Published on 16 November 2021. Downloaded on 6/23/2022 5:01:52 AM.

Energy & P S

Environmental SC@Y?#ESN?STER
. L

Science

View Article Online

View Journal | View Issue

M) Cheok for updates A niobium oxide with a shear structure and planar
defects for high-power lithium ion batteriest

Cite this: Energy Environ. Sci.,

2022, 15, 254 c

Tongtong Li,#*° Gyutae Nam,+ Kuanting Liu,© Jeng-Han Wang,
Bote Zhao, ) **® Yong Ding,® Luke Soule,? Maxim Avdeev, (2" Zheyu Luo,?
Weilin Zhang, 2 ¢ Tao Yuan, (2 ¢ Panpan Jing,® Min Gyu Kim, (2*9 Yanyan Song
and Meilin Liu (=@

%D

The development of anode materials with high-rate capability is critical to high-power lithium batteries.
T-Nb,Os has been widely reported to exhibit pseudocapacitive behavior and fast lithium storage capability.
However, the other polymorphs of Nb,Os prepared at higher temperatures have the potential to achieve
even higher specific capacity and tap density than T-Nb,Os, offering higher volumetric power and energy
density. Here, micrometer-sized H-Nb,Os with rich Wadsley planar defects (denoted as d-H-NbyOs) is
designed for fast lithium storage. The performance of H-Nb,Os with local rearrangements of [NbOg]
octahedra blocks surpasses that of T-Nb,Os in terms of specific capacity, rate capability, and stability. A wide
range variation in the valence of niobium ions upon lithiation was observed for defective H-Nb,Os via
operando X-ray absorption spectroscopy. Operando extended X-ray absorption fine structure and ex situ
Raman spectroscopy analyses reveal a large and reversible distortion of the structure in the two-phase
region. Computation and ex situ X-ray diffraction analysis reveal that the shear structure expands along major
lithium diffusion pathways and contracts in the direction perpendicular to the shear plane. Planar defects
relieve strain through perpendicular arrangements of blocks, minimizing volume change and enhancing
Received 26th August 2021, structural stability. In addition, strong Li adsorption on planar defects enlarges intercalation capacity. Different
Accepted 11th November 2021 from nanostructure engineering, our strategy to modify the planar defects in the bulk phase can effectively
DOI: 10.1039/d1ee02664; improve the intrinsic properties. The findings in this work offer new insights into the design of fast Li-ion
storage materials in micrometer sizes through defect engineering, and the strategy is applicable to the
rsc.li/ees material discovery for other energy-related applications.

Broader context

Faster charge lithium-ion batteries with higher capacity are desired for consumer electronics and electrified transportation. In particular, global warming due
to CO, emission drives the desire for wide-spread adoption of electric vehicles. Slow charge rate and limited range of Li-ion battery vehicles are bottlenecks to
replace gasoline vehicles. Developing electrode material that enables fast and safe lithium-ion storage could address these issues. Niobium oxides have shown
promise as anode materials with larger capacity and higher rate capability than commercialized lithium titanium oxide. The design of a high-performance
niobium-based oxide electrode using a straightforward strategy remains a big challenge. Here a unique structure of H-Nb,Os is found that could achieve fast
lithium storage by engineering its Wadsley planar defect. d-H-Nb,O5; with particle size in micrometers achieves significantly enhanced electrochemical
performance compared to pure H-Nb,Os and T-Nb,Os. d-H-Nb,O5 exhibits excellent rate capability, delivering over 40% of its capacity in 20 seconds without
obvious capacity decay for 4000 cycles. This work not only reports a highly promising anode for fast charge and long-life lithium-ion batteries but also proposes
a new strategy to enhance battery performance through the use of defect engineering.
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Introduction

The increasing demand of portable devices and electric vehicles
is driving the development of new-generation lithium-ion bat-
teries (LIBs) with faster charge capability and longer lifespan.’?
In particular, electric vehicles must be fully charged within a
few minutes to make the process comparable to refueling
conventional gasoline vehicles. Substantial effort has been
devoted to the development of new materials with high-rate
electrochemical energy storage capability during the last decade.®”
Li4Ti5O1, (LTO) has been regarded as one of the most promising
high-rate anodes for LIBs. However, several drawbacks of LTO
(e.g:, relatively low capacity and gassing problem) limit the broad
application of LTO on the commercial market.® Niobium-based
materials, including niobium pentoxide,>*™® niobium tungsten
oxide®'*'* and titanium niobium oxide,'**® have been reported to
exhibit fast lithium storage capability as anodes. These niobium-
based materials are electrochemically active in a similar operating
voltage range to LTO but with a higher specific capacity.**®
Niobium-based materials can be classified into two structural
categories: the bronze structure represented by the T-phase
(orthorhombic) Nb,O5 and Wadsley-Roth crystallographic shear
structure represented by H-phase (monoclinic) Nb,Os.'**°7?
In T-Nb,Os, the NbOg or NbO, polyhedra are edge- or corner-
shared within the (001) plane and exclusively corner-shared
along the [001] direction (Fig. S1, ESIt). The remaining ~5%
niobium atoms are randomly distributed and coordinated to
9 oxygen atoms in interstitial sites between the (001) planes to
balance charge.>® H-Nb,Os crystallizes in shear structures with
two kinds of blocks, 3 x 4 and 3 x 5 blocks in the (010) plane
and infinite in the third dimension (b direction).*** These
blocks are built of corner-sharing octahedra and connect to
the adjacent block by edge-sharing. The remaining voids in the
structure are filled by corner-sharing tetrahedra. In the early
period, Kumagai et al. investigated the effect of polymorphs of
Nb,O; on cell behavior.>® Furthermore, they studied the electro-
chemical lithium intercalation process into the crystal lattice of
T-Nb,Os, the one that has the best reversibility among Nb,Os
family proven by their previous work at that time.”*>® For the
class of Wadsley-Roth phases such as H-Nb,Os, their perfor-
mance in secondary lithium cells and structure change upon
lithium insertion were studied by R. J. Cava in the same period.”*
Recently T-Nb,Os has been reported in the literature to exhibit
fast lithium-ion storage through a facile two-dimensional (2D)
lithium-ion diffusion pathway along the (001) interplane®*%>%3
while the lithium intercalation behavior of H-Nb,Ojs is yet to be
studied systematically.*> Compared to T-Nb,Os, the higher sin-
tering temperature of H-Nb,Os results in larger particles. Accord-
ingly, it is harder to synthesize nanostructured H-Nb,Os, leading
to fewer studies on the structure and properties of H-Nb,Os.
Recent investigations of ternary shear phases in the Nb,Os-
TiO, and Nb,0s-WO; systems give hints that H-Nb,O5 might
display greater rate capability. These ternary crystallographic
shear compounds have close structural relationships to
H-Nb,Oj5 and despite having more complex compositions,** they
share the common structural feature of Wadsley planar defects
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by the intergrowth of shear phases. H-Nb,O5 has the potential to
deliver higher rate capability and greater tap density offering
higher volumetric power and energy density than T-phase Nb,O5
by engineering the morphology and orientation of particles and
crystal defects.

