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Substantial improvements in cycle life, rate performance, accessi-
ble voltage, and reversible capacity are required to realize the
promise of Li-ion batteries in full measure. Here, we have exam-
ined insertion electrodes of the same composition (V,05) prepared
according to the same electrode specifications and comprising par-
ticles with similar dimensions and geometries that differ only in
terms of their atomic connectivity and crystal structure, specifically
two-dimensional (2D) layered «-V,05 that crystallizes in an ortho-
rhombic space group and one-dimensional (1D) tunnel-structured
&-V,05 crystallized in a monoclinic space group. By using particles
of similar dimensions, we have disentangled the role of specific
structural motifs and atomistic diffusion pathways in affecting
electrochemical performance by mapping the dynamical evolu-
tion of lithiation-induced structural modifications using ex situ
scanning transmission X-ray microscopy, operando synchrotron
X-ray diffraction measurements, and phase-field modeling. We
find the operation of sharply divergent mechanisms to accommo-
date increasing concentrations of Li-ions: a series of distortive
phase transformations that result in puckering and expansion of
interlayer spacing in layered a-V,0s, as compared with cation reor-
dering along interstitial sites in tunnel-structured ¢-V,0s. By allevi-
ating distortive phase transformations, the ¢{-V,05 cathode shows
reduced voltage hysteresis, increased Li-ion diffusivity, allevia-
tion of stress gradients, and improved capacity retention. The
findings demonstrate that alternative lithiation mechanisms can
be accessed in metastable compounds by dint of their reconfig-
ured atomic connectivity and can unlock substantially improved
electrochemical performance not accessible in the thermody-
namically stable phase.
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Li-ion batteries are the mainstay of electrochemical energy
storage and are at the forefront of an unprecedented global
transition to electromobility (1-5). However, by some accounts,
commercial cells currently achieve less than 25% of their theo-
retical capacity (6, 7). Mitigating the constraints and degradation
mechanisms that limit cathode materials from realizing their full
potential requires consideration of the dynamical evolution of
structure across multiple length scales (8, 9). In this work, we
directly interrogate the role of lattice structure by comparing
electrochemical lithiation/delithiation mechanisms in two dis-
tinct polymorphs of V,0s, which differ in atomic connectivity
but have the same composition (10-13). By using particles of
similar dimensions, we seek to disentangle the role of specific
structural motifs and atomistic diffusion pathways in each poly-
morph by mapping the dynamical evolution of lithiation-induced
structural modifications using operando synchrotron X-ray
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diffraction (XRD) measurements and ex situ scanning transmis-
sion X-ray microscopy (STXM) and by correlating the observed
structure evolution to electrochemical performance and the cou-
pling of electrochemistry with mechanics.

a-V,0s is a promising cathode material and is the active
cathode in small-format commercial cells (14, 15). The promise
of this material as an intercalation host stems from the high
natural abundance and geographical diversity of vanadium
deposits, as well as the existence of well-established approaches
for extraction and processing of high-purity vanadium from
ores, steel slag, and fly ash. V,0Os has a high theoretical capac-
ity, potential for multielectron redox (7), and reasonable rate
performance. However, cation intercalation in a-V,0Os brings
about a sequence of phase transformations (16, 17). Beyond
x > 1 in Li,V,0s, such structural distortions become irrevers-
ible (18-23). Phase heterogeneities inevitably induce coherency
strains as a result of lattice mismatch between immiscible low
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and high lithiated phases. Such phase boundaries 1) result in
deleterious Li-ion diffusion kinetics (22) and 2) give rise to aniso-
tropic volume changes that engender stress gradients, resulting
eventually in fracture, loss of connectivity to the conductive
matrix, and capacity fading (22, 24-27). Considerable efforts have
been made to suppress phase transformations or to ensure their
homogeneity based on control of crystallite size, electrode texture,
and substitutional modification (19, 28-31). A distinctive strategy
that we explore here involves examining an alternative polymorph
that retains the same transition-metal redox reactions but has an
entirely different sequence of lithiation-induced structural modifi-
cations by dint of its reconfigured atomic connectivity.

We consider here a metastable one-dimensional (1D) tunnel-
structured polymorph, £-V,0s, comprising interconnected [VOs]
square pyramids and [VOg] octahedra (32). Retaining the chemi-
cal composition preserves features of electrochemical perfor-
mance such as high theoretical capacity and accessibility of redox
states as in the thermodynamically stable polymorph (15). From
the perspective of kinetics, the substantially different structural
motifs of metastable polymorphs define distinctive diffusion path-
ways (33). Remarkably, our chemical lithiation studies illustrate
that the tunnel structure of {-V,Os is capable of reversibly accom-
modating up to 1.2 Li-ions (13, 34). Indeed, we have chemically
lithiated entire single crystals and mapped pathways traversed by
Li-ions across this structure (12). In this study, we contrast the
dynamical evolution of lattice structure, electrochemical perfor-
mance, and electrochemistry—mechanics coupling in metastable
C-V,0s cathodes upon electrochemical cycling and contrast it to
electrodes comprising similarly sized particles of its thermody-
namically stable counterpart, a-V,0s (Fig. 14). We find that
€-V,05 not only exhibits better cycling stability but also exhibits
faster Li-ion diffusion. Moreover, the 1D framework of £-V,05
is preserved upon lithiation/delithiation, whereas the two-
dimensional (2D) layered a-V,0s5 structure undergoes irrevers-
ible phase transformations. Finally, homogeneous lithiation is
observed across {-V,0s particles without the distinct striping,
core—shell motifs, and “hot spots” characteristic of a-V,05 (17,
19). As such, the details of atomic connectivity profoundly alter
the fundamental mechanisms for accommodating inserted
Li-ions and thereby have far-reaching ramifications for cycling
stability and rate performance. These results illustrate the
promise of using metastable polymorphs to design viable catho-
des for next-generation Li-ion batteries (35, 36).

