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ABSTRACT: Niobium-based compounds with Wadsley−Roth crystallographic shear structures show promise as
fast lithium storage materials in micrometer sizes without the need for nanostructure engineering. However, the
lithium storage mechanism underlying their unique electrochemical properties has yet to be understood. Herein, we
characterized the evolution of vibration bands in operando Raman spectra of the representative shear phase, H-
Nb2O5, during lithiation in order to correlate the lithiation-induced structural variations of H-Nb2O5 with the
electrochemical properties. Complemented by DFT calculations, the lithium storage mechanism was unraveled,
including the preference for adsorption sites, the resultant electronic structure, and specific pathways for lithium
transport. This work provides insight into the lithium storage mechanism in shear structure Nb2O5, which is
believed to be useful for knowledge-based design of niobium-based compounds as high-rate lithium storage
materials.

Lithium-ion batteries (LIBs) with high power density
could shorten the charge time, which can alleviate
consumers’ “charge anxiety” and improve user experi-

ence in electric vehicles, electronic devices, and household
appliances. The charge rate of LIBs depends sensitively on the
ionic and electronic conductivity of the electrode materials.
The ionic conductivities of the active electrode materials are
often much smaller than the electronic conductivities.1 The
lithium diffusivities (D) of electrode materials are generally
much smaller than those of the electrolyte materials (liquid or
solid).2 Thus, one common strategy to compensate for the
slow lithium diffusion when designing a fast-charging electrode
is to shorten the diffusion length (L) by reducing the particle
size of the material, thus reducing the time (τ = L2/D)
required for full lithiation.3,4 However, this approach may
degrade the cycling stability, capacity retention, and volumetric

energy density of the electrodes; further, the preparation of
nanomaterials may involve expensive, toxic, and complex
preparation processes.4 If the electrode material has an
intrinsically high Li-ion diffusivity, the use of nanomaterials
can be avoided.

Many niobium-based oxides with an open-frame crystal
structure, a so-called shear structure, such as TiNb2O7,5,6

Nb16W5O55, Nb18W16O93,7 etc., exhibit rapid Li-ion diffusion.
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In other words, these shear-phase materials can achieve fast
lithium storage without being nanosized and enable high
volumetric energy and power density without compromising
the rate capability. Unraveling the lithium storage mechanism
of the shear phase is especially important for the design of a
new generation of storage materials with high power densities.
To date, various state-of-the-art characterization techniques
have been applied to explore their unique Li-ion storage
properties. For example, Lu et al. revealed that Li-ion sites are
possibly located in the (001) lattice plane of TiNb2O7 by using
first-principles calculations and spherical aberration-corrected
scanning transmission electron microscopy.8 Catti et al. and
Saber et al. investigated the lithium site preference and
electronic properties in Li1.714Nb2O5 and PNb9O25, respec-
tively, with the aid of neutron powder diffraction and first-
principles calculations.9,10 Furthermore, Griffith et al. demon-
strated using structural analysis and bond valence summation
(BVS) that Li ions in Nb16W5O55 diffuse one-dimensionally
along the tunnels formed by the shear plane and change the
migration path through local hopping between the tunnels,
where the lithium sites and diffusion may be analogous to
those in the ReO3 and lanthanum lithium titanate (LLTO)
structure.7 Nevertheless, the current research regarding the Li-
ion intercalation mechanism in shear structure materials is still
in the preliminary stage. Unraveling the intercalation
mechanism is challenging due to the structural complexity of
the shear phases. On one hand, the ternary Nb system (Ti-Nb-
O/Nb-W-O) with different transition metals may have distinct
lithium diffusion path topologies due to various cation
configurations. Even the diversity and uncertainty of local
cation ordering might have a significant effect on the lithium
storage and transport.11 On the other hand, due to the diverse
range of dopants and defects in the shear structure family,
understanding the process of lithium intercalation becomes
more intricate, as there are myriad materials to consider.6

While the atomic structures of the shear compounds are
complex, they hold close crystallographic structural relation-
ships to the high-temperature phase of Nb2O5 (H-Nb2O5).12

Their common features include ReO3-like n × m corner-
sharing octahedral building blocks, shear planes formed by the
edge-sharing octahedra linking these blocks, and possible voids
in the corners filled by tetrahedra.13 Therefore, understanding
the lithium storage behavior in H-Nb2O5 is crucial for
providing a comprehensive picture of the characteristic
diffusion mechanism in other shear structures. Compared
with common characterization technologies, Raman spectros-
copy is a highly effective tool for probing the dynamic behavior
of interacting molecules on a surface or for obtaining structural
information on a crystal under stimulation.14−20 By combining
vibrational analysis, Raman spectroscopy has proven to be
successful in interpreting the structural properties of energy
storage and conversion materials.21−24 Nonetheless, unlike
some energy materials crystallized at low temperatures, the
shear phases formed at high temperatures give a large crystal
with uncontrolled geometry, which is not advantageous for
achieving efficient Raman spectroscopic acquisitions. The
related operando Raman study is extremely rare.

