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Abstract
The phase distribution of lithiated LVO in thick (~500 pm) porous electrodes (TPE)

designed to facilitate both ion and electron transport was determined using synchrotron-based
operando energy dispersive x-ray diffraction (EDXRD). Probing 3 positions in the TPE while
cycling at a 1C rate revealed a homogeneous phase transition across the thickness of the
electrode at the 1stand 95" cycles. Continuum modelling indicated uniform lithiation across the
TPE in agreement with the EDXRD results and ascribed decreasing accessible active material to
be the cause of loss in delivered capacity between the 1t and 95" cycles. The model was
supported by the observation of significant particle fracture by SEM consistent with loss of
electrical contact. Overall, the combination of operando EDXRD, continuum modeling, and ex situ
measurements enabled a deeper understanding of lithium vanadium oxide transport properties

under high rate extended cycling within a thick highly porous electrode architecture.

1. Introduction

Newer, ever more demanding energy storage systems require high energy density along with
high power under charge and discharge. Conventional slurry-cast electrode fabrication
techniques are often limited by the areal capacity of active material and if electrodes are made

thicker, transport limitations can become significant where the full utilization of the active material
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can only be realized at low to moderate rates.” Recently, new electrode fabrication techniques
have been explored to increase the active mass loading and deliverable energy density. The
electrode designs consider the porosity and tortuosity of the electrode in order to increase the
active material utilization to increase the deliverable capacity. Some approaches to achieve this
have incorporated 3 dimensional foams,? ® aligned a porous matrix to control tortuosity,*” and
exploited nanotechnology for electrode design®'® including the use of holey/porous
nanoarchitectures.'" Electrode approaches have even added biological components to control the

porosity.? 12

Insight into function of thick electrodes is valuable to create the information needed for
future designs and ultimately commercial implementation. Adoption of thick electrode
configurations can increase the overall systems level energy density by minimizing inactive
components such as metal foils and separator layers.'3>'S However, simply increasing the active
material in the electrode does not translate to full utilization and delivery of a stable capacity over
extended cycling.'® 17 Thus, it is necessary to have understanding of electron transfer and ion
transport, ideally with spatial and temporal resolution, to enable the rational design of larger scale
systems with high energy density.'®20 To achieve a thorough understanding of design rules in
thick electrodes, an integrated approach should be emphasized to accumulate discrete data from
fundamental study, advanced characterization, as well as theoretical modelling in battery

research.?"

In previous studies on thick electrodes, a variety of active materials have been explored
including metal phosphates? 12 2224 and transition metal oxides including lithium nickel
manganese cobalt oxide (NMC),?% 26 or lithium cobalt oxide (LCO).% 26 Vanadium oxides have
been studied as electrode materials for Li-based batteries due to the possibility of high capacity
based on the variable oxidation states accessible for vanadium,?” including V,05 283! NaVO4s5 3"
32 NaV30g, 33 3+ and LiV304 32 3540 Monoclinic lithium vanadium oxide (LiV;0g) is appealing as it
provides high theoretical capacity (1C = 362 mA/g), high rate capability, and is cobalt-free.®. 41
Initially the material is a Li-poor a-phase (Li;1V30g) in a layered structure, and upon lithiation
transitions to a Li-rich a-phase (Li, 5V30g) at ~2.5V."® The defective rock-salt 3-phase (Li35V30g —
Lis oV30g) transition occurs in the third plateau ~2.3V.#2 Starting with the composition of Li; ;V30g
introduces both tetravalent V4* and an increase in oxygen vacancies into the initial LiV;Og
material.*® This slight change increases both the intrinsic electrical conductivity by an order of
magnitude and the lithium-ion diffusion coefficient by approximately two orders of magnitude

when compared to LiV30g without detectable V4+.#3 By incorporating V4* into the materials initial
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composition, not only does the electronic conductivity and Li-ion diffusion improve, but the
material also exhibits better electrochemical reversibility than LiV;0g .43 Based on this motivation,

Li; 1V30g was chosen for the active material instead of LiV30s.

