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Exploring a universal strategy to increase Li-ion storage capacity and ionic conductivity while
maintaining a robust crystal framework is a significant challenge for advancing Wadsley—Roth shear
phases as promising anodes for high-power lithium-ion batteries. Here we report a potent cation-
engineering driven crystallographic shear structure tailoring strategy, demonstrated through a novel
titanium niobium tungsten oxide (TNWO). This is a significant model containing inspiring domains with
tetrahedron, tetrahedron-free and large-size blocks in the lattice. Theoretical calculations reveal that the
TNWO model, featuring the partial absence of a [WO,] tetrahedron and intrinsic multiple cation features,
not only exhibits enhanced electronic conductivity and alleviated Li* adsorbed structural distortion, but
also facilitates both horizontal inter-block type and vertical-tunnel type Li* diffusions, accompanied
by sufficient redox reactions. Accordingly, it offers 1.48 Li* per metal atom along with a high Li*
diffusion coefficient of 10712 cm™2 s and remarkable structural stability, featuring a reversible spatial
phase transition. Additionally, through modification of surface anisotropy, dimensional uniformity and

Received 26th May 2024, electronic conductivity of individual TNWO particles, a composite anode demonstrates ultrahigh rate
Accepted 1st August 2024 capability (1037 mA h gt at 15 A g71) and excellent cycling stability (capacity retention of 80% at
DOI: 10.1039/d4ee02293a 5 A g7t over 4900 cycles). This work is believed to have opened a new avenue for tailoring shear

structures and creating unprecedented phases to transcend the existing Wadsley—Roth niobium-based
rsc.li/ees oxide system for next-generation high-power lithium-ion batteries.

Broader context

Development of advanced lithium-ion batteries (LIBs) is driven by the growing demand for higher energy density, faster charging rates, higher power
output, and longer operational life. Wadsley-Roth shear phase materials have emerged as promising anode candidates for high-power and fast-charging
LIBs. However, their commercialization is hindered by limited conductivities and unfavorable structural distortions within the host material. Tailoring the
intrinsic crystallographic shear structures is believed to be the most effective strategy to improve their performance. Our work focuses on a titanium niobium
tungsten oxide (TNWO), which features tailored crystallographic domains with distinct shear planes, highlighting its potential as an optimized anode. The unit
created in the TNWO material, comprising 27 metal ions, represents the largest block, suggesting the feasibility of constructing super-large blocks to enhance
diffusion kinetics. In addition to providing fast Li' storage capability, our proposed strategy of tailoring crystallographic shear structures through
cation-engineering can be extended to other Wadsley-Roth oxide systems, offering opportunities for designing new shear phases of niobium-based materials
for high-power LIBs.
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Introduction

Lithium-ion batteries (LIBs) have found widespread applica-
tions in consumer electronics, electrified transportation,
and even power grids. However, they are facing significant
challenges in meeting the rapidly rising market demand for
safety, fast-charging capability, and long calendar life." Upon
significant research and technical progress over the past three
decades, the specific energy of commercial LIBs with a graphite
anode has nearly approached its limit at 350 W h kg .
However, the charging speed and power output of contempor-
ary traction LIBs, which are closely associated with the anodes,
still do not fully alleviate market’s expectation.””® Commercial
graphite anodes have a theoretical capacity of 372 mA h g%,
but their Li" intercalation dynamics are severely restricted by
high tortuosity and anisotropic insertion/extraction behavior.”®
The low operating potential (below 0.2 V vs. Li/Li") results in
organic electrolyte degradation, solid electrolyte interphase
(SEI) formation, and unintended lithium plating or dendrite
formation, leading to serious irreversible capacity loss, thermal
runaway, and safety risk during high-rate charging.” Spinel
Li TisO4,, known as a ‘‘zero-strain” anode, operates within a
safe working potential (~1.55 Vvs. Li'/Li), thereby avoiding the
formation of the SEI and lithium dendrites, making it a
considered safe anode.’ Unfortunately, its theoretical capacity
of only 175 mA h g ' is less than half that of graphite,
compromising the battery’s energy density.'®!"

As an extensive group of Wadsley-Roth block phases, also
referred to crystallographic shear structures, niobium-based
materials including titanium niobium oxides (Ti-Nb-O) and
niobium tungsten oxides (Nb-W-0O) have recently emerged as
exhilarating anodic candidates for secure and fast LIB
applications.”” > They have been demonstrated to offer high
working potentials (~1.6 V vs. Li'/Li), variable theoretical
capacities (200-400 mA h g '), rich and reversible redox
chemistries (Nb>*/Nb**/Nb**, W*/W°" and Ti*"/Ti*"), as well
as open frameworks with interconnected Li* diffusion tunnels.
Nevertheless, the intrinsic limited conductivities and signifi-
cant host structural distortions remain thorny issues that need
to be addressed before they can serve as ideal materials for
practical high-power LIBs."*'* To date, acceptable strategies
applied to improve their Li" storage performance have mainly
focused on pore construction,'*?* size miniaturization'*>* and
chemical regulation.”® However, there have been few inves-
tigations into tailoring their intrinsic crystallographic shear
structures.