In this work, we designed and prepared a series of H-Nb,O5
phases with and without Wadsley planar defects by adjusting
the calcination temperatures. The effects of these defects on
their electrochemical properties were investigated systemati-
cally. We demonstrate that the defective d-H-Nb,O5 prepared at
the optimal temperature (i.e. 950 °C) exhibits a much higher
intercalation capacity than well-crystallized H-Nb,Os. The elec-
trochemical properties of micrometer-sized d-H-Nb,Os (such as
specific capacity, rate capability, and durability) are better than
those of T-Nb,O5 with much smaller particle sizes, which is
validated by a wider variation in the valence of niobium ions
and a greater reversible structural change upon lithiation of
d-H-Nb,Os in operando X-ray absorption spectroscopy (XAS).
Operando extended X-ray absorption fine structure (EXAFS),
ex situ XRD, and Raman spectroscopy reveal that strong lithium
adsorption in this shear structure induces distortion to accom-
modate more lithium at high Li concentration; the cell volume
shows anisotropic change in the two-phase region, with the
contraction in a-c plane constrained by the shear plane and
the expansion in the b direction along the lithium diffusion
pathway. DFT calculations show that strong adsorption energy
of Li ions (E,qs(Li")) on defects results in a higher intercalation
capacity of d-H-Nb,O5 among other Nb,Os. The open structure of
d-H-Nb,Os created by the planar defects alleviates the build-up of
strain via b-axis expansion upon lithiation, resulting in excellent
battery durability.

Results and discussion

Engineering phases and planar defects of Nb,O5 by adjusting
calcination temperature

Nb,O;s exists in different crystalline polymorphs depending on the
synthesis methods, precursors and pyrolysis temperatures.**>
Different combinations of octahedral linkages by either corner-
or edge-sharing satisfying the requirement of O/Nb ratio of 2.5
produce structural diversity among Nb,Os. Crystal structures
containing differently coordinated cations give additional com-
plexity to Nb,Os structures. Here commercial Nb,Os hydrates were
used as the starting materials to study the calcination temperature
effect on its structural properties (Fig. S2, ESIt). Thermogravi-
metric analysis (TGA) shows that the weight of Nb,O;s hydrate
becomes stable at around 200 °C (Fig. 1a). Differential scanning
calorimetry (DSC) shows that an endothermic peak ends at this
point corresponding to the end of the loss of crystallized water.
The first obvious exothermic peak at ~570 °C in the heat flow
corresponds to the transition from amorphous Nb,Os to T-Nb,Os.
The second phase transition at around 950 °C is assigned to the
transformation from T-Nb,Os to H-Nb,Os. The broad exothermic
peak indicates that the second transition is a kinetically sluggish
process. Based on the TGA results, we set a series of temperature
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points that is higher than 700 °C to prepare different Nb,Os
samples. X-ray diffraction (XRD) reveals that Nb,Os crystallizes
in the T-phase at a temperature lower than 850 °C (Fig. 1b and
Fig. S3a, ESIT). The second phase appears at 900 °C and the
transition is completed above 950 °C, which is consistent with the
DSC analysis. The samples in the temperature ranging from
950 to 1100 °C show a similar characteristic diffraction pattern
of the H-phase. However, compared with pure H-Nb,O5 observed
at 1300 °C (Fig. S3c, ESIt), notable difference in XRD of 950 °C
sample was retained even after considering the particle size and
preferred orientation of crystal growth. Their similar high-angle
diffraction region in XRD patterns indicate nearly identical short-
range motifs while distinct low-angle diffraction region suggests
different atomic arrangements on the long-range scale. As shown
in Fig. 1c, the broader Raman band for T-Nb,Os is due to the
coexistence of two different types of niobium coordination (NbOg
and NbO-) in the crystal structure.*® Except for the bending mode
of Nb-O-Nb linkage at 200-300 cm ™" and the stretching mode of
NbO, at ~690 cm !, a new peak appears for H-Nb,O5 corres-
ponding to the stretching mode of a higher-order bond (Nb=—0
terminal bond) with a shorter bond distance.***” The Raman
features for H-Nb,Os prepared at different temperatures (e.g
950 °C and 1300 °C) are highly similar indicating that their local
bonding is almost the same, consistent with XRD results. The
Raman spectra of the samples calcined at 900 °C show charac-
teristic peaks of either H-phase or T-phase as the laser focused on
different regions, confirming that the phase transition starts in
this temperature range. SEM images show that starting from the
nano-sized hydrate, the particle size of Nb,Os increased with increa-
sing the calcination temperature (Fig. 1d-f and Fig. S4, ESIT).
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The material starts to sinter at 900 °C and finally becomes bulk
at 1300 °C, resulting in different surface areas, as shown in BET
measurements (Table S1, ESIT). Growth and intergrowth of the
original nano-particles of amorphous Nb,Os produce corresponding
aggregates of H-Nb,Os with the size of several microns to tens of
microns (Fig. 1e and f).