Previously, the differences between LVO (LiV3;0g) annealed at 500°C and 300°C were
elucidated.'® 44 Through in situ angle dispersive X-ray diffraction (ADXRD), differences in p-phase
formation were determined for different synthesis techniques.’* Both X-ray and neutron
refinement were utilized to determine the Li-rich a-phase and the defective rock salt p-phase at L
ip 7V30g and Lis gV30g, respectively, for chemically lithiated materials.** The structural evolution of
the materials throughout electrochemical (dis)charge processes has been determined through in

situ XRD and DFT calculations.#2

Operando energy dispersive x-ray diffraction (EDXRD) experiments allow for spatially and
temporally resolved visualization of the various phase transitions of an active cell.*> Related
techniques such as confocal or spectroscopic X-ray diffraction can modify EDXRD by changing
the incident beam energy to improve measurement resolution and have been applied to the study
of LiyNiy3C043Mny30, (NCM) type battery electrodes.*® Synchrotron X-ray phase contrast
tomography offers the opportunity to image morphological changes of Li electrodes, permitting
characterization of evolving microstructures and degradation mechanisms.#” A specific benefit of
EDXRD in conjunction with a synchrotron light source is the ability to measure intact stainless-
steel housings electrochemical cells, preventing any artifacts due to the use of cell windows,
removal of the electrodes, or any post-treatment methods used in the cell disassembly process.
Further, the ability to collect x-ray data real time concurrently with the electrochemical activity

provides insight into the kinetics of the electrochemistry under usage conditions.

Previous studies have paired continuum modelling with experimental results to rationalize
the electrochemistry and the phase changes that occur throughout (de)lithiation for various
systems*® including LVO.4% %0 Continuum modelling coupled with the results of EDXRD
measurements allowed confirmation of the model with experimental data to determine the
occurrence of the phase changes over the course of lithiation of a thick dense electrode showing
significant phase segregation through the thickness of the electrode. Pairing electrode and crystal
scale models allowed the simulation to closely match the experimental discharge voltage profile

until reaching discharge of 2.4V without including consideration of B-phase formation.%°

For this study, a thick porous electrode (TPE) fabrication technique was utilized to obtain

a high areal active mass loading of dispersed LVO particles within a conductive CNT architecture
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that facilitates ion and electron transport." The objective was to study the electrode utilization of
this architecture under high rate cycling using EDXRD methodology. Using operando EDXRD
experimental results, the continuum model for the LVO system was expanded to consider the 2.0
V limit including the transformation to the defective rock salt f-phase. The extended continuum
simulation was able to rationalize transport properties as well as capacity decrease over ~100

cycles.

2. Experimental

Lithium Vanadium Oxide Synthesis. Li;V30gs (LVO) was synthesized via a sol-gel
approach as previously reported.*? Briefly, V,Os and LiOH were used as precursor materials in a
stoichiometric ratio of Li:V = 1.1:3 and stirred in an aqueous solution under nitrogen for 24 hours

at 50°C. The solid was recovered and annealed at 500°C.

Material and Electrode Characterization. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) was performed to determine the elemental compositions of LVO using
a Thermofisher iCAP 6300 series instrument. X-ray diffraction (XRD) was performed using a
Rigaku Smartlab Diffractometer using Cu Ka radiation. The morphology of materials and
electrodes was determined using an analytical high-resolution scanning electron microscope
(SEM) (JEOL 7600F). Thermogravimetric analysis (TGA) was acquired to confirm the mass
loading of the electrodes using a TGA Q500 instrument over a temperature range spanning 25°C
to 750°C. Raman data were recorded using a Horiba Scientific XploRA instrument with a 532 nm
laser. Wavelength and intensity calibrations were completed by using a silicon standard. Raman
3D mapped volume (x=60 um, y=60 um, and z= 8 um, with z direction being perpendicular to the
electrodes) contained 4805 Raman spectra ranging from 100-1800 cm-', and the step size of the

map was 2 um.