Typically, both Ti-Nb-O and Nb-W-O compounds with
crystallographic shear structures consist of corner-sharing
[MOg] (M = Nb, Ti or W) octahedrons arranged in ReOs-type
blocks. Every four nearest blocks of Nb-W-O compounds
(Nb1sW5044, Nb;gW5055 and Nb;gsWg0g,)'72° are linked by an
[WO,] tetrahedron through corner-sharing, while the tetrahe-
dral characteristic has not been found in some Ti-Nb-O
compounds, including TiNb,0,"® and Ti,Nb;,0,,'® (Fig. S1,
ESIT). Theoretical calculations have indicated that the Li'
activation energies of the tetrahedral sites are very different
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from that of octahedron sites within the blocks, where it is hard
for Li* to hop between the tetrahedral sites and block sites.*®?”
While the crystallographic shear planes formed by edge-sharing
between adjacent blocks can stabilize the host structures
against severe distortion during Li" insertion, they may also
prevent the Li" cross hoping from one block to another block.
Compared to the Ti-Nb-O compounds, on the other hand, the
Nb-W-0 compounds usually have larger block sizes with more
[MOg] octahedrons, resulting in more isotropic vertical Li*
diffusion tunnels formed by the horizontal cavities of every
four octahedrons within a block. Moreover, the block size of
Nb-W-0 compounds increases as the atomic ratio of Nb to W
decreases. Therefore, manipulating the existing or creating new
crystallographic shear structures containing the large block
dimension characteristic of Nb-W-O compounds and the
tetrahedron-free characteristic of Ti-Nb-O compounds holds
unprecedented implications for niobium-based oxides in LIBs.

To this end, we propose a cation-engineering driven crystal-
lographic shear structural tailoring strategy, exemplified by a
novel titanium niobium tungsten oxide (TNWO) model, which
incorporates abundant distinguish domains with tetrahedron,
tetrahedron-free and large-size blocks within the lattice. As an
anode for LIBs, the TNWO model exhibits a significant number
of intrinsic Li" storage sites with high structural stability, a Li"
diffusion coefficient of 10°*-10""> em 2 s, and high rever-
sible spatial phase transition. Moreover, when combined with
size reduction, dimensional uniformity and segmented surfi-
cial carbon coating, the TNWO composite anode demonstrates
ultrahigh rate capability (103.7 mA h g™* at 15 A g ') and
excellent cycling lifespan (with a high retention of ~80% and
an extremely low fading rate of ~0.004% per cycle at 5 A g~
over 4900 cycles). These performances surpass those of recently
reported niobium tungsten oxides. To gain a deep understand-
ing of this new model from perspective, systematic analyses
involving microstructure determination, electrochemical mea-
surements, and theoretical computations were conducted.
These analyses open up significant opportunities to tailor
Wadsley-Roth shear structures and design new block phases
for future high-power LIB applications.

Results and discussion
Crystal structure of TNWO bulk powders

The designed TNWO bulk powders were synthesized using a
solid-state reaction (ESIt), resulting in irregular and oversized
particles with size ranging from 5 to 10 um (Fig. S2, ESIf).
Aberration-corrected high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) was used to
analyze the local cation arrangement in the TNWO grains along
the [001] direction (Fig. S3, ESIT). As depicted in Fig. 1a and b,
the observed bright dots corresponding to metal cations are
periodically arranged in standard 4 x 4 blocks (enclosed by
yellow and red dashed boxes), with the exception of isolated
ones (marked by green circles). Under the annular bright field
(ABF), the bridge oxygen atoms between every two metal cations

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Local crystallographic structural investigations of as-prepared TNWO bulk powders. (a)—(f) Atomically resolved aberration-corrected HADDF-
STEM and ABF images viewed along the [001] direction of a TNWO grain. In the images, “T-domain” represents the domain with tetrahedrons, while
“T-free-domain” denotes the tetrahedron-free domain. (g) Schematic illustration of a single cell of the standard NWO. (h) and (i) Schematic comparison
of Li* diffusion tunnel numbers between the NWO and TWNO structures in the same area.

within the blocks are clearly observed (Fig. 1c). In each block,
every metal cation (M™) occupies the center of six oxygen
anions (0*7) to form a [MOg] octahedron, connected with each
other through corner-sharing. Additionally, each isolated M""
located at the outer corners of the blocks bonds with four 0>~
anions to form a [MO,] tetrahedron. However, these blocks and
tetrahedrons align in two kinds of order domains as expected,
resulting in a distinctive step-shaped pattern. One is the
normal “T-domain” (i.e. domain with tetrahedrons) of typical
Nb-W-O compounds, where every four nearest blocks (two
yellow ones and two red ones) are linked by one tetrahedron
(green) through corner-sharing in the ab-plane. The two
ipsilateral blocks (one yellow and one red) with 1/2 octa-
hedral offset in the c-axis are linked through edge-sharing.