Considering the notable difference observed for H-Nb,Os
prepared at different temperatures, TEM analysis was per-
formed to examine the local structure explicitly. Fig. 2a and b
show the crystal model of ideal H-Nb,Os5 along b axis and its
corresponding simulated HRTEM, respectively. The bright dots
in simulated image correspond to the empty area in between
the corner shared oxygen octahedra. The sample obtained at
1300 °C shows well-defined micro-sized single crystals, as
revealed by selected area electron diffraction (SAED) pattern
of area D (Fig. 2c and d) while a few twin bands occur from time
to time, as revealed by the streaks in TEM images. Compared
with the simulated SAED pattern from [010] axis, these twins
occur parallel to [101] direction thus streaking SAED spots
along the [101] direction (Fig. S5, ESIT). As shown in Fig. 2e,
the block structure is revealed by 2 x 3 and 2 x 4 bright dots
stacking along the [100] direction, consistent with the model-
ling H-Nb,Os pattern (inset picture). The crystal is long-range
ordered on each side of the twin boundary and shows mirror
symmetry. Overall, the grains obtained at 1300 °C show low
density of planar defects and only obvious twin boundary was
observed in TEM images (Fig. S5, ESIT). For the Nb,Os sample
calcined at 950 °C, TEM images captured from [010] orientation
suggest the presence of abundant Wadsley defects in the
sample (Fig. 2f and Fig. S6, ESIt). Short-range ordered regions
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Fig. 1 The temperature effect on the phase structures of Nb,Os. (a) Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of
Nb,Os hydrate heated from 25 to 1000 °C at 5 °C min~* under flowing air at 20 mL min~2. (b) XRD patterns of phases observed upon heating Nb,Os
hydrate in air at different temperatures. The standard PDF pattern for T-(orthorhombic) and H-(monoclinic) phase are inserted at the bottom and top of
the graph, respectively. (c) Raman spectra of phases observed upon heating Nb,Os hydrate in air. Three typical characteristic Raman active mode for
Nb,Os are highlighted by brilliant blue background. SEM images of Nb,Os prepared at (d) 700 °C, (e) 950 °C and (f) 1300 °C.
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and highly disordered regions were separated either by single
or continuous twin bands in the crystals. As shown in Fig. 2g,
splitting spots of SAED patterns were frequently observed. The
diffuse scattering indicates atomic arrangement in the structure
is an intermediate state of order. Splitting of spots as square
indicate that two twin planes appear perpendicular to each other
in one grain, as shown in Fig. 2f and Fig. S6 (ESIT).***° However,
the blocks in these microdomains are still dominated by 3 x 4
and 3 x 5 blocks, which are the building units of H-Nb,O5
although their combination is more complex than pure
H-Nb,Os (Fig. 2h). There are two kinds of sub-twin bands,
formed by rotating the longer side of either 3 x 4 or 3 x 5
block of host lattice by 90 degrees resulting in a V-type structure
(Fig. S7, ESI{).*® As shown in Fig. 2h, these two micro-twin
bands occur together as twin boundary changing the orienta-
tion of all blocks or appear by themselves forming two new
Nb,Os5 polymorphs (Nb,sO,¢ and NbsO149) without affecting
the stoichiometry (enclosed area in Fig. 2h and Fig. S8, ESIT).
The consecutive sub-twin or their multiple combinations give
rich diverse stacking faults, which are the common defects in
this sample. The array of 3 x 4, 3 x 5 blocks, and tetrahedral
niobium site are packed, weaving a two-dimensional plane.
Each block shape in the disordered region could still be clearly
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distinguishable indicating that the blocks are arranged coher-
ently along the b axis though heavily disordered in the a—c plane
(Fig. 2h, Fig. S8 and S9, ESI{). TEM results clarify the difference
we found in both XRD and Raman spectra. Plenty of nano-scale
Wadsley planar defects could be successfully formed in H-Nb,Os
by optimizing the calcination temperature. In the following dis-
cussion, the Nb,Os prepared at 950 °C was denoted as d-H-Nb,Os
(¢.e. defective H-Nb,Os) for clarity, to emphasize the planar defects
or disordered structure of the sample.