In this study, a thin film of H-Nb2O5 was prepared by using
radio frequency (RF) magnetron sputtering, followed by heat
treatment. The vibrational modes of H-Nb2O5 during
lithiation/delithiation were analyzed by using operando
Raman spectroscopy. Density functional theory (DFT)
calculations were performed to complement the experimental
results and explain the vibration modes, predict the adsorption
energy of lithium on different sites, and determine the diffusion
energy barriers between them. Our findings provide a detailed
explanation of the lithiation mechanism in H-Nb2O5, high-
lighting the preference of lithium ions for specific sites, the
corresponding electronic structure, and lithium transport
pathways during the process. The discovery of the interplay
between lithium and H-Nb2O5 presented in this study is
essential for understanding the energy storage mechanism and
fast-charging properties of shear phase materials.

The sputtered Nb2O5 thin film shows different phases
depending on the temperature of the heat treatment (Figures
S1 and S2). Two obvious peaks at 2θ ≈ 40 and 47° in their

Figure 1. (a) XRD pattern, (b) Raman spectrum, (c) XPS spectrum, and (d) SEM image of the as-prepared H-Nb2O5 thin film. The inset in
(d) shows a cross-sectional image of the H-Nb2O5 thin film.
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diffraction pattern belong to the (111) and (200) crystal
planes of the Pt substrate, respectively. Apart from that, the
XRD pattern of the thin film obtained after annealing above
1000 °C matches well with the characteristic peak of the
monoclinic Nb2O5 (PDF 01-072-1121)25 (Figure 1a and
supplementary note 1). In addition, there are no peaks indexed
to Pt oxides or PtNb alloys, which proves the successful
preparation of H-Nb2O5 thin films on the substrate. Figure 1b
shows the typical Raman spectrum of the H-Nb2O5 thin film.
The position and profile of the vibration bands are consistent
with those of the H-Nb2O5 powder.26 For the convenience of
the subsequent discussion, these vibration bands are divided
into three parts from low to high wavenumbers, including VLo
(200−350 cm−1), VMid (600−700 cm−1), and VHi (∼1000
cm−1). According to the vibration analysis detailed below, the
VLo band corresponds to the bending mode of the O−Nb−O
bond, while the VMid and VHi bands correspond to the
stretching modes of the Nb−O bond. Typical spin−orbit
doublets at 210.0 and 207.3 eV in the Nb 3d XPS spectra for
the H-Nb2O5 thin film confirm that the Nb atoms are in the +5
valence state (Figure 1c). The SEM images of the as-sputtered
Nb2O5 thin film reveal a uniform surface but with numerous
small crevices (as seen in Figure S3). Upon heating, these
crevices vanish as the grains increase in size, leading to a
relatively smooth H-Nb2O5 thin film with a thickness of
approximately 1 μm, as shown in Figure 1d and Figure S3. This
is crucial for obtaining a robust signal for the operando Raman
study.

Figure 2a shows the schematic illustration of the model cell
used for the electrochemical tests and operando Raman study,
which is assembled by sequentially stacking the H-Nb2O5 thin
film (working electrode) and the other cell components. The

CV curves acquired in the model cell show obvious redox
peaks at ∼1.7 V, representing a typical two-phase process of H-
Nb2O5 upon (de)lithiation (Figure 2b). A solid solution
reaction at the beginning and near the end of the charging/
discharging processes contributed to the partial capacity as
well. The overlapped redox peaks and CV profiles upon
continuous scans indicate the good reversibility of the
electrode material and the reliability of the model cell. This
is also verified by the good periodicity of the corresponding
stored charge versus scan time (Figure 2c). Though a slightly
decreased Coulombic efficiency is shown, it is tolerable for an
operando Raman study considering that no conductive agent
and binder were added for the thin-film electrode (mass
loading ∼0.5 mg cm−2). Furthermore, no obvious separation of
the redox peaks at a scan rate of 0.5 mV s−1 suggests good
reaction kinetics of the electrode as well.