Results and Discussion

Fig. 1 shows structural and morphological characterization of
the as-prepared {-V,05 and a-V,0s5 nanowires whose synthesis
is described in the Materials and Methods. {-V,05 nanowires
are prepared from leaching Ag-ions from hydrothermally
synthesized p-Ag,V,0s (the two-step preparation is facile, but
this polymorph is less synthetically accessible as compared with
its thermodynamic counterpart, a-V,0s, which is readily acces-
sible from direct synthesis and is commercially available at the
scale of thousands of tons). Scanning electron microscopy (SEM)
observations indicate that both «-V,05 and {-V,05 have a similar
nanowire morphology and dimensions. a-V,0s nanowires have a
rectangular cross-section with lateral dimensions of 183 + 58 nm;
€-V,0s5 nanowires have cylindrical cross-sections with the largest
lateral dimensions of 106 + 22 nm. Both «- and {-V,05 nanowires
extend several microns in length, as shown in Fig. 1 B and E,
respectively. SI Appendix, Fig. S1 shows transmission electron
microscopy (TEM) images. Lattice-resolved high-resolution TEM
images as well as selected-area electron diffraction patterns attest
to the single-crystalline nature of the nanowires (SI Appendix,
Fig. S1 C and F). Fig. 1C plots a synchrotron XRD pattern
acquired for a-V,05 nanowires; Fig. 1D shows the crystal struc-
ture deduced from a Rietveld refinement to the XRD pattern.
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The a-V,0s5 nanowires crystallize in an orthorhombic (Pmmn)
space group with layers of [VOs] square pyramids arrayed in an
up-up—down—down configuration (SI Appendix, Table S1) (18).
In contrast, the XRD pattern acquired for {-V,Os nanowires
plotted in Fig. 1F can be indexed to a monoclinic (C2/m) crystal
structure with a 1D tunnel along the crystallographic b-axis as
depicted in Fig. 1G (SI Appendix, Table S2) (12, 34). Notably,
despite being metastable, {-V,05 does not readily decompose
into a-V,0s, the thermodynamically stable polymorph. ST Appendix,
Fig. S2 shows in situ heating powder XRD, illustrating that the
transformation of ¢-V,05 to a-V,0Os is initiated only at tempera-
tures >500 °C.

Fig. 2 contrasts the electrochemical performance of a-V,0s5
and {-V,05 nanowires. For a-V,0s, the first discharge process
shows potential plateaus at 3.39, 3.20, 2.37, and 2.06 V (Fig. 24),
which are consistent with pronounced reduction peaks observed
by cyclic voltammetry in Fig. 2B. The plateaus arise from a
sequence of intercalation-induced phase transformations: « — &,
€ — 98,8 — v, and y — o (SI Appendix, Fig. S3) (37-39). The
potential plateaus observed during the initial discharge cycle
disappear during charging as a result of irreversible phase trans-
formations resulting in the formation of y-Li,V,0s (at x > 1).
The specific discharge capacity is reduced from 283.0 mAh/g to
233.9 mAh/g and then to 208.7 mAh/g after three cycles (Fig. 24).
The electrochemical characteristics of {-V,0s5 are markedly dif-
ferent. While several plateaus are observed during discharge (Fig.
2D), as we will demonstrate below from operando XRD studies,
these derive not from distortive changes of the 1D tunnel frame-
work but are instead a result of the reordering of Li-ions within
interstitial sites along the tunnels (12, 34). As such, these poten-
tial slopes are fully recovered during the charging processes,
which, together with retention of the anodic and cathodic waves
in the cyclic voltammetry plots shown in Fig. 2F, indicates a high
degree of reversibility of Li-ion intercalation/deintercalation.

a-V,0s and {-V,05 have further been fashioned into catho-
des of coin cells using the same electrode specifications and
cycled at a C-rate of C/2 between 2.0 and 4.0 V for 100 cycles,
as shown in Fig. 2 C and F, respectively. Two additional datasets
for both a-V,05 and £-V,05 are plotted in SI Appendix, Figs. S4
and S5, respectively. Reported capacity values and SDs were
calculated based on these triplicate measurements. The initial
specific capacity of a-V,0s5 is 285 + 48 mAh/g but is decreased
to 190 + 28 mAh/g (67 = 3% of the starting value) after 50 cycles
and to only 136 + 22 mAh/g (48 + 1% of the initial value)
after 100 cycles. The capacity fading directly reflects the irre-
versible structural distortions in this polymorph. For {-V,0s, the
initial capacity is 178 + 12 mAh/g; 153 + 21 mAbh/g, 86 + 6% of
the initial capacity, is retained after 50 cycles, and 140 + 6 mAh/g
(79 + 3% of the initial capacity) is retained after 100 cycles.
Notably, the electrode specifications have been kept as similar
as possible across the two polymorphs to enable comparison of
the effects of crystal structure on electrochemical processes.
Practical electrode architectures must further enable effective
utilization of the active material through incorporation of cur-
vature, optimization of crystallite as well as particle dimensions
and morphologies, and appropriate mesoscale structuring of
the electrode (19, 40). As such, even without optimization of
crystallite geometries, {-V,05 exhibits vastly improved cycling
stability, which can be ascribed to its structure retention during
Li-ion intercalation/deintercalation.