Investigation into the electrochemical properties of different
Nb205

The electrochemical performance of as-prepared d-H-Nb,Os
calcined at 950 °C was investigated using half-cells (Fig. 3 and
Fig. S10-S18, ESIt). The T-Nb,Os calcined at 700 °C and
H-Nb,O5 without defects prepared at 1300 °C were also studied
for comparison. As shown in Fig. 3a, both H-Nb,Os and d-H-
Nb,Os5 delivered a higher capacity than T-Nb,Os at 0.05C (1C =
0.2 Ag ). The electrochemical reaction of lithium intercalation
into the structure of Nb,O5 can be expressed as Nb,O5 + xLi* +
xe~ < Li,Nb,Os. For T-Nb,Os, the discharge voltage decreases
smoothly with increasing lithium content (x). This close-to-
linear sloping voltage profile suggests that a single-phase

Fig. 2 (a) Schematic of H-Nb,Os crystallographic shear structure along b axis and (b) the corresponding simulated HRTEM image. Simulation

conditions: defocus = 53 nm, thickness = 8.41 nm. The empty area in between corner shared NbOg is enclosed with atomic columns for reference.
(c) Dark-field TEM images of Nb,Os prepared at 1300 °C. (d) Electron diffraction pattern from the crystal imaged in area D in (c) along [010] direction.
(e) HR-TEM image showing the twin boundary along [101] direction, which is labeled as white dash line in (c). Simulated HR-TEM images inserted.
(f) Dark-field TEM images of Nb,Os prepared at 950 °C. (g) Electron diffraction pattern from short-range ordered region of crystal in (f) along [010]
direction. (h) High-resolution TEM images of Nb,Os prepared at 950 °C viewed down from the b axis. Twins and stacking faults were labeled as solid lines.
The enclosed red model shown in (h) represents unit cell of H-Nb,Os and two other Nb,Os formed by consecutive sub-twins in the microdomains.
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Fig. 3 (a) Galvanostatic discharge—charge curves of Nb,Os tested from 3.0 to 1.0 V at a rate of 0.05C (1C = 0.2 A g™3). (b) Cyclic voltammogram (CV) of

the Nb,Os samples at a sweep rate of 0.1 mV s™*

. (c) Galvanostatic intermittent titration technique (GITT) curves. (d) DL ™2 value, relative Li* ions diffusion

coefficients of Nb,Os, calculated from GITT curves (c). (e) Rate performance of the Nb,Os samples at various current densities. (f) Cycling performance of

d-H-Nb,Os at 10C, 30C and 80C.

formation reaction takes place during lithiation (Fig. 3a).>” For
both H-Nb,Os5 phases, the voltage profiles show three distinct
regions, including a solid solution reaction at the beginning
and near the end as well as a two-phase plateau.'* The cell
voltage decreased at lower x values and reached approximately
1.7 V at x = ~0.5 (corresponding to 0.25 Li per niobium in
Fig. 3a). The cell voltage remained almost constant until x =
~1.2 (corresponding to 0.6 Li per niobium), suggesting a two-
phase equilibrium in Li,Nb,Os in this region. There is another
smooth decrease in voltage occurring near the end of the
intercalation, where d-H-Nb,Oj5 starts to exhibit different elec-
trochemical behavior and shows higher capacity than H-Nb,Os.

The cyclic voltammetry (CV) curve of T-Nb,Os; shows a
rectangular profile, a typical feature of pseudocapacitive beha-
vior (Fig. 3b). Both H-Nb,O5 and d-H-Nb,Os have a sharp redox
peak at around 1.7 V, corresponding to a two-phase electro-
chemical process, while the intensity of redox peak for T-Nb,O5
is much weaker. The CV curves of d-H-Nb,Os are slightly
different from those of H-Nb,Os in terms of peak position
and intensity. The sharper and more symmetric redox peak
with smaller polarization for the d-H-Nb,Os sample indicates
its favorable two-phase process kinetics for both lithium inser-
tion and extraction.”® It has been reported that the cation
disorder in the ternary niobium oxides such as TiNbO and
NbWO could broaden the electrochemical feature relative to
Nb,O5."'*1¢ Defects may also contribute to this phenomenon,
as a “pseudo” redox peak at 1.2 V for the defective d-H-Nb,Os,
which is also a typical feature for their dQ/dV plots (Fig. S10,
ESIT). This peak further characterized by CV analysis did not
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show strong dependence on sweep rate while the other peaks
exhibit either surface- or bulk-controlled electrochemical
kinetics (Fig. S11, ESIY). For both H-Nb,Os phases, the main
redox peak related to the two-phase process is controlled by
solid-state diffusion; their redox reaction at several shoulder
peaks is limited by the surface process. For T-Nb,Os, the redox
reaction is mainly associated with surface diffusion limitation.

Galvanostatic intermittent titration technique (GITT) was
performed by minor current impulsion with long-time relaxa-
tion (Fig. 3c and Fig. S12, ESIt). The well overlapped V.. (voltage
at the beginning of relaxation) and V,. (voltage at the end of
relaxation) represent good energy efficiency, which means that
most of the lithium imposed could migrate from the surface
to bulk to reach an equilibrium state internally by diffusion.
For T-Nb,Os, the separation of the V.. and V,. curves in the low
potential window indicates decreased lithium diffusion kinetics
(Fig. 3¢ and Fig. S12a, ESI1).** The unchanged V,. and steady
separated voltage trend suggests that T-Nb,Os is overlithiated. For
both H-Nb,Os phases, hysteresis occurs between V.. and V,,. below
1.2 V and more lithium insertion could still be achieved by
decreasing potential. The same discharge profile as in Fig. 3a
was depicted by this impulsion relaxation operation as well; d-H-
Nb,O;s still delivered higher intercalation capacity than H-Nb,Os.
The different electrochemical behavior of H-Nb,Os; and d-H-
Nb,O; at near the equilibrium state (Fig. 3a-c) suggests this
distinction comes from the intrinsic structure-property relation-
ship rather than the effect of particle size or crystal orientation.
Apparent diffusion coefficients (DL %) of these materials were
extracted from the GITT curve (Fig. 3d). There were no significant