This journal is © The Royal Society of Chemistry 2024

These blocks extend along the c-axis to form columns, with the
tetrahedral columns serving as the 2-fold rotation axis of the
domain. In contrast, the other is the “T-free-domain” (i.e.
tetrahedron-free domain) of typical Ti-Nb-O compounds,
where the tetrahedral sites for M"" are absent, resulting in
the blocks being linked directly through edge-sharing. Conse-
quently, the blocks marked as “3” and “4” shift to align with
those marked as “1” and “2”, respectively. The T-domains and
T-free domains exhibit slight variations in “thickness”, mea-
sured in units of the side length of a 4 x 4 block in the ab-plane.
These domains are alternately stacked with typical zigzag
boundaries (Fig. 1b, indicated by yellow solid lines), which
serve as shear planes and represent intrinsic features of the
T-domain. Moreover, an extraordinary domain with an area of
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several hundred square nanometers emerges in the lattice, as
depicted in Fig. 1d. Within this domain, M"" are organized not
only into 4 x 4 blocks, each containing 9 vertical tunnels for
Li" diffusion (marked as black dotted circles along the [001]
direction in Fig. 1g), but also into 3 X 6,4 X 5,4 X 6,5 X 5,
3 x 7,3 x 8, and even the 3 x 9 blocks (Fig. 1e and f). These
blocks possess varying numbers of vertical tunnels: 10, 12, 15,
16, 12, 14, and 16, respectively. Notably, the 3 x 9 blocks
represent the largest structural units, containing the highest
numbers (27) of M"" among the recently reported niobium-
based oxides with crystallographic shear structures (Table S1,
ESIT)‘13,15,18,20,26

Despite the complex domain configuration observed in the
new TNWO material lattice, its high-energy synchrotron X-ray
diffraction (XRD) pattern can be accurately indexed to a single
phase of the space group I4. This indexing is achieved without
any redundant peaks of impurities, using the tetragonal crystal-
lographic Nb,,W;0,, as a reference (ICSD 23801) (Fig. S4, ESIT).
The Rietveld refinement indicates that its lattice parameters
(@ =b=21.000 A and ¢ = 3.821(1) A) are very close to that of
standard NWO (a = b = 21.020 A and ¢ = 3.824 A).***
In addition to the given W°®" (green balls) in [WO,] coordination
(Fig. 1g), the new Ti*" and the remaining W®" (blue balls)
preferentially occupy identical octahedral sites at two of the
eight block-edge-centers in a 4 x 4 block, as supported by the
following information: (i) the presence of Nb>*, W°*, and Ti*" in
the TNWO powders was confirmed by XPS spectra and EDS
mapping (Fig. S5 and S6, ESIt), with a stoichiometry of Nb>*:
(W®" +Ti'") = 26: (4 + 1) ~ 14:2.7 established at the prepara-
tion, which is lower than the ratio (Nb**: W°" = 14:3) for the
standard NWO; (ii) Ti*" (6.05 A) and W°®' (6.0 A) exhibit quite
similar ionic radii; and (iii) the Ti-O bonds of [TiO¢] octa-
hedrons are detected using Raman spectra at ~540 cm "
(Fig. S7, ESIT). The cation occupancy pattern in the new TNWO
differs significantly from that of NWO, where W°* prefers to
occupy two of the block-central octahedral sites and all tetra-
hedral sites (Fig. S8d, ESIt). This pattern was initially eluci-
dated by Kocer et al. based on DFT calculations of total
energies®® and by Cheetham and Allen using neutron powder
diffraction analysis.”**® While it was recognized that cation
occupancy in the block depends on the electrostatic interac-
tions related to lattice potential, cation occupancies in
niobium-based shear phases are typically disordered to some
extent. Synthesis conditions, such as temperature and stoichio-
metry, can affect the lattice potential. In niobium-based oxide
materials, Nb>* and low-valent Ti*" typically form [MOg] octa-
hedron blocks, while Nb>* and high-valent W®* can incorporate
both [MOg] octahedral and [WO,] tetrahedral motifs. Compared
to existing literature on NWO compositions annealed at
1200 °C, the appearance of T-domains and T-free domains, as
well as the cation occupancy observed in the TNWO material,
may be attributed to the lower sintering temperature (1100 °C)
in an open atmosphere, slight excess of low-valent Ti**, and the
non-stoichiometry between cations and O>~ anions. For com-
parison, a pure Nb;,W;0,, (NWO) bulk material with only T-
domains of standard 4 x 4 blocks of corner-shearing [MOg]
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octahedrons with WO, tetrahedrons was also prepared using
the same method (Fig. S8, ESIt).