Electrochemical Characterization. The thick porous electrodes (TPE) were prepared using
carbon nanotubes (CNTs) and LVO at a mass ratio of 1:1 where they were dispersed and filtered
to prepare 12.7mm diameter electrodes with a thickness of 741 um. Dense pelletized electrodes
with similar active mass loading as the TPE were prepared using LVO and CNTs with the same
weight ratio, which were mixed as solids and pressed at 4000psi to form the dense electrode with
a thickness of 357 ym. Coin type cells were assembled using Li metal anodes, polypropylene
separators and 1 M LiPFs in ethylene carbonate/dimethyl carbonate (volume ratio of 3:7)
electrolyte in an argon-filled glove box. Rate capability tests were performed at currents ranging
from C/10-1C (1C = 362 mA/g). Operando energy dispersive X-ray diffraction (EDXRD)

measurements were conducted at the Advanced Photon Light Source at Argonne National
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Laboratory on Beamline 6-BM-B while cycling cells at 1C rate on a Maccor cycler. For ex situ

measurements, the cathodes were recovered in an argon filled glove box.

3. Results and Discussion

Material and Electrode Characterization. The XRD pattern was indexed to the Lipg7V30g
reference pattern (PDF#01-073-8145), consistent with materials from a prior study (Figure
S1).18 ICP-OES confirmed the elemental compositions of LVO to be Li; 1V30s. Through Rietveld
refinement the crystallite size was determined to be 169 nm £ 6 nm. The detailed refinement
results are included in Table S1. The active material was used to fabricate thick porous
electrodes (TPE) where thermogravimetric (TGA) results confirmed a mass ratio of 50% LVO by
weight in the electrode (Figure S2). SEM images and EDS elemental maps were used to
investigate the distribution of LVO in the porous electrodes (Figures S3A-E). LVO exhibits a
blade-like particle shape (Figure S3A) and is visible in the SEM of the electrodes as smooth
blades in Figure S3B. Figures S3C-E show elemental maps of carbon (red), vanadium (green),
and oxygen (blue), respectively. The EDS maps indicated that the LVO particles are dispersed

throughout the electrode surrounded by multiwall carbon nanotubes (CNTSs).

Figure 1A displays the Raman spectra of the TPE containing LVO and CNT, and the
corresponding spectra for each component. The peaks at 694, 775, and 996 cm™' are assigned
to the stretching vibrations of VO55'-52 The band at 527 cm™' corresponds to the V-O-V vibration
stretching, while the bands located at 406 cm™' and 286 cm™' are assigned to the bending
vibrations of V-O bonds.5" In the pristine CNT spectrum, the bands located at 1349 cm-! and
1580 cm! can be assigned to the D and G band, respectively.>® An increase in the Ip/lg ratio
was noted in the LVO-CNT TPE, which can typically be attributed to expected distortion of the
intrinsic conjugated sp? carbon lattice, due to the interaction with LVO. In addition, upshifts were
noted in the D and G bands of CNTs and the V-O vibration bands of LVO materials in the
composite LVO-CNT TPE (i.e. 775 cm' for the LVO-CNT composite, 694 for the pristine LVO),
which further confirmed strong interactions between the two components that affected the

electronic structure of VOg and VOs5 units, as well as the C=C/C-C framework.%*

Raman 3D mapping was used to determine the dispersion of LVO and CNTs within the
as-prepared TPEs. The multivariate Classical Least Squares (CLS) fitting rendered Raman 3D
maps (mapping volume: 60 x 60 x 8um) of the LVO and CNTs were depicted in red and blue
respectively, in Figure 1B, where the maps were created using individual spectra of pristine LVO
and CNT as reference component spectra. The merged map clearly demonstrated the presence

of pores with overall diameters ~10-20 um in the TPE, as indicated by the dark area in Figure
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1B3. In contrast, the CLS maps of the dense electrode depicted in Figure 1C showed more
aggregated LVO particles and smaller pores. The porosity of the TPE and dense electrode was
calculated to be 77% and 48%, respectively, in the mapped volume based on the CLS fitting
results, which agrees well with the values of 78% and 49% estimated based on the true density
of each material and the electrode volume. To provide direct visualization of pore and material
distribution throughout the mapped electrode volume, 2D merge CLS maps at different
electrode depths were displayed in Figure S4, where large and deep pores were clearly
identified in the TPE.