This journal is © The Royal Society of Chemistry 2022
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changes in DyL > for T-Nb,Os with lithium intercalation above
1.2 V. The DyL 2 decreased rapidly below 1.2 V, indicating
sluggish diffusion kinetics in the lithium-stuffed structure. Both
H-Nb,Os phases show a similar coefficient trend in the entire
voltage region; the d-H-Nb,Os5 shows a slightly higher Dy;L. > value
than H-Nb,Os at 1.2 V; their diffusion coefficients have not
changed significantly besides rapid decay in the two-phase region
and at around 1.2 V (Fig. S12d, ESIt). The reason for the latter
decay is the same as that in T-Nb,Os; that is, an increasing lithium
concentration hinders further continuous insertion. The decay in
two-phase region however could not truly represent slower
kinetics since Fick’s law of diffusion for calculating Dy ;L is
not appropriate for a two-phase process.*’

The higher intrinsic intercalation capacity and good ionic
conductivity led to impressive rate performance of d-H-Nb,O5
(Fig. 3e). It exhibits high discharge capacity of 230 mA h g~ ' at
0.5C, and 125 mA h g~ " at a rate as high as 50C, better than that
nano-sized T-Nb,Os. In order to eliminate the effect of particle
size on the electrochemical properties, H-Nb,O5 with the same
particle size as d-H-Nb,O5; was prepared using a mild milling
method (Fig. S13, ESIt). The phase purity and local structure
remained the same after the downscaling process. The smaller
particle size does not enhance the specific capacity of H-Nb,O5
significantly by shortening the lithium diffusion distance
(Fig. S13f, ESIt). This result indicates that regardless of the
particle size the extra amount of charge is stored in the Wadsley
defects, which is a planar defect structure appearing not only
on the surface but also in the bulk of d-H-Nb,Os. The d-H-
Nb,Os exhibits the electrochemical performance comparable to
the state-of-the-art Nb-based compounds (Fig. S14, ESIf).%41%41
As can be seen in Fig. 3f, d-H-Nb,O5 shows good cycling stability at
a high rate. It maintained a specific capacity of 138 mA h g™ ' at
10C (2 Ag ") and 123 mA h g~ " at 30C (6 A g~ ') after 2000 cycles.
Retention of almost 90% could be achieved for the cell running at
80C (a current density of 16 A g~ ') after 4000 cycles, delivering
capacity of 89 mA h g~ *. The d-h-Nb,O; retains the overall pattern
of both XRD and XAS after 2000 cycles at 10C (Fig. S15, ESIT),
indicating that the crystal structure is stable under the cycling
conditions. In contrast, T-Nb,Os degraded rapidly and lost 45%
capacity after 300 cycles at 10C (Fig. S16, ESIf). This higher
capacity without obvious stability loss is achieved by the cutoff
voltage of 1.0 V (Fig. S17, ESIt), providing a higher energy density
of the full cell when H-Nb,Ojs is used as the anode. There is still a
trade-off between mass loading and performance at a high rate,
which is a common problem of both anodes and cathodes in the
battery system (Fig. S18, ESIt). The appropriate design of the
electrode could alleviate this problem of diffusion limitation in
thicker electrodes in the future.*>*

The evolution of the valence of niobium and its local
environment during the cycling

To get deep insight into the origin of high electrochemical
performance of d-H-Nb,Os, operando X-ray absorption near
edge structure (XANES) measurements were performed for
d-H-Nb,Os and T-Nb,Os to measure the Nb average valence
information and local environment variation during the

This journal is © The Royal Society of Chemistry 2022
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charge-discharge process. First, operando Nb K-edge XANES
was collected under two different C-rate conditions (0.25C and
10C) to elucidate the electronic structure change of both Nb,O5
phases during the redox reaction (Fig. S19, ESIt). As shown in
Fig. 4a, b and Fig. S20 (ESIt), the absorption edge for all Nb,O5
phases exhibited a continuous chemical shift to lower values as
Nb>" is reduced during the lithiation process. The sharpened
white-line peak during the discharge process suggests a less
distorted Nb-O coordination environment.** The d-H-Nb,Os
shows a wider variation range towards lower energies than
T-Nb,Os at both 0.25C (Fig. 4) and 10C (Fig. S20, ESIt). After
delithiation at 3 V, T-Nb,Os exhibited negatively shifted absorp-
tion edge compared with pristine spectra (Fig. 4a), resulting in
a lower Coulombic efficiency. In contrast, better reversible
redox behavior is observed for d-H-Nb,Os, which is interpreted
by its fully overlapped edge after cycling (Fig. 4b). To elucidate
real-time redox states during the electrochemical reaction,
differentiated XANES spectra (Xi~Xpristine) Were plotted in a
2D-contour map (Fig. 4c and d). In the main edge, more
significant intensity change during lithiation was confirmed
for d-H-Nb,Os. The disappearance of the pre-edge at approxi-
mately 18990 eV for both Nb,Os phases during lithiation
(Fig. 4a and b) correlates with a decreased intensity in the
corresponding region in the 2D-contour map (Fig. 4c and d),
implying that the local octahedral symmetry of Nb,Os increases
due to alleviation of the second-order Jahn-Teller (SOJT)
distortion when lithium intercalates.*'” In the case of 10C,
pre-cycling activation of the electrode at 0.25C was performed
followed by collection of operando XANES data at 10C. The
changes during testing were similar to those of the case at
0.25C. The oxidation state changes of niobium during Li
insertion—-extraction was calibrated by the shift of the absorp-
tion edge of niobium reference (Fig. 4e, f and Fig. S21, ESIY).
The pristine oxidation state of niobium in all Nb,Os electrodes
is slightly lower than Nb®" due to self-discharge and the valence
varies continuously on lithium intercalation. Both Nb,Os
phases show a linear relationship between the valence of the
niobium and lithium contents. More than one lithium per
niobium was inserted into the d-H-Nb,Os at 0.25C, resulting
in a capacity of over 200 mA h g™, which is higher than that
based on one electron-reduction. The accommodation of more
lithium accounts for the higher intercalation capacity of d-H-
Nb,Os5 than that of T-Nb,O5 at both low and high rate (Fig. 4e
and f). In addition, this lithium (de)intercalation in the shear
structure of d-H-Nb,Os5 occur more reversibly, as revealed by a
closer niobium valence to that of the pristine oxidation state
after cycling (Fig. 4e). The result here is consistent with our
previous electrochemical discussion that d-H-Nb,Os; shows a
higher capacity and better rate performance.