As a niobium-based shear phase, it is understood that the
Li" available sites are located within the horizontal window of
the block facets, while the fastest diffusion tunnels are oriented
vertically to the block facets.””*° Using a typical 4 x 4 block
with tetrahedra at the corners as a prototype (Fig. 1g), there are
9 available cavities or vertical tunnels for Li" diffusion. Based
on these observations, we constructed two structure schemes of
the same size (11.5 nm x 6 nm) in the [001] projection for
comparison: one for the standard NWO (Fig. 1h) and the other
for the new TNWO (Fig. 1i). The white dashed circles within
blocks represent either horizontal cavities or vertical tunnels.
Clearly, in the “T-free-domain” of the TNWO scheme, every set
of four nearest neighbor blocks in the plane featuring 36
cavities/tunnels occupies a smaller planar area than the NWO
scheme. In the entire plane of 69 nm? the TNWO structure
boasts 328 of cavities/tunnels, significantly more than 288 in
the NWO structure. This results in a theoretical increase of
13.8% in Li" adsorption sites and diffusion paths. O anions
act as bridges between contact octahedra within a block and are
the main binding sites for Li'. In the “T-free-domain”, the
distance between frontier O~ anions of two adjacent blocks is
shorter than that in the “T-domain”. This suggests that Li*
diffusion between blocks in the “T-free-domain” may encoun-
ter a lower barrier, potentially influenced by Ti**, which will be
further investigated through theoretical investigations. As a
result, the new TNWO material, with its T-free-domain and
large-size block domain, ensures an abundance of Li" available
sites, diffusion tunnels, and lower diffusion energy barriers.

Theoretical calculations of Li* storage kinetics and stability

Given the distinctive crystal features of the T-domain, the
T-free-domain and the presence of multiple cations in the
new TNWO material, we employed density functional theory
(DFT) calculation to predict its Li* storage behaviors. Owing to
the limitations on computational complexity, typical NWO,
TNWO and T-free-TNWO models were separately constructed
using Nb,gWsOgg, NbygW5Ti Ogg, and Nb;oW;Ti; Og, supercells,
respectively. These models were optimized based on standard
Nb,,W;0,, and Ti-substituted Nb,,W;0,, with/without WO,
tetrahedrons (Fig. S9a, ESIt). All models feature octahedron
corner-sharing 4 x 4 blocks connected along share planes of
edge-sharing octahedra. It is important to note that both the
NWO and TNWO models include tetrahedrons (T) to fill the
voids at the corners. In the TNWO model, W®* occupies the
T sites, while the remaining W°* and Ti*" in both TNWO and
T-free TNWO models occupy boundary octahedron sites. The
Li" adsorption sites in these models can be classified as pocket,
vertical window and horizontal window sites (Fig. S9b, ESIf).
As mentioned earlier, Li* tends to diffuse along the vertical
tunnels formed by the horizontal windows along the [001]
direction (Fig. S9¢c, ESI¥).>”"*°

We firstly analyzed the density of states (DOS) to examine
the electronic conductivities of these models (Fig. 2a). In all
models, the metallic (Nb, W, and Ti) d bands mainly contribute

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 DFT calculations on the electronic structure, Li* storage and diffusion behaviors of the TNWO based on observed crystal structure features.
(a) DOS, (b) volume expansion and (c) averaged adsorption energy (E,qs(avg) Of fully Li* adsorbed on pocket and window sites of NWO, TNWO and T-free-
TNWO models. (d)-(f) Contour maps of adsorption energies variation (AE,qs) on pocket and vertical window sites, (g)—(i) activation barriers (E,) of Li*
transport in the horizontal window sites along the c-axis on those niobium oxides.

to the conduction bands above the Fermi levels, while the O p
bands play major roles in the valence bands. However, the inset
in the middle plot shows that the W® in tetrahedral sites
(W(T), dotted line) has a higher energetic d band than that in
octahedral sites (W(0O), dashed line). As a result, both the NWO
and TNWO models exhibit obvious band gaps of ~1 eV, while
the T-free TNWO model has a lower energetic d band and a
significantly narrowed band gap due to the partial absence
of [WO,] tetrahedra. Thus, the T-free TNWO model exhibits
higher electronic conductivity than the other two models.
Secondly, we thoroughly examined the energy and structures
of Li" adsorption on these models. The volume changes and
averaged adsorption energy (Eads(avg) are compared when Li"
are fully adsorbed on the pocket and window sites (Fig. 2b and c).
Detailed analysis of the evolution of each lattice parameter reveals

This journal is © The Royal Society of Chemistry 2024

that all three models experience the largest expansion along the
c-axis (Fig. S10, ESIY). Structurally, both NWO and TNWO
models with T features of relatively looser structure exhibit
larger volume expansions than the T-free-TNWO model upon
full Li" adsorption. Energetically, Li' adsorption induces elec-
tronic donation to t, orbitals of [MOs] octahedrons (the lowest
unoccupied orbitals).*>*" Lower-valent Ti*" has less filled t,,
orbitals of [TiOg] octahedrons (than those of [NbOg] and [WOg]
octahedrons with higher valent Nb®" and W°*), which can better
stabilize the donated electrons and promote Li" adsorption.
Both the TNWO and T-free-TNWO models, which include Ti**,
have stronger E,qs(avg) than the NWO model. It is known that
minimizing volume expansion leads to minimal structural
distortion during the Li" storage, while stronger Eqads(avg) Max-
imizes lithiation. Thus, the T-free-TNWO model demonstrates

Energy Environ. Sci., 2024,17, 6571-6581 | 6575
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the highest reversibility and the largest discharge/charge
capacity.

