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ABSTRACT: Intercalation and conversion are two fundamental
chemical processes for battery materials in response to ion inser-
tion. The interplay between these two chemical processes has
never been directly seen and understood at atomic scale. Here,
using in-situ HRTEM, we captured the atomistic conversion
reaction processes during Li, Na, Ca insertion into WO; single
crystal model electrodes. An intercalation step right prior to con-
version is explicitly revealed at atomic scale for the first time for
Li and Ca. Nanoscale diffraction and ab initio molecular dynam-
ics simulations found that, going beyond intercalation, the insert-
ed ion-oxygen bonding formation destabilized the transition-metal
framework which gradually shrunk, distorted and finally col-
lapsed to amorphous W and M, O(M=Li,Na,Ca) composite struc-
ture. This study provides a full atomistic picture on the transition
from intercalation to conversion, which is of essential importance
for both secondary ion batteries and electrochromic devices.

Conversion-type lithium ion batteries (LIB) using electrodes such
as transition metal oxides, hydrides, and sulfides are capable of
utilizing all possible oxidation states of a compound, and thus can
provide large specific capacity for advanced applications such as
electrical vehicles.! Understanding the atomistic conversion
mechanism is fundamentally important in searching for new
conversion-type electrode materials and the application of these

materials.” Unfortunately, the conversion mechanism has not
been explicitly established mostly because the process is wrapped
in a nanoscale narrow reaction front. By atomistic simulations and
detecting traces of intermediate phase, it is proposed that the
conversion process is likely initiated by ion intercalation into the
electrode materials, e.g. FeF,?? Sn0,B! C0;0,M Fe, 05,
RUO,,® Mo0," and WO,.B! However, the methods including X-
ray diffraction and selected area electron diffraction from a broad
area across the reaction front are too ensemble-averaged to clearly
resolve the relation between the intercalation and conversion.
Besides, how the crystalline intercalation phase evolves to fully-
charged conversion phases lacks detailed experimental investiga-
tion at the atomic scale. Here, using nano-beam diffraction (NBD)
and electron energy loss spectroscopy (EELS) coupling with
scanning/transmission electron microscopy (S/TEM), we investi-
gated the structural and chemical evolution across a conversion

reaction front with high spatial resolution in WOj3; upon electro-
chemical ions (Li, Na, Ca) insertion.

WO, is an ideal model system to study the intercalation initiated
conversion reaction, and the interplay between these two chemical
processes. It is a widely studied electrochromic material as its
pseudo-cubic cell contains a large, empty center site, providing an
open environment for small ion (e.g., H and Li) reversible interca-
lation/removal. Due to the same reason and the high valance state
that can theoretically host maximum 6 alkali metal ions or 3
alkaline earth metal ions,” ¥ WO, has also recently received
interest as candidate of conversion-type anode for next generation
multivalent ion batteries.[*”

The test setup is shown in Figure 1a. Single crystalline WO; films
grown epitaxially on conductive Nb-doped SrTiO3(001) (Nb-
STO) substrate by molecular beam epitaxy was used as electrodes
in a half solid-cell setup. Details on film growth and characteriza-
tion have been published elsewhere.*] Electron diffraction (inset
in Figure 1c) indicates that as-grown WO3 has a monoclinic struc-
ture (space group P 21/c), which is in good agreement with WO3
used in LIB.*® The hetero-epitaxial architecture provides high
mechanical stability for high resolution TEM imaging and guaran-
tees good electrical contact through conductive Nb-STO. Pure
metals of Li, Na, and Ca were used as ion sources. The surface
oxides due to short time air-exposure, i.e. Li,O, Na,O, and Ca0O,
worked as electrolytes for ions. The ion source is manipulated by
piezo-system to contact the WO; electrode at one end, and then
biased (-0.8V) with respect to the WO; film to drive the electro-
chemical reaction.

General morphology evolution of WO; during Li* insertion is
shown by the sequential bright field TEM images in Figure 1c.
The reaction front (white dash line in Figure 1c) is roughly per-
pendicular to WO; [001] direction, implying that Li atoms dif-
fused along [010] lattice channel. This claim is supported by the
atomic resolution images in Figure 1d which shows a reaction
front penetrating along (001) into the lattice. Different from many
other electrode materials,® 2 there was no high density disloca-
tions, or “Medusa” zone, at the propagating reaction front (Sup-
porting Movie 1), which can be attributed to the small volume
expansion as a result of the spacious lattice channels (3.8 A) for
ion conduction in WO,. Assuming equal expansion along three
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(001) directions, the volume expansion at full lithiation was
estimated to be ~17%, which was much lower than SnO,*? or Si
(~300%).1%! After fully charged with Li, the crystalline WO; was
converted to amorphous W (a-W) metal and Li,O as indicated by
the electron diffraction pattern (inset in Figure 1c). The electron
beam effect is described in detail in Supporting Information.
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Figure 1. a) Schematics of the in situ experiment setup, (M=Li,
Na, Ca) b) Atomic structural model of monoclinic WO3; showing
WO octahedral and vacant site with Li (Na, or Ca) transporting
along the channel into the vacant A site, ¢) Sequential TEM bright
field images showing WOj; structure evolution during Li insertion
(lithiation). Insets show electron diffraction patterns of pristine
and fully lithiated phases. White dash lines mark reaction front.
Cyan lines mark surface position highlighting the volume expan-
sion. Scale bar, 100 nm. d) High resolution TEM image of a local
region on the reaction front (dash line). Inset on left is an atomic
resolution annular dark field image of the boxed region. Scale bar,
1nm.