The local structure and coordination environment of Nb,O5
during lithiation was further analyzed by radial distributional
functions (RDFs) which were obtained from operando EXAFS
spectra via the Fourier transform method (Fig. 5 and Fig. S22,
ESIt). Considering the complex coordination environment for
the two Nb,Os phases, only qualitative analysis of EXAFS without
local structure fitting was discussed. The peaks at ~1.75 A and
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Fig. 4 Operando Nb K-edge X-ray absorption near edge structure (XANES) profiles for (a) T-Nb,Os and (b) d-H-Nb,Os at 0.25C. 2D contour plot of
operando XANES for (c) T-Nb,Os and (d) d-H-Nb,Os during cycling. The dashed line in the (c) and (d) is to distinguish discharge and charge process.
Average Nb oxidation state (determined from the shift of XANES spectra) as a function of electrochemical reaction at (e) 0.25C rate and at (f) 10C rate for
T-Nb,Os and d-H-Nb,Os. Only the discharge process is shown in (f). Lithium per niobium atom on the right y-axis of (e and f) was calculated by niobium
oxidation state (left y-axis) correspondingly. The error bars of +0.2 here represents possible deviation due to XANES resolution.

>3.00 A (Fig. 5) correspond to the interatomic distances Nb-O and
Nb-Nb or Nb-O-Nb, respectively. In the pristine state, the higher
intensity of Nb-O peak with respect to Nb-Nb peak was observed
in T-Nb,Os while in contrast, the Nb-Nb peak intensity is much
higher than Nb-O peak in the shear structure (Fig. 5a and c).
Previous research explained the higher Nb-Nb peak intensity in
M-Nb,Os (tetragonal) to be a result of its two-dimensional (2D)
planar arrangement of Nb atoms.>” However, the Nb atom arrange-
ments of M-Nb,Os and H-Nb,O5 perpendicular to the shear plane
are quite different but with the same EXAFS phenomenon. The
stronger Nb-Nb peak intensity in shear structure could be due to
less shielding effect of oxygen on Nb-Nb interaction in the a—c
plane. In other words, the oxygen in the dense-packed 4 h atomic
layer of T-Nb,O; has a larger shielding effect on the Nb-Nb
scattering.'®

Upon lithium insertion, Nb-O peak intensity of both
T-Nb,Os; and d-H-Nb,Os increases (Fig. 5b, d-f). The inter-
calated lithium reduces the valence of Nb from Nb>" to Nb**
(or lower), alleviating the Jahn-Teller effect of distorted
NbO, resulting in a less disordered Nb-O local structure.**>
The uniform Nb-O distance leads to this increase in peak
intensity.*>™*” During the lithiation in T-Nb,Oj, there is only
change in the intensity of first Nb-O shell without being
distance shifted (Fig. 5a), even at a high rate (Fig. S22, ESIY).
A shoulder peak at 2.0 A gradually appears at the same time and
disappears after full delithiation. This is explained by the fact
that 2D interplane lithium diffusion path of T-Nb,Os has less
effect on niobium coordination in the a-b plane but indeed

260 | Energy Environ. Sci., 2022, 15, 254-264

enlarge the Nb-O distance along c¢ axis due to Nb*" cation. The
results are consistent with in situ XRD of T-Nb,O5 that show a
blue shift of (001) and (002) diffraction peaks upon lithiation
due to the increase of the interplanar distance.?® On the other
hand, its Nb—-(O-)Nb distance increases upon Li intercalation
(Fig. 5e). In particular, for Nb-Nb interaction of corner-shared
NbO, along ¢ axis, the corresponding FT intensity at 3.8 A
almost disappears due to the shielding effect of interlayer
lithium (Fig. 5a).>” After one cycle, the Nb-Nb region shows
notable difference with the pristine state. The weaker intensity
of Nb-Nb peak suggests that lithium may remain in the inter-
layer which could also be responsible for the non-overlapping
XANES spectra.

For the shear structure, the intensity of Nb-Nb dramatically
decreases once the discharge reaches a plateau (Fig. 5d, f and
Fig. S22, ESIf). Lithium is inserted into the Nb-Nb interlayer
space between corner-shared NbOg in the b axis direction
coordinating with the oxygen site. From the view towards the
a—-c plane down the tunnels, the voids between corner-shared
NbOg in the blocks may be one-dimensional lithium transport
pathways. Previous studies on TiNb,O; also show that lithium
diffusion is feasible down the tunnels and across the tunnels
and is stored in the (001) lattice plane.'®*® Lithium insertion
increases the shielding effect of both Nb-Nb corner-sharing
interactions, causing the loss of their FT intensity. Simulta-
neously, both Nb-O and Nb—(O-)Nb distances shift to a higher
distance in the plateau region and shift back in the beginning of
the two-phase region of the charge process (Fig. 5f). The nonlinear