The Raman spectra of the Pt substrate and the electrolyte
were investigated before Raman characterization of H-Nb2O5.
The results in Figure S4 show that metallic Pt has no Raman-
active vibration band before or after calcination. Due to the
coexistence of three different organic compounds and the
solvation effect, the Raman spectrum of the commercial
electrolyte is complex (details in Figure S4). The two strongest
Raman bands of the electrolyte at ∼720 and ∼900 cm−1 are
attributed to the overlapped signals of EC/PF6

− and EC/
DMC, respectively.23 The other two bands at 518 and 973
cm−1 belong to the DMC and EC signals, which are too weak
to be found in the subsequent operando studies.

In the 2D contour plot, the operando Raman spectra (Figure
3a) near each cycle number correspond to states at a high
potential, and those between two cycle numbers represent
states at a low potential. In the pristine states, the three red

Figure 2. (a) Schematic illustration of the model cell used for the operando Raman study. (b) Cyclic voltammogram (CV) of the H-Nb2O5
thin film at a sweep rate of 0.5 mV s−1 for five cycles acquired in the model cell. (c) Applied potential, collected current, and quantity of
stored charge of the H-Nb2O5 thin film as a function of the scanning time.
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zones of the contour map correspond to the VLo, VMid, and VHi
bands, which have a higher Raman intensity. Figure 3 and
Figure S5 show that the band intensities of H-Nb2O5 change
periodically during electrochemical cycling and the evolution
of the Raman spectrum is completely reversible. More
specifically, the intensities of three representative bands show
periodic decreases or increases when lithium ions are
intercalated into or extracted from the materials. The abrupt
decrease in the Raman signal could be explained by the
significant enhancement of the electrical conductivity of H-
Nb2O5 upon initial lithiation. This conductivity change
suggests that LixNb2O5 becomes a semiconductor or even a
conductor from a pristine insulator with increasing lithium
composition. Due to the decrease of the overall Raman signal,
specific band changes, such as peak splitting and shifting at the
low potential range, cannot be distinguished in the same scale.
To this end, the Raman signals in the intervals between 1.8 and
1.2 V are replotted in the same manner, as shown in Figure 3b.
The Raman signals around 720 and 900 cm−1 correspond to
the bands of EC/PF6

− and EC/DMC in the electrolyte,
respectively. In a subsequent analysis, these peaks are used as
the reference to observe the changes in the Raman spectra.
Figure 3b shows that the pristine VMid (600−700 cm−1) and
VHi bands (∼1000 cm−1) vanish, while a new band appears
between them at 800 cm−1 in the Raman spectrum of H-
Nb2O5 in the low-voltage range. At low wavenumbers, the

original VLo (200−350 cm−1) band gradually weakens, and two
new bands at higher wavenumbers (330 and 400 cm−1) appear
when lithium intercalates. The above spectroscopic changes
during discharge are reversed during the charge process. In
addition, the evolution of the Raman spectrum of H-Nb2O5
within one cycle demonstrates these changes more clearly
(Figure 3c). The spectra show that the signal of the electrolyte
is covered by the stronger Raman signal of Nb2O5 when the
voltage is 3.0 V: that is, when lithium ions are not intercalated
into the structure. As the voltage gradually decreases, the
intensities of the VMid and VHi bands become weaker. The VHi
band first vanishes when the cell is discharged to ∼2.0 V, and
the VMid band disappears subsequently. In the meantime,
lithium insertion debilitates the VLo band, and the peaks in the
VLo region gradually emerge and shift to higher wavenumbers.
Overall, compared with the pristine H-Nb2O5 spectrum, fully
lithiated H-Nb2O5 exhibits a new band at approximately 800
cm−1. The VMid and VHi bands are no longer present, and the
VLo band experiences positive shifts. During charging, the
Raman signal of H-Nb2O5 reverses the above processes, and
finally, the spectrum returns to its initial state at 3.0 V.