Fig. 2G presents the rate performance of {-V,0s ranging
from C/20 to 5C for 555 cycles. Remarkably, the initial discharge
capacity at 5C is 171 mAh/g, and a capacity of 135.0 mAh/g is
retained even after 540 cycles, indicating excellent cycling sta-
bility for ultralong cycling. A high capacity of 320 mAh/g is
recovered upon reducing the C-rate from 5C to C/20. In stark
contrast, SI Appendix, Fig. S6 shows that the initial discharge
capacity of a-V,Os is drastically decreased from 277 mAh/g at C/20
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Fig. 1. Morphological and structural characterization of a-V,0s and ¢-V,0s. (A) Schematic illustration of the lithiation process of o-V,0s (Left) and
¢-V,0s (Right) nanowires. Li-ion intercalation induces a sequence of phase transitions in a-V,0s, resulting in phase heterogeneity within particles and
across porous electrodes. In contrast, Li-ion intercalation in ¢-V,0s5 simply induces Li-ion reordering along the 1D tunnels, resulting in completely homoge-
neous lithiation of ¢-V,0s nanowires. (B and E) SEM images of (B) a-V,0s and (E) ¢-V,05 nanowires. (C and F) High-resolution synchrotron powder XRD
data (A = 0.24117 A) acquired for (C) -V,0s and (F) ¢-V,0s nanowires. The intensity of a.u. is referred as arbitrary unit. (D and G) Crystal structures of (D)
a-V,0s and (G) ¢-V,0s as deduced from Rietveld refinements. A feature in the powder XRD patterns for both refinements at ~20 = 2.8 has not been mod-
eled and shows up in the difference curve as a prominent feature asterisked in C and F; this reflection derives from carbon material used to construct the
electrochemical cells. The absence of modulation of intensity or position of this feature as a function of electrochemical cycling suggests that it remains

unaltered across electrochemical processes. S/ Appendix, Tables S1 and S2 lists the space group, unit cell parameters, and refinement characteristics .

to 200 mAh/g at C/4, 132 mAh/g at C/1.5, and only 1.3 mAh/g at
5C. Only a discharge capacity of 185 mAh/g is maintained when
the C-rate is recovered to C/20 after 555 cycles. As such,
€-V,05 presents not only long life-time cycling stability but also
outstanding rate capability.

In order to examine the structural origins of the disparate
electrochemical characteristics observed for a- and {-V,Os,
operando synchrotron XRD studies have been performed, as
shown in Fig. 3. During initial discharge to 3.37 V (x in Li,V,0s,
0 < x < 0.13), the layered structure shows a slight expansion of
layer spacing, resulting in the formation of a-Li,V,Os. In the
voltage range between 3.37 and 3.35 V (x in Li,V,05, 0.13 <x <
0.3), the increasing concentration of Li-ions is accommodated
by puckering of the layers and expansion of the interlayer
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spacing, stabilizing an e-Li,V,0s phase (SI Appendix, Fig. S3); a
notable biphasic regime is observed in this potential window
with coexistence of a-Li,V,05 and e-Li,V,0s5 (see Fig. 54). The
layer spacing of e-Li,V,Os is gradually expanded with increasing
Li-ion concentration until discharge to 3.16 V, representing a
solid-solution lithiation regime 0.3 < x < 0.88. With further dis-
charge until 2.35 V (x in Li,V,05, 0.88 < x < 1.07), the emer-
gence of distorted ¢'-Li,V,Os and &-Li,V,0s phases are
observed (SI Appendix, Fig. S3) (41). The 6-Li,V,0s phase is
derived from &-Li,V,0s5 by a pronounced shifting of layers along
the b-axis (ST Appendix, Fig. S3) (42). With still further lithiation
down to 2.34 V (x in Li,V,0s, 1.07 < x), a strongly distorted
v-Li,V,Os5 phase is nucleated; a pronounced phase coexistence
regime is observed comprising ¢'-Li,V,0s, 8-Li,V,0s, and
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Fig. 2.

Electrochemical measurements contrasted for V,0s polymorphs. (A and D) Galvanostatic measurements performed for a-V,0s (A) and ¢-V,0s (D)

cathodes in the range between 2.0 and 4.0 V versus Li*/Li at a C-rate of C/20. (B and E) Cyclic voltammetry measurements of a-V,05 (B) and {-V,0s (E) in
the range between 2.0 and 4.0 V at a sweep rate of 0.1 mV/s. (C and F) Cycling performance of a-V,05 (C) and ¢-V,0s (F) coin cells between 2.0 and 4.0 V
at a C-rate of (/2 for 100 cycles. (G) Rate performance of {-V,05 ranging from C/20 to 5C between 2.0 and 4.0 V.

v-Li,V,0s. Lattice parameters of each phase are noted in S/
Appendix, Table S3, the corresponding structures are shown in
SI Appendix, Fig. S3, and a (transient) Li-V,0s5 phase diagram
is plotted (see Fig. 54).

During the charging process, a phase mixture of §-Li,V,0s5
and y-Li, V,0s is remnant down to 2.51 V. Upon further delithia-
tion from 2.51 V until 3.21 V, ¢'-Li, V,O:s is stabilized, coexisting
with 8-Li, V,0s and y-Li,V,0s. Upon still further delithiation, a
mixture of e-Li,V,0s, 8-Li, V,0s, and y-Li,V,0s is observed
before 3.32 V. As such, a primary consequence of the distortive
phase transitions in a-V,Os is the need for an overpotential to
restore the same lithiated/delithiated states upon charging. Fig.
3B shows a magnified view of the 20 range corresponding to 001
and 101 reflections, indicating that intercalation/deintercalation
is not fully reversible. Indeed, at the end of a charged state, the
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irreversible phase of y-Li,V,Os is observed to persist, yielding a
mixture of e-Li,V,0s5 and y-Li,V,Os.