Moreover, we extensively examined single Li* adsorption on
each pocket and vertical window sites to elucidate Li* diffusion
in the ab-plane. It is well known that Li* adsorption energy
(Eags), which has been widely employed to investigate the Li"
insertion processes and clarify the complex Li" filling sequence,
plays an important role in the Li* diffusion mechanism.>®”-3°
The regions with stronger E,qs values have higher Li" concen-
tration, while those with weaker E,qs values have lower ones.
The concentration gradient between those regions further
promotes the Li" diffusion kinetics. To assess E,qs variation
(i.e. AE,qs) on each site, we referenced their E,qs values to
the lowest one Eagsiowest), defining AEyqs = Eags — FEads(lowest)-
Contour plots illustrating the distribution of AE,4s on the three
models are shown in Fig. 2d-f. Detailed definitions of each site
are provided in Fig. S9a (ESI) and plotted in Fig. S11 (ESIY).
Remarkably, the AE,q; is also influenced by the structural and
electronic effects. Structurally, vertical window sites situated at
the center of blocks and certain pocket sites linking between
blocks have stronger E,qg; this is because the central vertical
window sites provide more space to disperse the donated
electrons, while the pocket sites contain more O*~ ions to bond
with Li" ions, thereby promoting adsorption. Electronically,
low-valent Ti'" and [TiOs] with less filled t,, orbitals can better
facilitate adsorption, while the high-valent W*" and [WOq] tend
to resist it. Additionally, the electronic effect outweighs the
structural effect. Both the TNWO and T-free-TNWO models
demonstrate significantly stronger AE,q4s distributions around
their Ti** sites, indicating enhanced adsorption, while the
NWO model without Ti** exhibits a more uniform and lower
AE.q4s. As a result, E,qs with uneven distributions in TNWO and
T-free TNWO models can induce larger concentration gradients
to promote Li" diffusion (Fig. 2e and f). Also, the stronger AE,q
distribution around the Ti*" sites situated between blocks
induces greater Li* concentration gradient to facilitate inter-
block Li* diffusion as indicated by the red arrows in the ab-
plane. In contrast, evenly distributed E,qs in the NWO model
has smaller concentration gradient and slow Li" diffusion (Fig. 2d).
Finally, we examined the Li" diffusion through the vertical tunnels
along the c-axis, which serve as the main diffusion path in shear-
structure niobium-based oxides.””*° The activation barriers (E,)
along all 9 tunnels within a 4 x 4 block of the three models are
plotted (Fig. 2g-i). The energetic analysis reveals that the diffusion
tunnel at the center of the block has lower E, (~0.2 eV, indicated
by the yellow shadow), while those in the corners have higher ones
(~0.4 eV, indicated by the purple shadow). Also, both the NWO
and TNWO models with [WO,] tetrahedrons have similar diffusion
barriers. However, the T-freee-TNWO model shows a different
pattern with lower diffusion barriers. The two diffusion tunnels
neighboring the [WOg] octahedral sites have the lowest E, (<0.15,
indicated by the red and orange shadows) because the [WOs]
octahedron with high-valent W*" has weaker binding with Li".
Consequently, the T-free-TNWO model utilizes this weak binding
to boost the Li" diffusion along the vertical tunnels, resulting in
faster discharge/charge kinetics.
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Therefore, our DFT calculations reveal that both atomistic
and electronic structures play decisive roles in determining the
overall electrochemical performance of the new TNWO material
with the unique crystallographic domains. In the T-domains,
high-valent Nb°" and W°" are the key elements of the large
block structures, with some W°* bonding with four O~ anions
to form [WO,] tetrahedrons and fill the voids of the block-
corners. However, the partial absence of tetrahedrons in the
T-free domains not only enhances the electronic conductivity
but also reduces distortion of the Li" adsorbed host structure
and lowers the diffusion barrier, thus promoting stability and
kinetics. Electronically, low-valent Ti*" in [TiOg] units located at
the block edge enhances Li" adsorption energy and facilitates
Li" hoping within pocket sites to achieve inter-block diffusion
within the ab-plane. High-valent W®* in [WO,] units further
reduces activation barriers to boost Li* diffusion along the
vertical tunnels. Nevertheless, both the atomistic and electronic
structure effects for the TNWO material can only optimize Li"
storage performance when the most ideal metallic cation con-
figurations are present.