To investigate the effect of the structural variation caused by
the lithium insertion on the Raman spectra, the contribution of
evolutions in electronic structures and vibrations was analyzed
through DFT calculations as detailed in the following text.
First, the structures and energies of Li adsorption at the oxygen

Figure 3. 2D contour plots showing the Raman spectra of the structural evolution of H-Nb2O5 as the potential varied (a) from 3.0 to 1.2 V
and (b) from 1.8 to 1.2 V extracted from (a) for 5 cycles. (c) Stacked Raman spectra of H-Nb2O5 in one cycle of lithiation/delithiation. The
gray dashed lines in (a)−(c) correspond to the band position of the electrolyte.
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sites in H-Nb2O5 were examined. H-Nb2O5 crystallizes in the
monoclinic P2 space group and adopts a shear structure with
staggered 3 × 4 and 3 × 5 corner-sharing NbO6 blocks, as

shown in Figure 4a and Figure S6.25 These two kinds of blocks
are connected to each other by the NbO4 tetrahedra and the
edge-sharing NbO6, in which the latter produces a structure

Figure 4. (a) View of three types of Li adsorption sites in H-Nb2O5 from the b axis. (b) View from the a−c plane and cluster view from the b
axis. (c) Related adsorption energy (Eads) of the distinct Li adsorption sites, detailed in Figure S7, in H-Nb2O5. (d) Charge density analysis of
Li-adsorbed H-Nb2O5. The yellow and cyan colors represent positive and negative charge densities, respectively. (e) DOS analysis of pristine
and Li-adsorbed H-Nb2O5. The valence Nb d bands and O p bands are plotted as blue and red lines, respectively.
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motif named a shear plane. As shown in Figure 4a,b, the
adsorption in H-Nb2O5 can be divided into two categories
according to the number of Li−O bonds: the square-planar
site, or so-called “window site” (Li coordinated by four O) in
the corner-sharing blocks, and the square-pyramidal site, or so-
called “pocket sites” (Li coordinated by five O), in the edge-
sharing blocks.9,11,27 Additionally, the window site includes
both vertical and horizontal Li-O bonds, in which Li-O bonds
are in the ac plane and along the b axis, respectively. These
sites have been thoroughly examined for their Li adsorption
energy (Eads) in the present work (Figure 4c and Figure S7 and
Table S1). Pocket sites with five Li−O bonds are expected to
have a stronger Eads, whereas both horizontal and vertical
window sites have a weaker Eads due to the fewer number of
Li−O bonds (four).10,11 The energy analysis finds two
conclusive trends. First, most of the pocket sites have stronger
Eads (<−3.40 eV) than horizontal and vertical window sites.
Second, the window sites, closer to the center in the corner-
sharing blocks, have stronger Eads; the strongest sites are
located at the center of the 3 × 5 corner-sharing blocks.

Figure 4d shows the charge density of Li-adsorbed H-Nb2O5
with stronger Eads (<−3.40 eV). Lithium was gradually added
into pristine H-Nb2O5 according to their adsorption energy,
forming Li0.1Nb2O5, Li0.4Nb2O5, Li0.7Nb2O5, and Li1.0Nb2O5
for Eads < −3.60, −3.50, −3.45, and −3.40 eV, respectively.
When Li initially adsorbs in H-Nb2O5 (e.g., Li0.1Nb2O5), the
introduced electron localizes in the empty Nb d orbital of
NbO6 octahedra at the center of the 3 × 5 blocks. Specifically,
the electron preferentially fills the Nb dxy, dyz, and dzx orbitals,
which are the lower energy t2g and the nonbonding orbitals in
NbO6 octahedra.10,28 As more Li adsorbs in H-Nb2O5,

additional electrons begin to occupy the lower energy t2g
orbitals of the edge-sharing octahedra with shorter metal−
metal distances, resulting in enhanced d orbital overlap.
Consequently, the charge distribution becomes more delo-
calized, indicating an increased conductivity. The increased
conductivity of LixNb2O5 is also evident in the DOS plots
(Figure 4e). In pristine H-Nb2O5, the valence Nb d band
contributes to the conduction band at higher energy, while the
p band contributes to the valence band at lower energy. The
DOS analysis reveals a large band gap, as the Nb d band has a
considerably high energy, well above the Fermi level, and the
O p band has a low energy. Furthermore, the high-energy Nb d
band indicates its empty d orbitals, corresponding to its 5+
formal oxidation state. When Li adsorbs and forms LixNb2O5,
the electrons are introduced into the empty conduction band,
which lowers the energy of the DOS. As electrons mostly fill
the empty Nb d orbitals, the Nb d band experiences an
energetic drop and reduced band gap. As shown in the DOS
plot, Li0.7Nb2O5 has become conductive, with a negligible band
gap. This insulator-to-metal transition behavior upon lithiation
is also manifested in the optical color change, progressing from
white to blue and eventually to a dark black hue in a series of
lithiated niobium-based oxides.26,28 Although changes in
material polarizability upon lithiation and thermal effects
caused by the high-power laser might also contribute to Raman
intensity changes, the abrupt drop in overall Raman signal of
LixNb2O5 could be mainly attributed to the delocalized
electron configuration (i.e., improved electronic conductivity)
that significantly decreases the incident photon frequency (ω)
through the Compton effect, as the intensity is proportional to
ω4 (see supplementary note 2).

