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ABSTRACT: We use single-crystal-to-single-crystal transformations to directly image
with sub-angstrom resolution distortions of the host lattice, Li site occupancies, and
diffusion pathways in a 2D metastable intercalation material. We capture atomistic
descriptions of Li-ion diffusion pathways and reconstruct a Li-eye view of available
interstitial sites through a 2D intercalation host to address a long-standing challenge in
the design of cathode materials and pave the way to atom-precise structural
modifications.

n intercalation electrodes used in energy storage, the as described in the Supporting Information (SI). This
I insertion of cations and their transport through the crystal structure, comprising infinite double layers of VO4 polyhedra
lattice bring about a dynamical modulation of structure."” connected by disordered Cu-ions filling 6-coordinate octahe-
Capturing atomistic descriptions of these diffusion pathways is dral sites,g provides a 2D framework that can be topochemi-

critical to the rational design of cathodes.”™> Operando powder
X-ray diffraction (PXRD) is the technique of choice for
examining the transformations of electrode materials.’
However, one-dimensional structure-factor data obtained
from PXRD vyields limited atomistic information on low-Z
atoms such as Li. Since Li cannot be directly imaged, the order
in which it occupies specific sites and the diffusion pathways it
traverses through host materials remain poorly understood.
A promising strategy for resolving diffusion pathways

cally leached of Cu-ions by oxidation with a solution of NOBF,,
in acetonitrile. Cu-ion de-intercalation and corresponding
oxidation of V* to V°" effect a dramatic color change in
crystals from black to yellow (Figure 1A—C insets). The
metastable, emptied framework is the new polymorph 4-V,04
(Figure 1B), with a dramatically distorted monoclinic angle
(124.8° in A-V,0, compared to 111.6° in &-CuygV,05),
corresponding to a substantial shifting of layers but with

traversed by Li-ions at the atomic level involves topochemical preservation of V—O connectivity, C2/m space group, and a
single-crystal-to-single-crystal transformations.”* However, this substantial void space separating the van der Waals bonded
approach has found limited use in battery science since single layers. The average interlayer distance is indicated by blue
crystals of intercalation cathodes have been difficult to access dashed arrows in Figure 1A—C. Scanning electron microscopy
and intercalate without disintegration. Here, we demonstrate (SEM) images of large single crystals of A-V,05 are shown in
the use of single-crystal XRD (with ~10°® more raw reflections Figure 1D,E, exhibiting the dramatic exfoliation of the 2D
as compared to PXRD) to track the topochemical lithiation of structure and surface cracks induced by strain during de-
macroscopic single crystals to access a new metastable 2D intercalation. Crystal damage during topochemical treatment

polymorph of V,0;, follow the sequence of sites filled by
inserted Li-ions, and directly image Li-ions with sub-A
resolution as they diffuse across the 2D host lattice. Through
a series of single-crystal-to-single-crystal transformations
(Figure 1), we develop a “Li-eye” view of diffusion pathways
traversed by Li-ions across an 2D cathode (SI video and Figure
2A). These site preferences are confirmed by electron
paramagnetic resonance (EPR) analysis and first-principles
DFT studies (Figure 2B—E).

Large crystals of the monoclinic precursor structure é-
CuggsV,05 (Figure 1A) can be accessed by solid-state methods

introduces disorder, as discussed in detail in the SI, but can be
mitigated with the use of mild reaction conditions. The
metastable A-V,04 crystal structure is transformed to the
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Figure 1. Tracking topochemical single-crystal-to-single-crystal transformations across a novel 2D polymorph of V,05. (A—C) Refined
single-crystal structures of pristine £-Cu,V,05 (A), leached 1-V,0; (B), and lithiated A-LiV,05 (C), with inset digital photographs of the
single crystals. C2/m unit cell boundaries are indicated with blue lines, and dashed blue arrows indicate the interlayer separation. Color key:
red, O; orange, Cu; green, Li; gray/yellow polyhedra, VO,. All thermal ellipsoids are shown at 90% probability. (D, E) SEM images of
crystals of topochemically leached A-V,0q, showing distinct layers (D) and cracking with preservation of the extended crystal (E). (F)
Cutaway view of refined crystal structures viewed down the c-axis comparing layer-filling by Cu-ions in pristine £-Cu, gsV,0; (top) and by Li-
ions in metastable A-LiV,04 (bottom).
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Figure 2. (A) “Li-eye” view of metastable 1-LiV,0;, showing the 5-fold coordination of Li between layers of V,0; surrounded by a blue
isosurface of residual electron density. One cloud of residual density is circled, and its “coordination environment” is shown with dashed
lines; this position corresponds to the 6-coordinate Cu site in the pristine structure. A large dashed circle is used to indicate the Shannon
crystal radius of Li (0.90 A). (B) DFT-calculated structure of empty 1-V,0; with layers populated with 1 Li (top) and 2 Li (bottom) per
V,0;. (C) EPR spectra of empty (green line) and lithiated (blue line) A-V,0;, with g-factors indicated. The EPR spectrum for the
thermodynamically stable y-LiV,Oj is also shown as a gray trace, with its single identified g-factor indicated. (D) Bader charge analysis of V
atoms in A-V,0O;, showing increased electron delocalization with Li insertion.