Additionally, a non-negative matrix factorization (NMF) machine learning algorithm was
utilized to process the Raman maps collected for both TPE and dense electrode to significantly
increase the signal-to-noise ratio of each spectrum (Figure S5) and to allow each chemical
component represented in the dataset to be analyzed independently. Different from the CLS
rendered the maps, the NMF method does not require the external standards to be applied. The
NMF reconstructed 3D maps of the TPE and dense electrode (Figure 1D and E) showed clear
agreement with CLS figures, further confirming the highly dispersed LVO active materials with

no apparent large aggregates, throughout our judiciously designed TPEs.
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Figure 1. (A) Raman spectra of composite TPE as well as the two constituents (LVO: red and
CNT: blue). Raman 3D maps rendered by CLS (B-C) and NMF (D-E) of the LVO, CNT, and
merge volume in TPE (B and D) and dense electrode (C and E).

Comparing electrode designs. Previous work reported the phase evolution of LVO in a
high loading pellet electrode through operando EDXRD at a C/18 rate.'® Voltage profiles of all
the rates tested (C/10-1C) were compared for the dense and TPE configurations shown in
Figure 2. Three distinct regions are noted in the voltage profile, with plateaus at about 2.8 V, 2.5
V and 2.3 V.#2 The voltage response is consistent with the transformation of the Li-poor a-
phase (Li; 1V30g) to a Li-rich a-phase (Li, 5V30g) at around 2.5V, ¢ followed by formation of the
defective rock-salt B-phase (Li35V30g — LisgV30g) around 2.3V.#2 The TPE (Figure 2A) cell
shows a 79% capacity retention from C/10 to 1C rate after 8 cycles. The final plateau around
2.3V starts to shorten or disappear at higher rates because it corresponds to a slower kinetic

insertion process.*® Although this peak disappears at faster rates, it only results in a small
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decrease in capacity, enabling the cells to continue to perform relatively well at fast rates. In
contrast, the dense electrode (Figure 2B) shows a more significant capacity decrease with only
50% capacity retention from C/10 to 1C rate after 8 cycles. Upon increasing the
discharge/charge rates, both plateaus at 2.5V and 2.3V shorten or disappear, indicative of
slower kinetic processes at higher rates in the dense pellet electrode. The capacity for the two
electrode types (TPE thickness: 0.741mm and dense electrode thickness: 0.357mm) was
normalized by assuming the highest achieved capacity of 280 mAh/g in TPE corresponds to a
100% electrode utilization. The comparison at each rate between these two electrode designs is
summarized in Figure 2C. The TPE cell maintains a high deliverable capacity at all rates: 280
mAh/g at C/10, 270 mAh/g at C/5, 250 mAh/g at C/2 rate, and 220 mAh/g at 1C rate. In
contrast, the dense electrode delivered 264, 245, 197, and 149 mAh/g at the corresponding
rates illustrating the transport limitations of the dense electrode, consistent with the lower

electrode porosity as shown in Figure 1C and E.
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Figure 2. Rate Capability test for (A) TPE electrode and (B) dense electrode tested for two
cycles (cycle 1=black line; cycle 2=red line) at various C rates ranging from C/10 to 1C. (C)
Electrode utilization plot comparing the delivered capacity of the two electrodes in cycle 1 and 2
at each rate tested (1C = 362 mA/g). The percentage utilized was calculated assuming that the
highest achieved capacity of 280 mAh/g corresponds to a 100% utilization.

Operando EDXRD. Operando energy dispersive X-ray diffraction (EDXRD) allows for
spatial and temporal resolution of phases throughout an electrode while operating within a

stainless-steel coin cell. The voltage profiles for the cell cycled at 1C rate for the operando
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EDXRD scans at cycles 1 and 95 are shown in Figure 3A. The first cycle shows the cell lithiated
to ~3.5 Li equivalents (Li3 5V30g) while the 95t cycle lithiated to 2.2 Li equivalents with shorter,
less distinct plateaus compared to the initial cycle. Figure 3B shows the extended cycling results
where the operando scans were recorded for the first and 95" cycle. The cell displayed

significant capacity decrease maintaining ~44% capacity for the 95 cycle.
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Figure 3. (A) Voltage profiles of the cells at 1C rate while EDXRD spectra was being collected
during the first and 95" cycle. (B) Cycling test at 1C rate between the EDXRD scans.

