge rate, TNO-NCM and LTO-
NCM full cells show a similar capacity retention of 85 and 83%
respectively (figure 3b).

To measure the oxidation state changes of Nb directly, we
used an operando XANES. Because of Ti’s low threshold energy,
operando XANES analysis is impossible because the photon
energy corresponding to the Ti K-edge is almost entirely
absorbed by the thick Cu foil. However, by measuring the actual

4| J. Name., 2012, 00, 1-3

oxidation state change of Nb with XANES alongside the capacity,
we can calculate the capacity contribution from Ti and infer its
oxidation state change (see supporting information for the
details of the calculation method). Figure 4a shows the Nb K-
edge XANES absorption spectra of TNO anodes at fully lithiated
and delithiated states and continuous spectra changes are
provided in figure S5. Based on the results of XANES spectra and
reference data, the oxidation number of Nb at TNO anode is
obtained from a least-square method (LSM) (see Figure 4b).
Note that we utilized Nb,Os; and Nb,Os as Nb3* and Nb>*
reference  materials respectively in oxidation state
measurement in XANES analysis [18]. During the delithiation
process, the oxidation state changes of Nb in TiNb,O5,
Tiszloozg, Tisz1403g, and TiNb240sz electrode are 1.64, 1.58,
1.59, and 1.43 respectively. The lower the ratio of Nb in TNO
composition, the greater the electron transfer in Nb. In other
words, the redox reaction of Nb is the most pronounced in
TiNb,O7 and decreases with materials having a relatively higher
Nb content. The calculated oxidation state changes of Ti at
TiNb,07, TiaNb10029, TiaNb14O35, and TiNb,4Og, electrode are
0.31, 0.42, 0.20, and 0.87 respectively (figure S5). Note that
Nb/Ti ratios in TiszO7, TiszloOZQ, Tisz1403g, and TiNbZAOsz
are 2,5, 7, and 24 respectively.

Figure 4c, and d show the radial structure function of TNO
samples obtained by Fourier transforms of the Nb K-edge EXAFS
(Extended X-ray absorption fine structure) oscillations at fully
lithiated and delithiated states. The continuous spectra changes
are provided in figure S6. Because the EXAFS data is qualitative,
we focused on identifying the differences between TNO
compositions and distinct properties from previously reported
Nb,Os anodes [36]. The peaks at around 1.7-2.2 A in the figure
4d corresponds to the Nb—O interaction and the peaks at
around 2.8-3.5 A in the figure 4d corresponds to the Nb—TM
(transition metal) interaction. In all samples, the peaks of Nb—O
interaction are characteristically higher than those of Nb—TM
interaction in fully lithiated state, in contrast, the peaks of Nb—
TM interaction are higher than those of Nb—O interaction in
fully delithiated state. This phenomenon corresponds to the
lithium-ion diffusion mechanism in tetragonal Nb,Os anode [36].

This journal is © The Royal Society of Chemistry 20xx
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This suggests that Li ions diffuse through the Nb-TM interlayer
in TNO anodes similar to lithium-ion diffusion through Nb-Nb
interlayer in tetragonal Nb,Os anodes [36]. This is evidence that
TiNb,0O7, which has a higher O/Nb ratio compared to other TNO
samples, can be advantageous in lithium-ion diffusion. In other
words, the lower O/Nb ratio in TNO anodes, the lower the rate
performance.
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Figure 4. XANES and EXAFS analysis of the TNO anodes. (a) the Nb K-edge XANES absorption spectra of TNO anodes at fully lithiated
and delithiated states (b) the oxidation number of Nb at TNO anode (c) EXAFS results of TiNb,05, (d) Fourier transforms of the Nb K-

edge EXAFS oscillations at fully lithiated and delithiated states

To verify this trend, we measure the diffusion properties of
our different TNO anodes using a CV based method published
previously [37,38]. Figure 5a shows the CV data for TiNb,0O; and
the other TNO anodes are shown in figure S7. We plotted the
log (sweep rate) versus log (peak current) graph to investigate
the redox mechanism of TNO anodes (figure 5b). In this graph,
if the slope is close to 1, there is no diffusion limit (capacitive
behaviour), and if it is close to 0.5, it has general diffusion
properties [37,38]. As shown in figure 5b, the slope values of
TiNb207, Tiszloozg, Tisz14039, and TiNb24052 electrode are
0.89, 0.78, 0.76, and 0.65 respectively. The slope was the
highest in TiNb,O; anode and is decreasing with the oxygen to
Nb and Ti ratio. This confirms the trend measured by EXAFS,

This journal is © The Royal Society of Chemistry 20xx

V. The non-ohmic drop are placed range of 0.00-0.45 V (figure
5d). The overpotential difference between samples was smaller
than the overpotential difference according to SOC. Therefore,
the rate performance of TNO anodes is determined more by
diffusion than by the difference in overpotential.

Conclusions

In conclusion, we synthesised four classes of TNO anodes
with different Nb and Ti contents (TiNb,O7, Ti2Nb100>s,
TioNb14039, and TiNb240¢2) using the same solid state synthesis
method to obtain materials that can be compared directly. The
different Ti and Nb in different

compositions result

J. Name., 2013, 00, 1-3 | 5
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Figure 5. Electrochemical analysis of the TNO anodes (a) CV results of TiNb,0O7 anode (scan rate: 0.04~1.00 mV/s), (b) log (sweep
rate) versus. log (peak current) graph from CV results, (c) ohmic overpotentials derived by GITT results. (d) non-ohmic

overpotentials derived by GITT results.

electrochemical performances. Among them, TiNb,O7; showed
the lowest gravimetric capacity but the best cycling and rate
performance. To understand these differences in performance,
we measured the changes in oxidation state of Nb via operando
XAS and calculate the changes in oxidation state of Ti.
Interestingly, the oxidation state change of Nb in TiNb,O; was
greater than in our other TNO anodes. In other words, TiNb,07
anode used the oxidation state of Nb more efficiently and rely
less on changes in oxidation state of Ti. The increase in the Ti to
Nb ratio in TNO anode seem to lead to the increases in
gravimetric capacity, but at the cost of decreased cycling
stability, providing new guidelines for material design. Similarly,
we observed that the relative oxygen content of TNO anodes
affects performance, where the higher O/Nb ratio
demonstrated superior rate performance.
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