Analogous operando synchrotron XRD measurements have
been performed for £-V,0s5 cathodes and are plotted in Fig. 3 D-F.
Fig. 3 D and E demonstrate the complete reversibility of lithiation/
delithiation processes in {-V,0s, which provides a stark contrast
to the clear irreversibility evident for a-V,0s in Fig. 3 A-C. In
Fig. 3D, different lithiation regimes corresponding to slopes in
the discharge curve are identified; however, notably across all
these regimes, the monoclinic C2/m space group is retained and
the 1D tunnel structure of {-V,0Os is entirely preserved. Instead,
the observed features in the discharge curves correspond to reor-
dering of Li-ion occupancies within interstitial sites of the tunnel
framework. The specific interstitial sites occupied by Li-ions
within the tunnel have been identified from single-crystal XRD
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Fig. 3. Operando XRD data collected using AMPIX cells during electrochemical cycling of a-V,0s and ¢-V,0s. (A and D) Discharge/charge profile (Left) of
a-V,0s5 (A) and ¢-V,05 (D) at a C-rate of C/20 and contour plot of intensities of corresponding reflections (Right). (B and E) Magnified view of diffraction
intensity contour plot of a-V,0s5 (B) in the 20 range from 2.5 to 3.5° as highlighted in A and of {-V,0s5 (E) in the 20 range from 3.7 to 4.5° as highlighted
in D. (C and F) Waterfall plot of select diffraction patterns acquired during lithiation/delithiation of a-V,0s (C), illustrating intercalation-induced phase
transformations and regions of multiphase coexistence, and ¢-V,0s (F), demonstrating Li* reordering in the tunnels. In C, red ticks denote reflections
indexed to «-Li,V,0s; orange ticks denote reflections indexed to e-Li,V,0s; green ticks denote reflections indexed to ¢'-Li,V,0s; light green ticks denote
reflections indexed to &-Li,V,0s; and light blue ticks denote reflections indexed to y-Li,V,0s. For a-V,0s, §-Li,V,0s is clearly discernible upon further
charging all the way to 3.32 V, which is higher than the 3.16 V discharge voltage where the 3-Li,V,0s phase is first observed during lithiation. (G) Cut-
away view of the {-V,0s tunnel viewed down the a-axis. White spheres indicate possible Li positions (§/, f, and C, respectively) in a highly lithiated struc-
ture, with orange spheres used to highlight the positions of an Li-ion along a proposed diffusion pathway down the tunnel b-axis (the course of which is
indicated with a black dashed arrow) (12).

studies of chemically prepared single crystals of p/p’-Li,V,05 and
are depicted in SI Appendix, Fig. S7 (12). Operando synchrotron
XRD studies enable identification of the sequence in which inter-
stitial sites are occupied with increasing depth of discharge. In the
initial insertion regime (labeled I, 0 < x < 0.30 in Li,V,0s; Table
1), a slight enlargement of the tunnel is observed upon discharging
until 3.38 V and, from comparison with single-crystal XRD stud-
ies, indicates the initial filling of p sites within the 1D tunnel of
¢-V,0s. Upon further discharge to 2.89 V, 0.30 < x < 0.66, located
in Regime II, the coexistence of two distinctive Li-ion occupancies
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is noted; specifically, both p and B’ sites within the 1D tunnel of
¢-V,0s5 are occupied with increasing concentration of Li-ions,
with the more spatially separated ' sites favored with increasing
lithiation. As shown in Table 1, across these two regimes, there is a
<2.4% volume expansion of the lattice as compared with unlithi-
ated {-V,0s. At still deeper discharge down to 2.0 V (0.66 < x < 1.8)
in Regime III, the tunnel framework is still preserved. Greater
expansion of the tunnel (~8.9%) is observed in order to accom-
modate a higher concentration of Li-ions, first filling the p’ and
C sites, which are aligned down the center of the tunnel,
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Table 1.

Lithium occupancies of various lithiated states and lattice parameters corresponding to each of the insertion regimes for

¢-V,05 during electrochemical lithiation as deduced from operando synchrotron XRD measurements

X in Li,V50s Regime Potential (V) a(A) b (A) c(A) B (°) vV (A%  Space group Sites occupied (12) Reversible (Y/N)
0 Unlithiated 3.65 15.311 3.606 10.093 109.857 524.167 C2/m N/A Y
0<x<03 | 3.65-3.38 15.377 3.606 10.076 110.115 524.685 C2/m B Y
0.3 <x<0.66 1l 3.38-2.89 15.287 3.629 10.131 109.011 531.413 C2/m B’ Y

15.302 3.621 10.162 107.553 536.893 C2/m Y
066 <x<18 11l 2.89-2.0 15.327 3.671 10.278 111.423 538.294 C2/m p+C Y

16.338 3.882 9.953 115.317 570.659 C2/m FF+C+p Y

Operando synchrotron XRD measurements related in Fig. 3 D-F. N/A, not applicable.

followed by significant expansion of the structure along the b-
axis in order to allow for filling of the ', C, and P sites simulta-
neously, as shown in SI Appendix, Fig. S7 (12). An inferred
Li-ion diffusion pathway along the 1D tunnel of £-V,0s5 is shown
in Fig. 3G (12). By comparison, the volume change for §-Li,V,05
(0.88 < x) as compared with V,0s is 11.8%.