A schematic of the operando EDXRD experimental setup is shown in Figure 4A. The
diffraction patterns were collected in 20 um thick increments (gauge volume = 2 x 4 x 0.02 mm)
in three locations along the cathode thickness. Three locations were scanned (the colored bars
along the electrode in Figure 4A) to enable visualization of the phase evolution throughout the

electrode at the high rate of 1C.

Stacked plots of representative diffraction scans from the first cycle operando EDXRD
are shown in Figure 4B-4D. The pristine scan was taken before the discharge started, while the
discharged and charged scans for the initial cycle were taken during the cycling of the cell near
the fully discharged and fully charged states. Figures 4E-4G display the selected operando
scans for the 95" or final cycle. The EDXRD scans for the 95™ cycle were taken before (94
cycle charged state), during (95" cycle discharge state), and after (95" cycle charged state) the
electrochemical cycling processes. Overall, among the three locations probed, anode side
(yellow), middle (teal), and stainless-steel side (blue), a homogeneous phase transformation is
visible across the whole electrode at these points in the electrochemistry. Previous studies
showed a reaction front, beginning on the anode side of the electrode, which failed to propagate

throughout the entire cathode at faster rates due to an ion transport limitation in a dense
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electrode configuration.’® The porous electrode design used in this study allows for easier
pathways through the pores to facilitate ion transfer and a network of conductive CNTs helps

maintain the strong electrical transport.

For both cycle 1 and 95, the material under discharge become more amorphous with
some peaks becoming indistinguishable from the baseline. In contrast, the charged scan
profiles return to similar peak positions and intensities as the pristine state. These operando
scans were selected to demonstrate the consistency throughout the electrode by focusing on
the 3 locations, the stacked plots of each scan throughout the entire (dis)charge process are
shown in Figure 4B-G. The left most peak around 0.26 A-!, indexed as the (003) peak, remains
present throughout all of the scans. The a phase peaks (-202), (-111), and (103) are initially the
most intense peaks for both cycles, upon discharging decrease in intensity and shift to beta
phase peaks in the first cycle. Upon charging these peaks return to similar intensity levels of
their original scans. In the 95" cycle, however, there are more distinct peaks in the discharged
phase. The a phase peaks (-202) and (-111) appear to merge into a double peak corresponding
with the a (-202) shift to higher inverse d spacing and a (-111) shift to lower inverse d spacing
upon lithiation, effectively ‘crossing over’ each other. At the same time, the a (103) peak retains
similar intensity relative to the pristine scan and no indication of a shift towards the p (103) at a
higher inverse d spacing value. Similar to the initial scan, in the 95t cycle, the charge scans
show a reversible system with the peaks returning to their initial pristine locations and relative

intensities.
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Figure 4. (A) EDXRD experimental schematic with color coded representations of the three
locations probed in the electrode, yellow: Li anode side, teal: middle, blue: stainless steel side.
Stacked plots of the (B-D) cycle 1 and (E-G) cycle 95, showing (B) pristine state, (C) cycle 1
fully discharged state, (D) cycle 1 fully charged state, (E) cycle 94 charged state prior to the 95"
cycle, (F) cycle 95 discharged state, and (G) cycle 95 final charged state.

Figure 5 displays the spatial phase evolution over the duration of the two cycles at each
of the locations probed with the corresponding voltage profiles. This normalized contour plot
readily visualizes the peak shift over time, but does not show the change in intensity throughout
cycling as shown in the stacked plots. The three locations probed display almost identical
contour plots over both the 15t and 95t cycles, indicating a homogeneous phase transformation
throughout the entire cathode at both stages of cycling. The dashed lines correspond to the start

of each new EDXRD scan. The numbers on the right-hand side of the contour plot correspond
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to the scan numbers of the major points in the voltage profile, the state prior to the cycle, fully
discharged, and fully charged state. The arrows on each of the contour plots indicate where the
a phase peaks (-202) and (-111) appear to cross over each other. During the discharge
process, the a (-202) peak shifts to a higher inverse d spacing (contracts), while the a (-111)
peak shifts to a lower inverse d space (expands), indicated by the red dashed lines. This
structural rearrangement occurs to accommodate Li ions inserting into the structure.'® 42 The
opposite process occurs upon charging and the peaks return to their initial locations at the top

arrow for each plot.