To reveal the reaction mechanism, Li,WO; phase and W valance
state evolution across the reaction front were analyzed with NBD
and EELS line scan (Figure 2, S2, and S3 and Supporting Movie
2). On the right side of the reaction front (e.g. position 3 and 4 in
Figure 2a), diffused amorphous ring appeared in the NBDs, mean-
ing that the structure lost crystallinity beyond the reaction front
(CF). Surprisingly, near the left side of the CF, the NBD shows
significant variations compared to the pristine WO, even though
the crystallinity is well preserved.

Measurement from NBD shows that, approaching from far left to
CF, the d-spacing of (002) planes slightly decreased. More obvi-
ously, at position 2 in Figure 2, some diffraction spots disap-
peared compared to that of pristine WO;. Referring to known
structures of Li,WO3,® this change is consistent with gradual Li
concentration increase from left to right. At position 2, the con-
centration reached a maximum Li intercalation value with crystal-
line symmetry changing from the original P21/c monoclinic struc-
ture to the final intercalated cubic phase, which is also consistent
with the detailed phase diagram measured by in-situ XRD meas-
urement.® 1 However, the critical maximum Li concentration
that can be intercalated into WO3; may depend critically on the
dimensionality, size, and structural stability of the specific WO,
materials. As reported by Qiang et al,* the WO, nanorods with a
high aspect ratio yield an intercalation capacity of 1.12 Li per

formula unit, which is much higher than 0.5 Li per formula unit
for bulk WO, powder as reported by Zhong et al.’®¥ The maxi-
mum value of Li concentration in the final cubic phase need
further evaluation using light-element-sensitive method such as
atom probe tomography.*® In addition, scanning from left to right
of CF, spatial-resolved EELS spectrums (Supporting Figure S2)
show that the intensity of Li K-edge gradually increased and the
0O,-edge of W monotonically shifted from 56.5 eV to 54.5 eV,
indicating W valance state decrease with Li* insertion.[”) These
structure and spectroscopy information explicitly proves that Li
intercalated into the WO; before conversion reaction, and the
lithium concentration gradually increased in the intercalation
region until conversion started at the CF. The structure evolution
is vividly illustrated by schematic models in Figure 2c. The inter-
calation front (IF) cannot be accurately determined (dash line in
Figure 2a), because, at very low x values (going farther beyond
the CF), Li,WOj3 has very similar NBD pattern with pristine WO3
and has trivial volume change and weak Li K-edge signal in the
EELS spectrum. However, the distance between the CF and the
point where cubic diffraction pattern is obtained (Figure 2 point 3)
is ~60 nm, meaning that the thickness of intercalation region
should be at least 60 nm.
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Figure 2. a) High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) image of the reaction
front in Figure 1c. Scale bar, 50 nm. b) Nano beam diffractions
(NBD) from the pristine sample and across the conversion front
(CF), c) Schematics of the structure and crystal symmetry evolu-
tion with increasing Li concentration in the Li,WO; lattice as
indicated by the corresponding NBDs.

With increasing Li concentration, the intercalation phase gradual-
ly transformed to amorphous starting from the CF. As shown in
Supporting Figure S3a, the NBD spots of intercalation phase
continuously shifted outward both tangentially and radially as
shown by the red arrows. The lattice was cubic after intercalation
as shown by the red square pattern of the diffraction spot. Howev-
er, after further insertion of Li ions, the lattice distorted and the
diffraction pattern of the original red square changed to irregular
shape and finally a diffraction ring pattern appears. Ab initio
molecular dynamics simulations (Supporting Figure S3b-c) con-
sistently indicate the excessive Li ions bonded with O atoms and
distorted of WO, framework towards the formation of Li,O and
W metal ordering. A detailed analysis on the intercalation to
conversion transition is provided in supporting information.

Similar to the case of Li* insertion, with continuous Na* insertion,
the CF progressively propagated upward from the bottom contact
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with Na source (Supporting Movie 3). Figure 3b shows a HRTEM
snapshot of the CF. Fast Fourier transformations (FFT) of the
local regions in the image (insets in Figure 3b) were used to ana-
lyze the phases across the CF. The FFT of the region right above
the CF can only be assigned to cubic Na,WO; with aligned WO6
octahedral. The FFT of the converted region shows the formation
of W nanocrystals. These phases can also be identified from the
select area diffraction (SAD) patterns in Figure 3d taken from the
circled region in Figure 3a; besides the diffraction rings from the
W metal and Nayof W
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