During the charging process, this highly lithiated regime is
delithiated in steady succession to stabilize Regimes III, II, and
I before finally recovering the empty tunnel structure of £-V,05
at the end of the charge cycle (Fig. 3E). As such, the Li-ion
occupancies in interstitial tunnel sites are modified in response
to increasing/decreasing Li-ion concentration without substan-
tial bond-breaking/bond-making and displacive phase transi-
tions of the V,05 framework. The pronounced voltage hysteresis
between discharge and charge cycles in a-V,0s derived from
structural transformations is notably absent here. The excellent
structural reversibility and preservation of the 1D tunnel frame-
work underpins the reversibility and substantially higher capacity
retention observed in Fig. 2.

Further evaluation of phase heterogeneities but at the level
of individual particles has been performed using STXM, a
synchrotron-based X-ray spectromicroscopy technique (43, 44).
Ex situ STXM hyperspectral maps acquired for lithiated a- and
C-V,0s5 nanowires shown in Fig. 4 correspond to V Ls-, V L,-,
and O K-edge X-ray absorption near-edge structure (XANES)
spectra acquired at each pixel. The fine structure features at the
V Ls-edge and O K-edge evolve with increasing lithiation as a
result of modifications to the electronic and atomistic structure
resulting from concomitant reduction of vanadium centers and
lattice distortions to accommodate the inserted ions (19, 23, 29, 45).
V L;-edge XANES spectra correspond to transitions from
V2ps, — Vag-derived states; upon lithiation and concomitant
reduction of vanadium centers, the intensities of the fine features
corresponding to V34 states at the conduction band edge are
diminished as electrons fill previously unoccupied states (Pauli
darkening). In turn, O K-edge XANES spectra correspond to
transitions from O 1s core levels to O 2p states hybridized with V
3d states. Lithiation brings about a pronounced modification of
the relative intensities of #,, and e,* features as a result of 1) lat-
tice distortions resulting from Li~O interactions that remove
degeneracy of spin-up and spin-down states and 2) emergence of
electron correlation effects (10, 19, 23, 29, 46). As such, STXM
serves as a sensitive probe for mapping electron localization and,
by proxy, the extent of lithiation (10, 19, 23, 29, 46).

Fig. 44 shows an STXM optical-density map collected for an
ensemble of chemically lithiated a-V,0s nanoparticles. In
STXM, incident X-rays (Iy) are attenuated as per I = Ipexp(pt),
where p is a linear absorption coefficient that is composition
and energy dependent and ¢ corresponds to material thickness.
Region of interest (ROI) analyses of the hyperspectral data are
presented in Fig. 4 B and C and reveal significant heterogeneity
across the particles despite identical lithiation conditions. Three
ROIs have been distinguished by orange, blue, and yellow col-
ored infills in Fig. 4B. The corresponding spectral profiles
across V L-edge and O K-edge are plotted in Fig. 4C and are
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arranged in order of increasing lithiation (Bottom to Top)
based on comparison with previously reported standards and
first-principles density functional theory simulations; varying
extents of lithiation are characterized by changes in relative inten-
sity and peak positions of V Ls- and O K-edge features (19, 29).
Fig. 4D shows considerable phase heterogeneity (and phase
coexistence) in an ensemble of a-V,0s nanowires. O K-edge
spectra shown in Fig. 4E provide further evidence of lithiation
heterogeneity observed as a pronounced diminution in the
intensity of the t,, feature relative to e,* in going from Region 1
to Region 3 (10, 19, 23, 29, 46). Fig. 4 F-J shows the same ROI
analysis performed for an ensemble of electrochemically lithi-
ated {-V,0s particles. The STXM optical-density map is shown
in Fig. 4F, ROIs have been spatially defined in Fig. 4G, the corre-
sponding XANES spectra are plotted in Fig. 4H, and expanded
views of the V Lj-edge and O K-edge across the ROIs are
provided in Fig. 4 T and J, respectively. For the ROIs shown
in Fig. 4G, only subtle differences in spectral sharpness are
observed across the V L-edge and O K-edge, which can be attrib-
uted to thickness variations (see the thickness profiles for each
ROI in SI Appendix, Fig. S8) (19). The absence of any discernible
lithiation heterogeneities present across ensembles of {-V,0s
nanowires reflects the more facile cation reordering mechanism
for accommodating Li-ions. The ROIs shown in Fig. 4 F=J have
been interpreted using XANES data acquired for chemically
lithiated standards (13) and reveal little to no heterogeneity
between the selected regions aside from some minor variations
of intensity profiles attributable to particle thickness. As such,
STXM imaging of ensembles of lithiated a-V,0Os nanowires
illustrate considerable phase coexistence, reflecting the accom-
modation of Li-ions through phase transformations. In contrast,
no discernible lithiation heterogeneities are observed across
ensembles of {-V,0s nanowires, reflecting the more facile cat-
ion reordering mechanism for accommodating Li-ions.

Fig. 5 4 and B plot the transient Li-V,05 phase diagram of
a-V,0s and an equivalent depiction of monophasic cation reor-
dering in £-V,0s5 as deduced from operando synchrotron XRD
measurements. These panels illustrate the stark differences in
lithiation mechanisms across the two polymorphs. In order to
connect these disparate lithiation mechanisms to the pronounced
differences in electrochemical performance and capacity retention
observed in Fig. 2, we have further performed galvanostatic inter-
mittent titration technique (GITT) measurements to evaluate dif-
fusion coefficients and operando multibeam optical stress sensor
(MOSS) measurements to examine electrochemistry—mechanics
coupling.