Electrochemical performance evaluation

R2032 coin type half-cells were assembled to evaluate the
electrochemical performances of the TNWO materials in the
potential range of 3.0 to 1.0 V vs. Li metal electrode.
The optimal metallic cation stoichiometry of the TNWO bulk
was determined based on the powder XRD patterns and rate-
capability for Li" storage (Fig. S12, ESIY). The lithiation/delithia-
tion processes of the TNWO and NWO bulk anodes follow three
regions, which can be identified via the galvanostatic charge-
discharge (GCD) curves with varying slopes and derived
dQ/dVv plots or cyclic voltammetry (CV) curves with featured
redox reaction peaks (Fig. 3a, ¢ and Fig. S13, ESIf). Such
behaviors have been previously reported in many crystallo-
graphic niobium-based shear materials, such as Ti,Nb;(O,0,"*
Nb;W50s5,'® Nb;sWg040,2° and H-Nb,O5.>*> The Li*-(de)inter-
calation in the 1st and 3rd regions (1.9 to 3.0 V and 1.0 to
1.45 V) with fast voltage drops/swells is considered as a solid-
solution reaction, where the host phase in the 1st region
remains unchanged. In contrast, the 2nd region (1.45 to
1.9 V) exhibits long oblique plateaus in the GCD curves and
sharp redox reaction peaks in the dQ/dV plots, indicating a two-
phase coexistence reaction. The detailed structural features of
the second phases have been scarcely clarified despite abun-
dant efforts made by researchers. In our case, the electroche-
mical reactions occurring in the entire regions can be
successively attributed to the redox couples of W /W>" and
Ti**/Ti®" due to their limited atomic concentrations and higher
redox potentials of 2.5 to 1.95 V,"*** as well as all Nb>*/Nb*"
redox reactions (1.9 to 1.45 V) and partial Nb**/Nb*" redox
couples (1.45 to 1.0 V)."'? Although the average working
voltage of ~ 1.56 V is slightly higher than that of the Li,Ti;O,,
anode (Fig. S14, ESIt), the TNWO anode delivered a much larger
initial discharge/charge capacity of ~249.8/230.1 mA h g™ with a
high coulombic efficiency (CE) of ~92.1% at a current density of
0.05 A g~ *. Moreover, 92.7% of the capacity can be retained in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Electrochemical Li* storage behaviors of NWO bulk and TNWO bulk anodes in coin-type half cells. (a) and (c) GCD curves at 0.05 A g~* and
corresponding dQ/dV plots (Q: capacity; V: potential) for initial three cycles. (b) and (d) Initial GCD curves at current densities ranging from 0.05 A g~ to
15 A gL, (e)-(g) Operando high-energy synchrotron XRD patterns and the corresponding GCD curve, contour plots and refined lattice parameter

evolution during the initial (de)lithation process of the TNWO bulk anode.

subsequent cycles. The voltage polarization for the Nb>*/Nb**
redox couple during the Li* insertion—extraction is only ~89 mv,
with a reduction voltage shifting from the 1st to 2nd discharge of
approximately 52 mV. In comparison, the NWO anode showed a
larger voltage polarization of 188 mV and a voltage shift of 120 mV,
resulting in a lower initial CE of 90% and capacity retention of
88.7%. As observed by the initial GCD curves (Fig. 3b and c) and

This journal is © The Royal Society of Chemistry 2024

derivative dQ/dV plots (Fig. S15, ESIf) at each current density
ranging from 0.05 to 15 A g ', both anodes maintained their
(de)lithiation behaviors, accompanied by the expected decrease in
OCVs and specific capacities. However, the NWO bulk anode
suffered a significant OCV decay of 868 mV, decreasing from
2.535 to 1.667 V throughout the process. Additionally, the poten-
tials for the reduction of Nb>* to Nb*" and the oxidation of Nb** to
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Nb®" shifted by 450 and 520 mV, respectively. The specific
capacity experienced a significant decline from 243 mA h g™*
(1.31 Li* per metal atom) for the initial discharge at 0.05 A g~"
to only 48 mA h ¢! (0.26 Li* per metal atom) at 15 A g ..
In contrast, the TNWO bulk anode demonstrated a smaller OCV
decay of 750 mV and reduction/oxidation potential shifts
(430 and 480 mV). The reversible capacities at each current
density were 249.8, 215.9, 200.7, 183.0, 164.5, 147.1, 120.4, 91.1,
and 74.2 mA h g™, respectively. Notably, a capacity of 0.38 Li*
per metal atom was achieved at 15 A g~ '. Undoubtedly, the
impressive performance of the TNWO anode can be attributed
to the abundant Li" available adsorption sites along with
an increased diffusion coefficient (Fig. 4b) and decreased
resistance (Fig. 4c).
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To unveil the crystal structural evolution of the TNWO and
NWO hosts during Li* (de)intercalations, operando high-energy
synchrotron XRD and ex situ powder XRD patterns were
recorded throughout their initial discharge/charge cycle. The
patterns with discontinuous evolutions of a few characteristic
diffraction peaks clearly evidence that both anodes underwent
a reversible phase transition (Fig. 3e, f and Fig. S16, ESIt). For
the NWO anode, this transition commenced at ~1.75 V during
the discharge stage and completed after 1.75 V during the
charge stage (Fig. S16, ESIt). This result is different from some
previous reports on the NWO anode, including bulk materials
and nanomaterials.'®** Regarding the new TNWO anode, apart
from some extremely strong peaks of the BeO module used in
the testing device, all reflections that appeared on the operando
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patterns are well-indexed to the tetragonal TNWO (I4) during
the initial sloping region for Li* intercalation from OCV (2.73 V)
to ~1.73 V (Fig. 3e and f). No new reflections corresponding to
other phases were observed. Rietveld refinement results simi-
larly indicate that the host existed solely in its original tetra-
gonal phase (Fig. 3g), indicating that the reduction reactions of
limited W — W°' and Ti** — Ti*" during the 1st sloping
region did not cause a phase transition in the TNWO anode.
Echoed by a shift of the Bragg position to lower angles and
weakening of the intensity, the tetragonal lattice parameters of
both a(b) and ¢ gradually extended, consistent with the DFT
calculations.