This journal is © The Royal Society of Chemistry 2022
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increase of average interatomic distance and obvious variation of
Nb-Nb peak intensity indicate the lithium insertion of the shear
structure is quite different from the 2 D path in T-Nb,Os, sugges-
ting that notable structure distortion occurs in the two-phase
region. There could be a solid solution reaction before and after
this phase-transition process that does not influence the local
structure upon lithiation. Operando EXAFS measurements at 10C
show that T-Nb,Os and d-H-Nb,O5; show the same trend as the
case at 0.25C in terms of peak shift and intensity variation
(Fig. S22, ESIt). Despite the large deformation during discharge,
the RDF returns to its original configuration for both low rate and
high rate, indicating that the d-H-Nb,Os structure is highly
reversible. Our previous operando Raman validates 2D facile Li
transport in T-Nb,Os." The operando Raman spectroscopic evolu-
tion of T-Nb,Os upon lithiation showed intensity decrease of the
NbO, stretching mode and a band splitting of the Nb-O-Nb
bending mode though the latter could not be observed clearly in
current ex situ experiments (Fig. S23a and b, ESIt). The ex situ
Raman spectra show the structure-property relationship of the
shear structure upon the incorporation of Li which is different
from that in T-Nb,Os. The more complex Raman spectra of the

This journal is © The Royal Society of Chemistry 2022

shear structure reflect that its local structure and bond order are
much more complex than in T-Nb,Os. In contrast to T-Nb,Os in
which the Raman spectra almost remain the same above 2.0 V, the
stretching mode of H-Nb,Os gradually decreases above 2.0 V and
finally vanishes at 1.80 V. This shows that lithium is strongly
bound in the oxygen site even in the dilute concentration, influen-
cing the stretching energy between niobium and oxygen. The
initial absorption may correspond to the first redox peak in CV
curve. For the shear structure, the Nb-O-Nb bending mode varies
through the discharge process and the change is more significant
than in T-Nb,Os. In particular, at high lithium concentration,
where the two-phase process occurs, the profile of pristine
Nb-O-Nb bending mode becomes broader and a new peak located
at 330 cm™ " appears at 1.5 V, corresponding to the bending mode
of Nb-O-Li.">*° The continued lithiation increases the intensity of
this peak without further change in the Raman signal shape. The
above EXAFS and Raman analysis show that the local environment
of the shear structure changes significantly at the beginning of the
two-phase reaction. At dilute lithium concentration, the inter-
action between lithium and oxygen is strong already. Afterwards
high lithium concentration induces structure distortion in the
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two-phase region, which is characterized by the increase of Nb-O
and Nb-Nb distances accompanied by the decrease of the Nb-Nb
peak intensity in EXAFS and obvious variation of Nb-O-metal
bending mode in the Raman spectrum.

Charge storage and lithium diffusion in different phases of

The above characterization of T-Nb,Os, d-H-Nb,O5; and H-Nb,Os
shows that the lithium storage capability and structural reversi-
bility upon lithiation is highly different for the three phases. DFT-
based computation was applied to examine the electrochemical
performance of these niobium-based materials (Fig. 6 and
Fig. 524, ESIY). Fig. 6 shows the computational models of lithiated
Nb,Os, including T-Nb,Os, H-Nb,Os and planar-defect d-H-Nb,Os.
Two Nb,Os polymorphs derived from two dominant defects as
shown in Fig. 2h are studied, which are denoted as d;-H-Nb,Os
and d,-H-Nb,Os. Li ions preferentially occupy the sites between
alternating oxygen to bridge them in the lattices. Accordingly,
lithiated Li;Nb,Os5 with Li sites fully filled are modeled for these
charged samples. Chemical and physical properties of these
niobium-based materials are extensively examined (Fig. 6¢c and
Table 1). The ratio of Li/Nb (= 1.5) for the lithiated phases is the
upper limit observed in the discharge-charge testing and XANES
analysis (Fig. 3a and 4e).

Among the unlithiated samples, T-Nb,O5 has the smallest
cell volume per Nb,O5 and the highest density, indicating its
densely packed structure. All H-Nb,Os phases, including the
defected derivatives, have similar volume and density (Table 1).
Their larger volume compared to that of T-Nb,Os is due to the
less dense structure based on the corner-sharing tetrahedral

(@) T-Li;Nb,0,

d,-H-Li;Nb,0,
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structure, resulting in more space and easier accommodation
for Li ions. In T-Li;Nb,Os, Li ions are located only in the 4 g
layer, parallel to a-b plane whereas in H-Li;Nb,Os, d;-H-
Li;Nb,O;5 and d,-H-Liz;Nb,O5 the ions intercalate into different
layers, perpendicular to a-c plane (Fig. 6b). Electrochemical
testing showed that the performance of T-Nb,Os undergoes
significant degradation at a high rate under deep discharge
(Fig. S16, ESIT). Even though corner-shared NbO, along ¢ axis
performed like pillar hosting the 2D lithium channel, the
increasing amount of intercalated lithium may impedes this
facile diffusion, as evidenced by lower Dy;; under 1.2 V in GITT
results (Fig. 3d and Fig. S12a, ESI}). The DFT results here also
reveal that its layered distribution of Li ions leads to the larger
volume expansion (per Li ion) for lithiated T-LizNb,Os5 (0.57%).
On the other hand, shear planes alleviate the expansion from
lithiation and shows smaller expansion for lithiated H-Li;Nb,Os
(0.21%). Planar-defect d,-H-LizNb,Os and d,-H-LizNb,O5 have
staggered 3 x 4 and 3 x 5 blocks (green and blue rectangles,
respectively, in Fig. 6b), perpendicular to each other, which
further relieves the tension and results the smallest expansion
(0.10%, Fig. 6¢), concentrated along b axis. DFT results indicate
that the volume expansion of both H-Nb,Os phases shows
strong anisotropy, ie. strong expansion in the b direction and
absent or slight contraction of the a-c plane. Ex situ XRD for
d-H-Nb,Os is consistent with this conclusion, as hinted by the
red shift of the (405) and (402) planes, and the blue shift of
(110) plane upon lithiation in the two-phase region (Fig. S23c
and d, ESIf). This anisotropic lattice variation was also
observed in the neutron diffraction analysis and recent SAED
analysis."**** A similar block contraction was observed in