Figure 5. (a) Polyhedral model of the crystal structure of H-Nb2O5 visualized from the b axis. (b) Li adsorption sites with higher Eads (<−3.4
eV), Li1.0Nb2O5. The Nb−O stretching mode shaded red in 3 × 4 corner-sharing blocks is assigned to the peaks around 800 cm−1 at low
voltage. (c) Vibrational density of state (VDOS) of pristine H-Nb2O5 and Li1.0Nb2O5 estimated from the force constants in the vibrational
calculation. (d) Average Eact of Li diffusion through different steps of H → H, V → V, V → P, P → V and P → P; details of each step are
shown in Figure S9.
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Besides the overall intensity, changes in the Raman profile
can provide structural information regarding the incorporation
of lithium. The assignment of the Raman spectra was initially
carried out through structrual analysis, and subsequently, DFT
calculations were employed to validate the assignments and
lithium-induced variation by examining the vibrational density
of states (VDOS) (supplementary note 3). In the crystal
structure of H-Nb2O5, the NbO6 octahedra are distorted to
some extent due to the ionic repulsion and Jahn−Teller effect,
as shown in Figure 5a.11 The Nb−O bond distances are in the
range of 1.8−2.3 Å. The octahedra along the shear planes in
edge-sharing blocks show stronger distortion than those in the
center of corner-sharing blocks, which induces shorter Nb−O
bond distances (<1.9 Å, numbered in Figure S8) and higher
vibrational freqnencies. Accordingly, the highest frequency of
VHi in the operando Raman spectrum corresponds to stretching
modes of those shorter Nb−O bonds around the edge-sharing
octahedra, as assigned in Figure 5a (vertical green shading)
and detailed in Supporting Video a. VMid is also assigned to
stretchings in edge-sharing octahedra (horizontal green
shading and Supporting Video b). Those vibrations have a
strong Raman intensity, attributed to the structural rigidity of
the edge-sharing blocks.29 On the other hand, the vibrations in
corner-sharing octahedra have a weaker Raman intensity with a
frequency around 850 cm−1 (red shading and Supporting
Video c).30 VLo in the Raman spectrum is related to the
bending modes (e.g., rocking and wagging).31 Due to the
perturbation between neighboring octahedra, those modes are
rather complicated and do not solely correspond to one
specific vibration, and some examples are shown in Supporting
Video d.

Figure 5b demonstrates Li adsorbed on the sites with
stronger Eads (<−3.4 eV), Li1.0Nb2O5. A stronger Eads implies
more stable Li adsorption; thus, the pocket- and center-corner-
sharing sites are expected to be firmly occupied by Li during
lithiation at lower voltages. As a result, the strict Li adsorptions
in the pocket sites hinder the vibrations in the edge-sharing
octahedra and thus are responsible for the disappearance of the
VHi and VMid bands in the Raman spectra during lithiation at
low voltages (Figure 3c). On the other hand, the vibrations in
the corner-sharing octahedra, shaded red in Figure 5b and
detailed in Supporting Video e, are less ruined during lithiation
and are still observable in the Raman spectra (at ∼800 cm−1)
at low voltages (1.8−1.2 V). We further utilized the force
constants derived from vibrational calculations to examine
VDOS of pristine H-Nb2O5 and Li1.0Nb2O5 (Figure 5b) and
compared them with the operando Raman spectra obtained at
high and low potentials, corresponding to delithiated and
lithiated H-Nb2O5, respectively. The computed VDOS of
pristine H-Nb2O5 and Li1.0Nb2O5 is presented in Figure 5c.
Due to the complicated coupling of bending modes, the VDOS
at low frequencies (<500 cm−1) is challenging to analyze and
thus not shown. Significant differences are observed between
the two VDOS in the high-frequency region of 900−1100
cm−1. The VDOS for pristine H-Nb2O5 exhibits a distinct
distribution, while that for Li1.0Nb2O5 appears flat in this
region. This high-frequency distribution corresponds to the
Nb−O stretching vibrations associated with shorter bond
lengths in the edge-sharing octahedra of pristine H-Nb2O5.
Furthermore, the VDOS of Li1.0Nb2O5 displays a small bump
in the range of 700−900 cm−1, which is attributed to the Nb−
O stretching in the corner-sharing octahedra. The VDOS
analysis yields results that closely resemble the operando