In the first cycle, upon discharge these two a peaks, (-111) and (-202), disappear and
the p peak (-111) appears, indicated by the left red dashed line. The peak around 0.345 A-* can
be ascribed to both the a (103) peak and the B (103) peak. The locations are similar, thus it is
difficult to discern where one phase ends and the other begins, but the change visualized in the
contour plot suggests a transition in the 5" and 6" scans which correspond to discharged
material in the electrochemistry consistent with the presence of the beta phase peak. The right
red dashed line highlights this shift from a (103) to B (103). In the first scan in the charging
process (just after #2 on the plot), the beta phase peaks disappear and a shift to the initial peak
locations starts to occur. At the fully charged state all of the peaks return to their initial pristine

locations, indicating a reversible process in the first cycle at 1C rate.

For the 95™ cycle, the crossover of the two a peaks, (-111) and (-202) remains, i.e. the
(-111) peak shifts to a lower inverse d spacing and the (-202) peak shifts to a higher inverse d
spacing as the material is lithiated, but the beta phases do not appear as prominently as in the
first cycle, indicating less lithiation. This is partially due to the amorphization apparent in the
diffraction profile in the discharge stage of the process, where the differentiation between the
peaks and background is hard to distinguish. The peaks at higher inverse d, between 0.45 and
0.47 A", correspond to a (-205) and a (203) in the pristine phase. In the first cycle, the
appearance of these peaks is very distinct with a clear shift of a (-205) to  (205) in discharge
and then shift back upon charge. The shifts in the 95™ cycle are less prominent than the first

cycle, but a shift is still discernable.
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Figure 5. Contour plots of single location over time: (A and E) anode side, (B and F) middle,
and (C and G) stainless steel side with (D and H) voltage profiles. The top row is the first cycle
and the bottom row is the 95" cycle. The numbers on the right-hand side of the contour plot
correspond to specific EDXRD scans in the voltage profile, where 1 corresponds to the initial
scan, 6 and 3 are fully discharged states for the 15t and 95t cycles, respectively, and 7 and 9
are the fully charged states for the 15t and 95" cycles, respectively.

Stack plots were generated to visualize the peak shifts along with any change in
intensity throughout the cycling process. Figure 6 displays stack plots of scans at the middle
location, since a homogenous phase change throughout the electrode was determined through
the previous stack and contour plots. Figure 6B and 6E show an expanded view of the region
from 0.29-0.35 A-' to feature the peak locations more clearly. The a phase peak locations are
indicated by the grey dashed lines across the scans and the 3 peak locations are given by the
red dashed lines throughout the scans. The voltage profile is included with the different scans
color coded to match the stacked profiles taken at that point in the cycle.

The a (003) peak remains present throughout the entirety of both cycles probed. In cycle
1, a peaks (-205) and (203) are present in the pristine scan (Figure 6A). As the cell discharges,
a peak (-205) shifts to higher inverse d spacing aligning closer to B-phase (205) peak which
occurs at 0.463 A-', as shown in profiles labeled E (yellow) and F (purple). Upon charging the
peak shifts back to its original position. When looking at the same peaks in the 95™ cycle the a

peak (-205) starts off at a higher inverse d spacing initially, showing that the peak has no longer
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recovered fully to the pristine phase after extended cycling (Figure 6D). Through cycling there is
still a shift towards the beta phase in scans C and D followed by a recovery upon charge,

although still not to the pristine location.

As discussed in the contour plots, the two a peaks (-111) and (-202) at 0.318 A-*and
0.311 A-'inverse d spacings respectively, crossover to 0.313 A-'and 0.318 A-*and the
introduction of B (-111) is visible in Figure 6B. The B-phase (-111) peak becomes visible in
scans E and F, but the peak does not index to its expected inverse d spacing of 0.299 A-".
When compared with the 95t cycle, there is not a B peak that arises around the full discharge
locations, but the profile does lose intensity and becomes more amorphous similar to the first
cycle. Cycle 1 has a shift, mostly in scan E (yellow), for the § (103) peak, while in the 95™ cycle
the peaks stay aligned with the a (103) peak. Overall, the 95" cycle does not indicate the -
phase transitions seen in the first cycle and some of the peak shifts are not as reversible. This
finding has also been observed in a study with LVO in another porous electrode structure,
where the -phase plateau decreases over extended cycling, but this is the first time seeing this
irreversibility in operando EDXRD.>® However, previous studies of LVO as a thin film electrode
noted the B-phase plateau at 2.3V extend over extended cycling#’, indicating that this finding