In comparison, while the parameter c exhibits a linear rise,
the parameter a(b) extends notably at first and then stabilizes.
This suggests that the Li" insertion initially occurs within the
given vertical tunnels within blocks along the c-axis, followed by
diffusion in the ab-plane. This behavior is also evident in the
shift of the characteristic reflections. For example, consider the
peak at 5.83° indexed to the (002) plane, as shown in contour
plots. Initially, the peak slightly shifts to lower angles, similar
to other peaks, and then shifts more intensely. As lithiation
progresses from the oblique plateau (1.73-1.45 V) to the 2nd
sloping region (1.45-1.0 V), accompanied by the reduction of
Nb°* to Nb** and further to Nb**, although the tetragonal phase
persists in the TNWO host, some reflections of (101), (530),
(521), and (002) planes are significantly weakened in intensity
or even disappear. Instead, new reflections corresponding to an
orthorhombic crystal structure (Pbcm) are detected. The transi-
tion from the tetragonal phase to the orthorhombic phase is
likely ascribed to the anisotropy of Li" diffusion in the ab-plane
and the asynchronous change in crystal lattice dimensions.
While the parameter a(b) begins to shrink and ¢ continues to
increase, nearing a constant value in the tetragonal phase and
aligning with DFT computational predictions (Fig. S10, ESIT),
the parameters of the orthorhombic phase undergo more
dramatic changes at the same time. Moreover, both parameters
a, and c, rapidly increased, while b, changed in the opposite
direction (the subscript “0” represents orthorhombic). Due to
the two-phase coexistence state observed in the TNWO host, the
detailed mechanism of Li* diffusion is likely to be very complex,
and we can only hypothesize a reasonable one as above. During
the charging process, the lattice parameters of the orthorhom-
bic phase recovered reversibly as Li" were de-intercalated from
the host, although changes also occurred in the tetragonal
phase. The complete disappearance of the orthorhombic
phase, undetectable in the corresponding XRD patterns, only
occurred when the cell was charged to a voltage above 1.78 V,
coinciding with the oxidation of all Nb*" and Nb*" to Nb°>'.
However, the unique changes of parameters suggest that the Li"
extracted from the tetragonal phase may follow a new route
rather than the original intercalation pathway. Comparisons of
reflections and refined lattice parameters between the fully
charge state with a voltage reaching 3.0 V and the initial states
before discharge reveal that both lattice parameters a(b) and ¢
of the TNWO host slightly increased, but the corresponding
unit cell volume expansion was only ~ 2%. Therefore, the novel

This journal is © The Royal Society of Chemistry 2024
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TNWO material can serve as a stable anode for Li' storage
despite undergoing phase-changes and a complex Li" (de)in-
tercalation mechanism.