The Li-ion diffusion coefficients of a-V,05 vary nonuniformly
across four orders of magnitude from 107" to 10~ "* ecm? - s ™' as
a function of the extent of lithiation (SI Appendix, Fig. S9A)
(22). The highest values of Dy ; are observed in the voltage range
corresponding to a monophasic region of the phase diagram
(22). Notably, g—Vzos shows Dy ; values ranging from 1 x 1072
to 3 x 1072 cm® - s~ (SI Appendix, Fig. S9B). With initial lithia-
tion, Dy ; gradually decreases from 3 x 10°t05x 1079 em? - s,
corresponding to increased fractional occupation of f sites. With
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Fig. 4. Lithiation heterogeneities (and lack thereof) in «-V,0s and ¢-V,05 nanowires as imaged using STXM. (A and F) STXM optical-density images collected
for a network of a-V,0s (A) and ¢{-V,0s nanowires (F); (B and G) ROIs defined across the imaged sample differentiated using orange, blue, and yellow
markers; X-ray absorption near-edge spectra corresponding to the ROIs are shown in C to E for a-V,0s and H to J for {-V,0s. (C and H) Integrated spectrum
obtained by averaging the spectrum of each pixel contained within ROIs 1 to 3 demarcated for a-V,0s5 (C) and ¢-V,0s (H). The spectra are arranged in order
of increasing lithiation (Bottom to Top). Magnified views of the V Ls-edge (D and /) and O K-edge (E and J) are presented across the ROI.

further discharge to 3.0 V, Dy; is slightly increased and main-
tained at ~1 x 107° ecm? - s~! as the full complement of B’ sites
are occupied, and cation reordering opens up  sites, enhancing
Li-ion mobility. Upon lithiation down to 2. O V (1.0 < x), Dy; is
decreased to 1 x 1072 t0 5 x 10~ cm? - s~ as the tunnel is fully
occupied (Table 1). The cation reordering mechanism opera-
tional in this polymorph thus ensures a relatively high Dy ; value
by mitigating the formation of phase boundaries. The diminution
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of Li-ion diffusivity at high depths of discharge due to filling of
the tunnel may be partially resolved by the significantly expanded
lattice allowing for diffusion between tunnels. This allows for the
excellent high-rate performance evidenced in Fig. 2G. While
€-V,0s shows substantially improved reversibility, overpotential,
ionic conductivity, and capacity retention as compared with
a-V;,0s, it does have a greater propensity for self-discharge than
€-V,0s. SI Appendix, Fig. S10 plots the change in open circuit
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Phase depictions, mechanical measurement, and mechanical simulations of a-V,0s and ¢-V,0s. (A) Transient Li-V,0s phase diagram (Top) of

a-V,0s5 deducted from operando synchrotron XRD (Fig. 3) performed concurrently with galvanostatic measurements (Bottom) at a C-rate of /20. To
enable a direct comparison of layer spacing changes, c-axis values and volumes of 5-Li,V,05 and y-Li,V,0s are divided in half (the unit cell is doubled for
these structures as compared with a-Li,V,0s, and e/e’-Li,V,0s). (B) Li-V,05 phase depiction (Top) of monophasic cation reordering in ¢-V,05 as deduced
from operando synchrotron XRD measurements (Bottom) of ¢-V,0s at a C-rate of C/20. (C and D) Stress variation (Top) measured with MOSS during galva-
nostatic cycling (Bottom) at a C-rate of C/20 between 2.0 and 4.0 V for a-V,05 (C) and ¢-V,0s (D). (E) Simplified 2D geometry and boundary conditions for
numerical studies of V,0s nanowires (Left); lithium concentration and normalized hydrostatic stress distribution obtained from phase-field simulations
for V,0s5 nanowires with (a-V,0s) and without (¢-V,0s) phase transitions (Right). (F) Distribution of lithium concentration and normalized hydrostatic

stress inside of electrode along with the radial axis for the first (Left) and second lithiation (Right) cycles.

voltage as a function of time for two cells of each of the two poly-
morphs, suggesting relatively greater self-discharge for £-V,0s.
The coupling between electrochemistry and mechanics is of
pivotal importance to Li-ion diffusion and capacity retention in
electrode materials (26, 47-49). The fundamentally distinctive
mechanisms of lithiation in a- and {-V,05 are expected to give
rise to significantly different stress accumulation upon electro-
chemical cycling (50). Table 1 and SI Appendix, Table S3 delin-
eate the substantial differences in lithiation-induced volume
expansion between the two phases. Operando MOSS measure-
ments have been performed during electrochemical cycling, and
the extrapolated stress response is plotted in Fig. 5 C and D for
a-V,05 and (-V,0s, respectively. Fig. 5 C and D show
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the measured in-plane stress profiles for working electrodes
constructed from the two polymorphs. The in-plane stresses
developed as a result of lithiation/delithiation are inferred by
measuring the curvature of the substrate as shown in S/
Appendix, Fig. S11. Stress accumulation relative to the starting
state is 25.8 MPa for a-V,05 and 9.0 MPa for {-V,05 after two
cycles. As indicated in Figs. 24 and 3 A-C, a-V,0s displayed
extended phase irreversibility during first electrochemical
cycling. As such, we find accumulation of tensile stresses at the
end of the first cycle for a-V,0Os5 as shown in Fig. 5C. In contrast,
the electrochemical cycling performance of {-V,05 appears to
be structurally reversible, as shown in Figs. 2D and 3 D-F.
€-V,05 shows considerably less stress accumulation as compared
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with a-V,0s. Notably, some residual stress can be attributed to
formation of the cathode electrolyte interface (50, 51).