may be specifically applicable to LVO in a three-dimensional, porous structure.
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Figure 6. Cycle 1 (A) stacked middle scan plots with indexed peak locations, (B) zoomed in
stack plot from 0.29-0.35 A-', and (C) corresponding voltage profile. (D-F) Cycle 95. The grey
dashed lines indicate the a-phase peak locations and the red dashed lines indicate the p-phase
peak locations.

Ex Situ XRD and SEM. To probe the crystal structure of LVO as it cycles in a lithium coin
cell, electrodes were fabricated and cycled either once or 100 times both ending on a charge
step (Figure S6) and XRD was collected (Figure S7). For the pristine sample, all peaks could be
assigned to a-LVO (P2,/m, a=6.636(2) A, b=3.5941(4) A, ¢=12.012(4) A, B= 107.886(7)°) with a
broad peak at ~26° from the highly nanocrystalline CNTs (Table S2 and Figure S8). The
material was highly crystalline and only minimally strained consistent with the bulk LVO
material. A significant amount of preferred orientation along the (110) axis was noted and likely

comes from the electrode fabrication process. After cycling once, there is no significant change
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in the lattice or phase composition suggesting that the delithiation is highly reversible (Figure
S9). After 100 cycles (Figure S10) the phase and lattice are preserved showing that the
structural changes that occur upon lithiation are reversed upon delithiation. An increase in
microstrain upon cycling is noted suggesting that the (de)lithiation process causes the structure
to become more strained and adopt additional defects as cycling progresses. These results
support the operando EDXRD results which noted that the a-LVO phase reforms upon charging

over 95 cycles.

SEM images were acquired of the electrodes used in the ex situ XRD study. A fresh
electrode shows a large smooth particle of LVO500 entangled with CNTs (Figure 7A). After one
cycle the LVO particle appeared in smaller pieces with sharper edges (Figure 7B). Figure 7C
shows additional smaller broken pieces with rounded edges over extended cycling (100 cycles).
The combination of the LVO particle fracture, loss of contact with the CNT, contribute to the
capacity fade over 100 cycles due to a decrease in accessible active material consistent with
prior reports.** % This continuous cracking and disintegration of LVO materials upon cycling can

induce some increase in the porosity of the thick electrodes.

WO 6

Figure 7. SEM of TPEs (A) as prepared, (B) after 1 cycle and (C) after 100 cycles at 1C rate.

Dense and Thick Porous Electrode Simulations. The electrodes used for results shown in
Figure 2A and B were modeled using a coupled electrode and crystal scale model based on a
previously published model.*® The crystal-scale model recently published®® was extended to
include insertion of lithium ions into the B-phase, such that the lithiation of LVO crystals could be
described to 2.0 V.
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Figure 8. Comparison of electrode utilization plot comparing the delivered capacity of the two
electrodes at each rate tested with the theoretical capacity of LVO (1C = 362 mAh/g), showing
experimental observations and simulated predictions.

The TPE model was fit to the discharge profiles of the eight cycles in the rate capability
experiment in Figure 2A. Both models show good agreement with the discharge profiles and
fractional capacity utilization over the range of discharge rates (Figure S11, Figure 8). For the
dense electrode, the electrolyte diffusion coefficient Doy was fit to the 1C discharge, which was
determined to be between 4.3 x 1077 cm?s~! and 5.0 x 107 cm%s~1. The corresponding
tortuosity 7 ranges from 3 to 3.5, assuming a bulk diffusivity D, of 3 x 10 =® cm?s ~1.57 For the
porous electrode, the model-predicted discharge curves were not sensitive to the electrolyte

diffusion coefficient and tortuosity, so these parameters could not be estimated. The model