thermodynamic phase a-V,05 between 350 and 400 °C (SI attests to the generalizability of these methods for accessing
Figure S1). intact single crystals of insertion-type cathodes with extended

Topochemical lithiation of A-V,0; crystals is effected by
treatment in dilute n-butyllithium solution in heptanes, which
leads to a second single-crystal-to-single-crystal transformation
to stabilize an entirely new structure, 4-LiV,0O; (Figure 1C),

with entirely different atomic connectivity as compared to the lattice inherited fr he oristi )
thermodynamic 7-LiV,O; phase (SI Figure $2).5 The V,0; lattice inherited from the pristine &-Cu,g;V,0O5 crystals,
but Li-ions fill the highly distorted layers in a new motif,

frameworks capable of continuous distortion, as long as
lithiation proceeds slowly enough to prevent mechanical
destruction of crystals owing to inhomogeneous strain
gradients. Indeed, A-LiV,0; continues to preserve the overall

successful topochemical isolation of A-LiV,Og represents an

important milestone in the development of this technique, preferring S-coordinate sites that are highlighted in Figure 1F
which previously has been applied only to crystals of known (see also the SI video). The SI contains detailed crystallo-
(albeit metastable) phases of V,05.”® The present work thus graphic and single-crystal refinement information (Tables S1—
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S6), ICP-MS analyses (Table S7), and PXRD patterns of
ground samples (Figure S3).

The high spatial resolution provided by single-crystal XRD
allows for viewing the metastable 1-V,Oj5 structure at the level
of the individual Li-ions, including thermal disorder of atoms
and diffuse electron density indicated by residual structure
factor maps (Figure 2A, with a detailed 3D view given in the SI
video). The Shannon crystal radius of Li* is indicated in Figure
2A with a dashed circle to highlight the void space in these
layers available to diffusing Li-ions.'” DFT calculations for a
structure of A-V,0; populated with 1 Li/V,O4 agree well with
the site preferences in the experimentally obtained A-LiV,O4
structure (Figure 2B, top panel, compare with Figure 1F,
bottom panel). When populated with 2 Li/V,Os, the second Li
favors the 6-coordinate site occupied originally by Cu in the
pristine e-CuygsV,O5 structure (see Figure 1F, top panel) and
which is further observed in the difference-density map shown
in Figure 2A (this site and its octahedral coordination are
indicated with dashed lines), suggesting a site-filling regime
whereby Li-ions diffuse down the b-axis to first fill S-coordinate
sites and, when those are filled, diffuse in the a-direction to fill
available 6-coordinate sites to maximize packing in the 2D
layers across the ab plane. Figure 2C shows EPR spectra for
samples of unlithiated 4-V,0;5 and 4-V,0j treated with 1 equiv
of n-butyllithium (the relatively smooth spectrum of
thermodynamic y-LiV,Og is also shown for reference),
indicating a greater diversity of electronic states with increased
lithiation, further suggesting an inhomogeneous site-filling
regime. This is reflected in Bader charge analysis (Figure 2D)
calculations performed on the A-V,Oy structure across a range
of lithiations, indicating the increased dispersion of electrons
across V atoms. Crystal orbital Hamiltonian population
(COHP) analysis is shown in SI Figure S4.

The ability to access metastable cathode structures as large
single crystals allows for structural transformations and Li site-
filling behavior to be imaged in unprecedented detail and for
reconstruction of a Li-eye view of diffusion pathways. In
tandem with crystallographic and spectroscopic information,
this paves the way to systematic modification of continuously
distorted crystal structures to alter cation diffusion pathways in
cathode materials.
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