In order to understand how the distinctive phase transition
and cation reordering mechanisms in a- and {-V,0Os affect lith-
iation heterogeneities and stress accumulation, a phase-field
model has been implemented for mechanically coupled Cahn-
Hilliard—type diffusion to examine the spatiotemporal distribu-
tion of Li-ions in a- and {-V,0s (Fig. 5 E and F). Model details
can be found in the SI Appendix. The finite element calculations
are performed based on a 2D plane strain assumption for the
cross-section of a sample nanowire system. The details of the
geometry, discretization, and boundary conditions are shown in
Fig. SE, which depicts the distribution of the Li concentration
as well as the normalized hydrostatic stress at the cross-section
during the first cycle of lithiation. A higher extent of heteroge-
neity for both concentration and hydrostatic stress is observed
as a result of phase transitions in a-V,0s5 as compared with the
cation reordering without phase transition observed in {-V,Os,
as observed in the profiled plotted along the radial axis in
Fig. SF. During first- and second-cycle lithiation, concentration
and normalized stress profiles arising from the phase transition
scenario in a-V,0s5 show significant greater magnitudes along the
diffusion length. Notably, hydrostatic stress differentials across r
increase slightly from 17.0 to 22.8 for {-V,0s whereas this
increase is much greater, from 19.8 to 39, for a-V,0s5 charac-
terized by a phase transition. The reduced lithiation heteroge-
neity and stress accumulation observed for {-V,0s5 reflect its
distinctive lithiation mechanism (Figs. 3 and 5 4 and B) and
reduced volume expansion as compared with the phase transi-
tions characteristic of a-V,0s; the lower stress accumulation
makes {-V,0s5 cathodes less prone to fracture and loss of elec-
trochemically active material, thereby contributing to the
improved cycling stability observed in Fig. 2.

Conclusions

In summary, we have examined insertion electrodes of the same
composition prepared according to the same electrode specifica-
tions and comprising particles with similar dimensions and
geometries that differ only in terms of their atomic connectivity
and crystal structure, specifically 2D layered a-V,Os that crystal-
lizes in an orthorhombic space group and 1D tunnel-structured
{-V,0s crystallized in a monoclinic space group. We find signifi-
cant differences in voltage hysteresis and capacity retention that
are traceable to the distinctive lithiation mechanisms operational
in the two polymorphs. Operando synchrotron XRD studies per-
formed concurrent with electrochemical cycling allows for exam-
ination of the dynamical evolution of structure as a function of
Li-ion concentration. A series of intercalation-induced phase
transformations, ultimately irreversible beyond x > 1 in Li,V,0Os,
is observed for a-V,0s. In contrast, in {-V,0s lithiation/delithia-
tion proceeds through reordering of cation occupancies in inter-
stitial sites with complete preservation of the tunnel framework.
Ex situ STXM imaging of ensembles of lithiated particles cou-
pled with phase-field modeling confirm the significant phase het-
erogeneities in a-V,05 and homogeneous lithiation of {-V,0s.

The distinct lithiation mechanisms underpinned by differences
in crystal structure have profound consequences for electrochemi-
cal performance. {-V,05 exhibits substantially lower stress accumu-
lation as compared with a-V,0s in operando MOSS experiments
and phase-field modeling. By dint of mitigating displacive phase
transformations and alleviating large stress gradients, {-V,05
shows 79 + 3% capacity retention as compared with 48 + 1%
capacity retention for a-V,0Os after 100 cycles. Furthermore,
€-V,0s5 exhibits excellent rate capability, demonstrating that a
high capacity of 320 mAh/g is recovered upon cycling with the
C-rate ranging from 5C to C/20 after 555 cycles.
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The distinctly different lithiation mechanisms observed here
are attributable directly to the rigid 1D structure of the meta-
stable -V,0s phase as compared with the layered 2D structure
of the thermodynamically stable a-V,0s phase. In a-V,0s, a
split-off conduction band derived from V 3d,, states (arising
from crystal field splitting of 3d orbitals in a square pyramidal
environment) results in the formation of small polarons, whereas
a relatively large change in Li-ion coordination environment
(8 — 3 — 8) and a narrow trigonal planar coordination envi-
ronment of the transition state hinder ion diffusion (52, 53).
In contrast, in £-V,0s, considerable overlap of 3d states results
in reduced electron masses and lower energy barriers for
polaron diffusion (13, 54). The Li-ion diffusion pathway further
requires smaller changes in coordination environment, with a
5 -4 — 2 — 4 — 5 pathway with lower activation energy bar-
riers as sketched in Fig. 3G (12).

In summary, this article evidences improved electrochemical
performance of {-V,0s, including good capacity retention, excel-
lent rate capability and enhanced Li-ion diffusivity, and reduced
stress accumulation. Barriers to Li-ion as well as polaron diffu-
sion are substantially diminished for metastable {-V,0s in com-
parison with the thermodynamically stable a-V,Os phase (55).
The absence of distortive phase transitions facilitates uniform dif-
fusivities across a large voltage window for the metastable £-V,05
polymorph (albeit with increased self-discharge). The improve-
ment in fundamental material properties is directly relevant to
mitigating degradation and safety concerns. Expansion of the 1D
tunnel through substitutional doping, optimization of particle
geometries (31), and design of mesoscale architectures that
enable more effective utilization of the active material (19, 40)
further represent promising strategies for designing electrode
architectures that realize the full promise of the desirable mate-
rial properties and intercalation phase diagrams accessible in
{-V,0s. The results demonstrate the potential for accessing fun-
damentally different lithiation mechanisms through reconfigura-
tion of atomic connectivity in metastable polymorphs.