d,-H-Li;Nb, 0
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Fig. 6 Top and side views of the lithiated phases, including (a) T-Nb,Os and (b) H-Nb,Os, d;-H-Nb,Os and d,-H-Nb,Os. The boxes with red lines
indicate unit cells; green and blue rectangles indicate 3 x 4 and 3 x 5 blocks, observed in TEM (Fig. 2e and h); Nb, O and Li are represented with blue,
purple and green balls, respectively. (c) The lattice variation of the lithiated phases per Nb,Os unit. (d) BVS mapping of T-Nb,Os and H-Nb,Os with and
without defects. The light blue isosurface illustrate the possible dimensionality and directions of lithium pathways in the structure. The isovalue of 1.5 eV
above E i, was set for all the structure to put them on the same scale to visualize the lithium diffusion.
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Table 1 Chemical and physical properties of unlithiated T-Nb,Os, H-
Nb,Os, di-H-Nb,Os and d,-H-Nb,Os. E,q(LiT) related per Li ion

T-Nb,Os H-Nb,O5; d;-H-Nb,Os  dy-H-Nb,Os
Cell volume (A%*)  92.53 102.49 102.40 102.44
Density (g em™®)  4.79 4.32 4.33 4.32
Eaas(Li") -2.35 -2.38 —2.41 —2.39

XRD analysis of its ternary counterpart, Nb;¢WsOss, though the
structural evolution is more complex.” The shear plane with
edge-shared NbOg performed like the strap of a wooden bucket,
alleviating structure expansion and helping the structure
recover to the pristine state. The averaged adsorption energy
of Li ions, E,qs(Li"), was calculated for these lithiated materials.
It was found that Li ions strongly adsorb on H-phase Nb,Os and
show the strongest adsorption on its defected derivatives
(Table 1). The lithium diffusion transport in these Nb,O5; was
semi-quantitatively analyzed by bond-valence sum (BVS) map-
ping (Fig. 6d). The light blue isosurface shows a 2D lithium
pathway in T-Nb,Os, which is consistent with EXAFS analysis
and previous results. For the shear structure, BVS mapping
predicted the lithium migration in dilute lithium concentration
before structure distortion. Regardless of disorder in the a—c
plane, the lithium ions diffuse down the tunnels in every block
along the b axis while the shear plane separates the lithium
migration in the a—c plane. The anisotropy in the crystal growth
of the shear structure, characterized by TEM confirms the long-
range order in the b axis and disorder in the a—c plane, enabling
its fast lithium transport. Furthermore, the electronic conduc-
tivity of both Nb,O; is enhanced after lithium intercalation, as
indicated by the change in color of the Nb,Os5 pellet from white
to dark during lithiation (Fig. S25, ESIf). DFT calculation of
density of states (DOS) suggests that H-Nb,Os and its deriva-
tives have similar electronic conductivity, slightly higher than
that of T-Nb,Os (Fig. S26, ESIt). Upon lithiation, both Nb,Os
phases show enhanced conductivity, since the Fermi energy is
located within the conduction band.

Based on the results by computation, planar-defect d,-H-
Nb,Os5 and d,-H-Nb,O5 have open structures and form the most
stable lithiated d;-H-Liz;Nb,Os; and d,-H-Li;Nb,O5; with the
smallest volume expansion and strongest E,qs(Li'), thus, resulting
in optimal long-term stability and higher intercalation capacity.
In contrast, T-Nb,O5 with a dense structure shows the weakest
E.qs(Li") for its lithiated phase and the largest volume expansion,
leading to smaller specific capacity and fast degradation upon
cycling (Fig. 3e and Fig. S16, ESIY).

Conclusions

In summary, we have systematically studied the impact of
planar defects on the electrochemistry of H-Nb,Os. In the
defect region, stronger lithium adsorption and smaller volume
change during lithiation due to the rearrangement of the
building blocks of the shear structure increased lithium storage
capability. By engineering the planar defects through optimization
of the calcination temperature, micron-sized H-Nb,Os achieved

This journal is © The Royal Society of Chemistry 2022
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much better performance than nano-sized T-Nb,Os. The variation
in the local environment of H-Nb,Os upon lithiation was investi-
gated and compared with that of T-Nb,Os. A stronger interaction
between lithium and oxygen leads to an obvious distortion of the
shear structure in the two-phase region during intercalation, as
evidenced by the increase in Nb-O and Nb-Nb distance and the
decrease in Nb-Nb peak intensity in EXAFS, and obvious
variation in Nb-O-metal bending mode in the Raman spectra.
DFT and ex situ XRD reveal that this distortion results in an
anisotropic change in the cell volume, i.e. contraction in the
a-c plane constrained by the shear plane, and expansion in the
b direction along the lithium diffusion pathway. Compared
with T-Nb,Os, the d-H-Nb,O; structure is more reversible upon
lithiation, which shows better stability at a high cycling rate.
This work not only reports a highly promising anode for fast
lithium storage, but also offers new insight into the lithium
intercalation mechanism in the shear structure and proposes a
new strategy to enhance battery performance that may be
applicable to other similar structures with Wadsley planar
defects for different applications.
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