Physical Chemistry Chemical Physics

overpredicts the discharge capacity of the dense electrode at the lower discharge rates. This
discrepancy is likely due to the fact that only D.s was allowed to vary to achieve agreement, and
only the 1C discharge rate was used, since the model was insensitive to D at the lower rates.
Model parameters that describe other physical processes (e.g. lithium insertion kinetics, phase
change, crystal-scale diffusion) were fit previously to different electrodes that were prepared with
carbon, graphite, and PVDF in much smaller weight ratios®® and were fit to low rate experimental
data.?® The physical phenomena governed by these parameters are more dominant than ion
transport at the lower rates, so some discrepancies can be expected at the lower rates when
fitting one parameter to only high rate experiments. Still, the simulated absolute capacity delivered

at each rate (mAh) is well within expectation compared to the experiments.

Closer examination of the simulated spatial variation of the material utilization is shown in
Figure 9. The TPE shows uniform distribution of lithium across the length (thickness) of the
electrode at the end of discharge, in agreement with the observed uniformity by EDXRD ata 1C
rate. However, due to the higher mass transport resistances in the dense electrode, only a portion

of the electrode near the separator is used, resulting in poor utilization at the higher rate of 1C.

5 Separatolr I I CurrentICollector Separalolr I I CurrentICoIIector
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E 1=
x 01C > 01C
2| 02C J ] — 02cC 9
1 [~ 1 1 1 1 -] 1 - 1 1 1 1 -]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Normalized Electrode Length

Normalized Electrode Length

Figure 9. Simulated spatial variation of lithiation state across the length of the electrode at end of
discharge, given in electron equivalents for the TPE (left) and dense electrode (right).

EDXRD Extended Cycling Simulations. Simulation of the electrode used in the EDXRD
experiment, discharged at a 1C rate, shows good agreement with the second cycle of the

experiment. For the TPE with minimal ionic transport resistance and uniform electrode utilization,

Page 18 of 24



Page 19 of 24

Physical Chemistry Chemical Physics

the simulations predict that approximately 17% of the electrode undergoes phase transformation

by the time the cutoff voltage is reached.

Between the second and 95" cycle, there is a 40% loss in capacity. To simulate this, the
electrochemically active surface area a [cm?/cm®] was reduced by 40%, the equivalent of 40% of
the material not being utilized in the electrode. This model showed good agreement with the cycle
95 discharge profile and predicts that the crystals only undergo phase change to the extent that
the volume fraction of the B-phase is only 9% at the end of discharge (Figure 10). The reduction
in extent of phase transformation is observed because as the amount of usable active material is
reduced, the specific current (A/g) passing through the remaining crystals is higher. When the
specific current is higher, the rate of insertion of lithium ions into the crystal is faster than the rate
of phase change, which does not involve charge transfer. The increased charge transfer losses
therefore cause the cell to reach the cutoff voltage more quickly, leaving less time for the crystals
to undergo phase change. These results are qualitatively consistent with the EDXRD findings,
where no 3-phase peak is readily observable in cycle 95. Note that the electrode at the beginning
of discharge for cycle 95 was modeled in its initial state and all model parameters except a were

assumed to be the same for the early cycle and extended cycle simulations.
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Figure 10. Voltage profiles of the cells at 1C rate during the second (red) and 95" (black) cycle.
Dotted lines are experiments and solid lines are simulations. The inset axis shows the average
volume fraction of B-phase in the crystals at the end of discharge.

4. Summary

Operando energy dispersive X-ray diffraction (EDXRD) was used to investigate the

homogeneity of phase transition in a thick porous electrode (TPE) over extended high rate
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cycling. Three locations probed showed a homogeneous phase transition throughout the
entirety of the TPE. Continuum modelling indicated homogenous lithiation across the electrode
upon discharge at of 1C consistent with the EDXRD results. Based on the experimental and
modeling results from the 1st and 95t cycles, the capacity fade mechanism can be attributed to
a combination of LVO particle fracture and loss of contact with the CNT. The absence of the
beta phase peaks in the EDXRD over extended cycling are consistent with electrochemical
accessibility of only part of the active material. The operando measurements along with
continuum modeling results offer significant insights into the transport properties and capacity

loss mechanism of LVO material in a highly porous matrix.
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Thick electrode design and charge transport across electrode were probed via operando EDXRD
and an expanded continuum model.
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