Raman spectra, where pristine H-Nb2O5 exhibits strong Raman
intensity at high frequency (VHi), which disappears at low
potential in lithiated H-Nb2O5. Instead, a new band emerges at
around 800 cm−1. The explanation regarding Raman band
variation upon lithium insertion could also be understood by
the distortion of NbO6 octahedra in the H-Nb2O5 crystal.
Lithium intercalation will increase the local octahedral
symmetry of Nb2O5 due to the alleviation of the second-
order Jahn−Teller distortion.26 At the same time, this
symmetrization makes previously distorted NbO6 available
for lithium occupation.11 As previously mentioned, NbO6
octahedra at edge sites corresponding to the VHi and VMid
bands are more distorted than those at the center of the blocks.
Thus, lithium occupation of the pocket sites will more
significantly remove the highly distorted NbO6 octahedra on
the edge, resulting in the disappearance of the VHi and VMid
bands in the Raman spectrum.

Compared to the sites with standard Eads, other sites with
weaker Eads are less stable and could be considered as
intermediate sites in the Li diffusion pathway during the
lithiation process. The kinetics of Li diffusion along the sites
with lower Eads was examined. The activation energy (Eact) of
each step is detailed in Figure S9 and Table S2. The averaged
Eact values of Li diffusion among the pocket (P), vertical (V),
and horizontal (H) window sites are plotted in Figure 5d. The
analysis finds that H → H diffusion (diffusion along the b axis)
has the lowest barrier, while P → P diffusion (interdiffusion
between corner-sharing blocks in the ac plane) has the highest
barrier. Other diffusions, including V → V, V → P, and P → V
inside the corner-sharing blocks, have barriers in the middle.
The lowest Eact in H → H diffusion can be attributed to the
fact that the Eads values on those H sites have the smallest
energetic difference (0.22 eV, Figure 4c and Table S1); on the
other hand, the highest Eact in the P → P diffusion corresponds
to the largest energetic variation between P sites (0.69 eV).
Eads on V sites with the intermediate variation (0.55 eV) results
in diffusion barriers in the middle.