Materials and Methods

Material Synthesis. Both o-V,0s5 and ¢-V,0s nanowires were prepared by
hydrothermal methods from bulk V,05 (>99.6% trace metals basis; Sigma-
Aldrich) as described in previous work (22, 34). Briefly, to prepare a-V,0s
nanowires, 1.634 g bulk V,0s powder and 0.465 g oxalic acid were dispersed
in 75 mL deionized water (p = 18.2 MQ/cm). Next, the dispersion was trans-
ferred into a 100-mL polytetrafluoroethylene (PTFE) vessel, which was placed
within a stainless-steel autoclave. The autoclave was heated at 210 °C for 72 h.
After cooling of the vessels under ambient conditions, the obtained precipi-
tate was washed with copious amounts of water and 2-propanol and dried
under ambient conditions. The obtained hydrated V30 precipitate was dark
green in color. Next, the precipitate was annealed at 450 °C for 24 h in a muf-
fle furnace under a static air atmosphere.

In order to prepare {-V,0s nanowires, 0.995 g bulk V,0s powder and 0.305
g silver acetate were dispersed in 83 mL deionized water (p = 18.2 MQ/cm).
Next, the dispersion was placed within a PTFE vessel, which was placed within
an autoclave as described above. The autoclave was heated for 5 d at 210°C
and then cooled to room temperature. The obtained p-Ago 33V>0s product
was washed with copious amounts of water and 2-propanol (13). Subse-
quently, 0.300 g Ago 33V»0s was dispersed in 15 mL deionized water and 0.75
to 0.85 mL of HCl (12 M) was added to the dispersion. This mixture was trans-
ferred into a 23-mL PTFE vessel for hydrothermal reaction at 210 °C for 24 h.
The AgCl precipitate was dissolved by reaction with a 10 wt% aqueous solu-
tion of sodium thiosulfate, followed by washing with copious amounts of
deionized water (13).

Materials Characterization. The particle morphologies of a-V,0s and &-V,0s
nanowires were examined by SEM using a JEOL JSM-7500F instrument
operating at an accelerating voltage of 5 kV. TEM images, along with
selected-area electron diffraction patterns, were acquired using an FEI
Tecnai G2 F20 ST instrument operated at an accelerating voltage of 200 kV.
TEM samples were prepared by dispersing into 2-proponal, then drop cast-
ing onto 400-mesh grids with holey-carbon films supported by copper (Elec-
tron Microscopy Science). In situ heating XRD was performed with a Bruker

PNAS | 90of11
https://doi.org/10.1073/pnas.2115072119

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115072119/-/DCSupplemental

D8-Vario diffractometer with a Lynxeye detector and MTC oven. The pow-
der sample was mounted on a ceramic heating stage under an N, atmo-
sphere. Data were collected from 5 to 70° 26 with a step size of 0.014° and a
dwell time of 2 s for ~1 h scans, with 1-h delays to allow sample equilibra-
tion at each temperature. In situ heating XRD measurements of ¢-V,0s
were performed from 30 to 600 °C.

Coin Cell Assembly and Electrochemical Measurements. Coin cells (CR2032)
were assembled in an argon-filled glovebox (H,0, O, < 0.1 ppm). Cathodes
comprised 70 wt% (a/C) V505 nanowires, 20 wt% SUPER C45 conductive
carbon black (MTI Corporation), and 10 wt% poly(vinylidene fluoride)
binder (MTI Corporation). Details of electrode preparation are provided in
the S/ Appendix.

Galvanostatic tests and GITT measurements were performed using a LAND
battery test system (Wuhan Land Electronics Corporation). Galvanostatic
measurements were operated between 2.0 and 4.0 V at C-rates of /20 and
/2. Cyclic voltammetry measurements were performed using a Biologic poten-
tiostat between 2.0 and 4.0 V at a scan rate of 0.1 mV/s.

The rate capability measurement was carried out by Dimen Inc. The coin
cells were charged and discharged under constant current between 2.0 and
4.0V at various C-rates ranging from approximately C/20 to 5C. GITT measure-
ment is described in the S/ Appendix.

Operando Synchrotron XRD Measurements. Operando XRD measurements
were performed using Argonne's multi-purpose in situ X-ray (AMPIX) cells
(56), which were assembled within an Ar-filled glovebox (O,, H,O < 0.5 ppm).
Cathodes were prepared by compressing pellets (with a diameter of 9 mm)
comprising a-V,05/¢-V,05 nanowires (70 wt%), PTFE (15 wt%; Sigma-Aldrich),
graphite (7.5 wt%), and Vulcan XC-72R carbon (7.5 wt%). Li metal foils were
used as anodes (Sigma-Aldrich). The separator was glass fiber (Whatman). The
electrolyte was 1 M LiPFs in a 1:1 (v/v) mixture of ethylene carbonate/
diethyl carbonate.

High-resolution synchrotron XRD patterns were collected at beamline
17-BM of the Advanced Photon Source with a wavelength of 0.24117 A. Image
calibration, image integration, Rietveld refinements, and Pawley refinements
were performed using GSAS-II (57).

Mechanical Testing Concurrent with Electrochemical Measurements. An MOSS
from k-Space Associates was used to monitor the curvature of the substrate
(AK) during electrochemical cycling (S/ Appendix, Fig. S11) (58). Further details
are provided in the S/ Appendiix.

Scanning Transmission X-ray Microscopy. Briefly, a-V,0s nanowires were
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