Modification of TNWO bulk powders

In order to further boost the practical electrochemical perfor-
mance of the TNWO material in LIBs, certain modifications are
necessary to eliminate intrinsic surface anisotropy, improve
dimensional uniformity, and increase electronic conductivity of
particles. In this work, the TNWO bulk powders were subject to
ball-milling with a trace amount of graphene sheets followed by
amorphous carbon coating (ESIt). The procedure is straightfor-
ward. Compared to pristine TNWO bulk powders, the final
TNWO@®@G-C composite consists of smaller granular particles
(~1 pm) (Fig. S17a, ESIf). We found that the ball-milling
without graphene additives can also refine the TNWO powders,
but the particles tend to separate, and the size distribution is
not as uniform as in the case with graphene (Fig. S17b, ESIf).
The graphene-assisted-ball-milling technique proves to be a
feasible method for refining bulk materials and ensuring
dimensional homogeneity. The resulting thin amorphous car-
bon layer, with a thickness of only 5-10 nm, is segmentedly
coated on the surface of the TNWO particles (Fig. 4a and Fig.
S18, ESIf). Moreover, the carbon thin layer adequately infil-
trates into the TNWO grain boundary, forming an evident
conductive interface. This approach is preferable to full carbon
coating, which may increase the diffusion barrier of desolvated
Li" from electrolyte into the active particles, preventing the Li"
storage performance, especially at high rates (Fig. S19, ESIT).
The XRD pattern and Raman spectrum further confirm the
refined grain size feature of TNWO and the presence of
carbonaceous components in the TNWO@G-C composite, as
evidenced by the broadened diffraction peaks and the appear-
ance of a new apparent D-band (~1348 cm™ ') and G-band
(~1571 em™ ") (Fig. S20, ESIt). Moreover, the unchanged posi-
tions of diffraction peaks and chemical bond vibrational
modes, compared with the original bulk material, indicate that
the TNWO particles in the composite retain the phase structure
and chemistry. The total mass ratio of graphene and carbon
coating is measured to be only ~5.65 wt% (Fig. S20c, ESIT).
According to the galvanostatic intermittent titration techni-
que (GITT) test, the TNWO@G-C composite anode exhibits
reduced iR drop values at the beginning of each current pulse
compared to both TNWO and NWO bulk anodes (Fig. S21,
ESIt). This decrease suggests lowered polarization and
enhanced Li" diffusion kinetics (Fig. 4b). The Li" diffusivity of
the composite anode was nearly 20 to 50 times higher than that
of the NWO bulk in the plateau range and remained consis-
tently high throughout further cycling (Fig. S22, ESIt). Addi-
tionally, the composite anode showed significantly smaller
charge transfer resistance than the TNWO bulk anode, as
revealed by electrochemical impedance spectroscopy (EIS)
(Fig. 4c). At a current density of 0.05 A g ', the composite
anode demonstrated superior Li" storage capacities of ~259.0/
244.8 mA h g~ ' (equivalent to 1.41/1.33 Li" per metal ion), an
initial CE of 94.5%, and over 95% capacity retention in
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subsequent cycles (Fig. S23, ESIf). Based on the CV curves
recorded at sweep rates ranging from 0.3 to 2.5 mV s~ and the
corresponding fitted slope values of the log(current)-log(sweep
rate) plots for the cathodic and anodic branches (Fig. S24,
ESIt), both the TNWO bulk and TNWO@G-C composite
anodes exhibited considerable pseudo-capacitive Li" intercala-
tion behavior. However, the capacitive contributions to the total
capacities of the TNWO®@G-C composite anode (ranging from
81.42% to 96.9%) were significantly enhanced compared to the
TNWO bulk anode (ranging from 75.41% to 95.16%). Owing
to the improved Li" diffusion kinetics, the composite anode
exhibited enhanced rate-capability with significantly reduced
OCV dropping and redox peak potential shift of 610 and 364 mV,
respectively (Fig. 4d and e and Fig. S15c, ESIt). The average
reversible capacities at each current density (0.05-15 A g~ ') were
about 259.0, 233.0, 221.0, 203.0, 186.1, 168.9, 144.3, 120.8, and
103.7 mA h g™, respectively, with nearly 100% of CEs. The number
of Li* per cations reached up to 0.56, even at 15 A g, which is
twice that of the NWO bulk anode. Among the various niobium-
based anodes reported, including those endowed with porous
features, carbon modifications, or nanostructures,'?423:24:32,33
as well as near all niobium-tungsten oxides at all scales to
date,'®>%?%34 both the high initial CE and rate performance of
the TNWO@G-C composite anode stand out as the state-of-the-
art (Fig. 4f and g).

During long-term cycling, both the TNWO®@G-C composite
and TNWO bulk anodes exhibited considerable capacity endur-
ance. Their reversible capacities, respectively delivered at
1 A g ' after 1000 cycles, were 152 and 143 mA h g~ ', much
higher than 134 mA h g~ for the NWO bulk anode (Fig. 4h).
Even after 2500 cycles, the TNWO®@G-C composite anode
maintained a capacity of ~ 140 mA h g~'. Most impressively,
the composite anode can be continuously discharged-charged
with stable performance at 5 A g~ for more than 4900 cycles
(Fig. 4i and Fig. S25, ESIt), with a high retention of ~80% and
an extremely low fading rate of ~0.004% per cycle. Additionally,
each discharge or charge process took less than 4 min. Conse-
quently, the excellent rate-capability and long cycling endurance
endow the TNWO®@G-C composite with enormous application
potential for advancing high-power LIB applications.

Conclusions

In summary, we have successfully developed a new strategy for
engineering Wadsley-Roth shear structures aimed at enhan-
cing fast-charging speed and extending lifespan of LIB applica-
tions. This brand-new crystallographic tailoring strategy has led
to the creation of a novel TNWO material characterized by a
lattice featuring rich domains with T, T-free and large-size
blocks. With its intrinsic abundant Li" storage sites exhibiting
high structural stability, a high Li* diffusion coefficient, and
significant reversible spatial phase transition, the new TNWO
material holds great promise as an anode material. Drawing on
multi-scale regulations from the bulk lattice to particle dimen-
sions and surface characteristics, we engineered a TNWO@G-C
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composite using a solid-state reaction method, graphene-
assisted ball milling, and segmented surficial carbon coating.
The TNWO®@G-C composite demonstrates exceptional perfor-
mance, boasting ultrahigh rate capability (103.7 mA h g™ ' at
15 A g ') and excellent cycling stability (achieving a high
retention of ~80% and an extremely low fading rate of
~0.004% per cycle at 2 A g~ " over 4900 cycles) as an anode
of LIBs.
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