From the energetic analysis, the mechanism of lithiation at
low voltage has been rationally resolved. First, Li prefers to stay
at pocket sites because most of those sites have the strongest
Eads and their related diffusions have the highest Eact. Second,
Li could diffuse inside the corner-sharing blocks but is less
likely to interdiffuse among those blocks thorough pocket sites
in edge-sharing regions. Finally, the favorable diffusion
pathway is through horizontal window sites along the b axis
due to the lowest activation barrier. Accordingly, Li ions are
filled in the edge-sharing blocks and diffuse inside the 3 × 4
and 3 × 5 corner-sharing blocks, mainly through the b axis,
during the lithiation process. The electronic structure resulting
from the sequence of lithium occupation shows that electrons
initially localize in the center of the blocks of H-Nb2O5 when
the lithium is slightly adsorbed. Subsequently, more lithium
adsorption on the edge-sharing NbO6 octahedra leads to
overlapped d orbitals and a progressive delocalization of
electrons. This transition from electron localization to
delocalization effectively explains the observed static Raman
profile during the initial lithiation, while abrupt overall
intensity drops occur with higher lithiation in the lower
potential window. Furthermore, from a structural perspective,
those filled Li ions rigidify the edge-sharing blocks and erase
the Raman signals at VHi and VMid, corresponding to Nb−O
stretching at edge-sharing octahedra. Thus, only the Nb−O
stretching in the corner-sharing blocks (∼800 cm−1) is
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observed in the low-voltage range (lithiation). The results
presented here, which were obtained through Raman
characterization and DFT calculations, are consistent with
previous studies by Koçer et al., who used nudged elastic band
calculations and ab initio molecular dynamics simulations to
investigate lithium diffusion in niobium tungsten oxide shear
structures.32 The study also suggests that lithium mainly
diffuses through the structure by hopping between window
sites in the block interior, while hops into or out of pocket sites
are less frequent due to large activation energy barriers.
Moreover, our findings align with those of Koçer et al., as we
observed an asymmetric behavior in lithium insertion and
extraction in the shear structure, which is reflected in the
slightly asymmetric Raman spectrum of H-Nb2O5 during
lithium discharge/charge processes (red zone in Figure 3a).
Strong lithium adsorption energy on the pocket site and facile
lithium diffusion through the window sites lead to rapid
lithium transport down the tunnels and dispersal around the
pocket sites, resulting in the rapid disappearance of the VHi and
VMid bands in the Raman spectrum. However, the reverse
process of extracting lithium from the stable pocket sites is
kinetically slower, although transit from the window sites is
rapid, resulting in a slightly slower recovery of the VHi and VMid
bands in the Raman spectrum during the charge process.
Specifically, the aforesaid anisotropic lithium pathway and
asymmetric lithium (de)intercalation have several advantages.
First, shear-phase materials exhibit anisotropic crystal growth
down the blocks’ tunnels, which is identical to the major
lithium transport pathways, enabling fast lithium storage.
Second, the utilization of this anisotropy during electrode
preparation, such as by controlling the crystal orientation to
make the 1-D channels perpendicular to the current collector,
would be beneficial for decreasing tortuosity in lithium
diffusion and improving the battery’s charge rate, as shown
for T-Nb2O5 with a quasi-2D lithium transport pathway.21

This strategy could be achieved by applying an external
magnetic field after introducing ferrofluid particles on the
surface of the materials or by directly selecting Wadsley
materials with magnetism among niobium compounds, or at
least designing the ideal shear phase using dopants like Ni, Fe,
and Co.33,34 Third, the property of faster lithiation, compared
to delithiation, in the shear structure makes it more suitable as
an anode in a full cell. This is beneficial in meeting practical
battery demands that require faster charge rates than discharge
rates in portable devices and electrified vehicles.

In summary, operando Raman spectroscopy was utilized to
investigate the changes in the vibrational bands of H-Nb2O5
upon lithiation. The Raman spectrum of fully lithiated H-
Nb2O5 exhibited a decrease in the overall intensity. More
specifically, the spectrum showed a vibration band at 800 cm−1

with a positively shifted VLo band, while the VHi and VMid
bands disappeared compared to the pristine H-Nb2O5
spectrum. Further analysis revealed that the VHi and VMid
bands correspond to the stretching modes of the shorter Nb−
O bonds around the edge-sharing octahedra, while the VLo
band was related to the bending modes. It was found that Li
preferentially occupied the pocket site and the center of
corner-sharing sites during lithiation, leading to the disappear-
ance of the VHi and VMid bands in the Raman spectra at low
voltages. The progression of orbital filling in the structure of
H-Nb2O5 is directly linked to the sequence of the lithium
occupation. At low lithium compositions, the electrons
predominantly accumulate on localized, nonbonding t2g

orbitals of corner-shanring NbO6 located at the center of 3
× 5 blocks, where there is no d orbital overlap with the
surrounding octahedra. However, as the lithium concentration
increases, it starts occupying t2g levels on edge-sharing NbO6,
resulting in an increased d orbital overlap between them. This
phenomenon effectively explains the origin of the abrupt and
significant intensity changes observed in the operando Raman
spectra. Moreover, energetic results demonstrated that pocket
sites with the strongest Eads also had the highest Eact for
diffusions between them, making interdiffusion among those
blocks through pocket sites in the edge-sharing region less
likely. On the other hand, Li could diffuse inside the corner-
sharing blocks, with the most favorable diffusion pathway being
through horizontal window sides along the b axis due to their
lowest activation barriers and the smallest variation of Eads.
This explains why only the Nb−O stretching in the corner-
sharing blocks (∼800 cm−1) is still observed in the low-voltage
range (lithiation). The integration of experimental Raman
spectra and DFT calculations effectively elucidates the lithium
storage mechanism of H-Nb2O5, including the preferred
adsorption site, the related electronic structure, and the
diffusion pathway of lithium. This provides fresh perspectives
for comprehending the storage characteristics of other
materials in the shear-phase category.
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