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Abstract

lags
Uniform intercalation is desired to enable next-generation Li- . L . . delithiation
ion batteries. While we expect nonuniformity in materials 1 i \ L
undergoing a phase change, single-phase intercalation ) ‘ ‘
materials such as nickel manganese cobalt oxide are believed 4 > L leads | ™l

to lithiate uniformly at the particle-electrolyte interface.
However, recent imaging reveals nonuniform lithiation.
Motivated by this discrepancy, we examine if aspherical
particle shape can cause such nonuniformity since
conventional belief is based on spherical particle theory. We
obtain real particle geometries using rapid lab-based X-ray
computed tomography and subsequently perform physics-
based calculations accounting for electrochemical reactions at
the particle/ electrolyte interface and lithium transport inside
the particle bulk. The aspherical geometry breaks the symmetry and causes nonuniform reaction distribution. Such
nonuniformity is exacerbated as the particle becomes more aspherical. The proposed mechanism represents a fundamental
limit on achievable lithiation uniformity in aspherical particles in the absence of other mechanisms causing inhomogeneity
such as grain structure, nonuniform carbon-binder coating, etc.

delithiation

surface 2 in Li,NMCga2

average x in Li,NMCgoo

n an intercalation battery such as lithium-ion, energy is fundamentally stored in active
material particles2. Surrounding these active particles, the porous battery electrodes
contain additional phases like carbon-binder domain and electrolyte-filled pore network
to facilitate finite rate operation3-19, In the past decade, the contributions of these additional
phases and the corresponding porous structure have been examined!1-33 through various
theoretical and experimental techniques. Consequently, new insights have emerged to
engineer the porous electrode structures for improved battery operation. In comparison,
particle-scale intercalation behavior is believed to be well-understood. Conventionally, we
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think intercalation leads to concentric concentration distribution34-40 where finite
diffusivity is responsible for forming concentration gradients between the particle center
and surface. And any departure from such expectations1541-48, for example, nonuniform
lithiation on the particle surface, is attributed to nonlinear material effects such as
multiphase intercalation384049-53 (refer to section S1). Such effects are not expected to occur
in single-phase intercalation materials like nickel manganese cobalt oxide where lithiation
happens via the solid solution mechanism. However, some recent studies3>4-59 do reveal
nonuniform lithiation on the surface of such active material particles as shown in Figure
1(a),(b). The active material particles in these experiments1354-59 are not spherical, while the
conventional understanding of single-phase intercalation is primarily based on calculations
for spherical particles.

Motivated by this disconnect between recent observations and the conventional
understanding, we question if the aspherical particle shape can cause the observed
inhomogeneity at the particle-electrolyte surface. To systematically answer this question, we
obtain NMCe22 particle geometries using a rapid lab-based X-ray computed tomography
method®® established for high-throughput statistical studies on particle morphologies
(relevant details are provided in section S2). As shown in Figure 1(c), such a particle is not
spherical. NMCez2 is chosen as an exemplar material for multiple reasons. NMCez2 is one of
the low-cobalt lithium intercalation hosts being pursued. Compared to other high-nickel
NMC materials, it exhibits a narrower particle size distribution, thus allowing for statistically
meaningful particle samples in the imaged volume®. Moreover, the material properties
(Figure 1(d)-(e)) relevant for modeling particle-scale intercalation have been reasonably
characterized in the literature®1-64, As shown in Figure 1(d), the open circuit potential for
NMCs22 exhibits a single-phase intercalation behavior since voltage plateaux are absent.

Herein, we model the intercalation behavior of such particles using the lithium
conservation equation

dc

%=
where c is the local lithium concentration and D is the corresponding chemical diffusivity
(Figure 1(f)). The electrochemical reaction at the particle surface is modeled using the
Butler-Volmer Kkinetics

V- (DVo) [1]

. ( Fv=U) ~F(V-U) [2]
lapp =1l {e 2RT — e 2RT }
where i,,, is the local reaction current density and V is the particle voltage relative to the

counter electrode. Eq. [2] includes two material properties: open circuit potential, U (Figure
1(d)) and exchange current density, i, (Figure 1(e)). Eq. [2] serves as a boundary condition
for Eq. [1]

[3]

~ iapp
—DVc-fi =
c-n F
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Figure 1. (a), (b) Examples of imaged inhomogeneity in NMC particles5558. The inhomogeneity in the Ni valence state
correlates to the degree of lithiation, x. (c) Representative aspherical particle shape for the present study. The particle
geometry is obtained using X-ray computed tomography. (d)-(f) Material properties contributing to particle-scale
intercalation behavior and their dependence on degree of lithiation, x, for NMCe226162. (d) Open Circuit Potential, U. (e)
Exchange current density, ip. (f) Chemical diffusivity, D, of Li* in the host material. When these particles are
electrochemically intercalated between 2.5 and 4.5V, the corresponding changes in the material property are constrained
in the white (unshaded) space of these plots. i, in (e) also depends on Li* concentration in the adjoining electrolyte which
is kept constant at 1M.

Since we are interested in understanding the particle-scale effects, the electrolyte and
the counter electrode are not explicitly modeled (refer to section S3 for more details). Such
a situation can be experimentally realized by electrochemically operating individual active
particles against a lithium electrode®. The description so far is identical to the
literaturel810,1636,61,66. However, unlike these studies, we cannot assume uniform reaction
distribution beforehand. Such a distribution of i, is constrained by
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[4]

_ 1(. 1 (Fv-) -FW-U)
Lapp =Ef fapp da=5f Lo{e 2RT —e 2RT } da
a a

Here, 1,p, is average current density on the particle surface and is defined by theoretical
capacity, Q, C-rate, and particle surface area, a. The entire particle is at the same voltage, V.
Both U and i, vary with local lithium content, x = ¢/c,ax- If the particle surface is uniformly
lithiated, Eq. [4] predicts identical current density at every location (the spherical particle
exhibits such, fapp = Lapps behavior), otherwise reaction rates are distributed nonuniformly.
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Figure 2. 6C delithiation behavior of the representative particle (Figure 1(c)). The volume of the particle is identical to a
spherical particle with a 2.5 ym radius. (a) Changes in particle voltage during delithiation. For comparison, the voltage of
an equal volume spherical particle delithiated under identical conditions is shown. OCP provides the equilibrium
delithiation behavior. (b) Corresponding evolution in local lithiation, x. The filled dots () indicate interior locations, and
the open dots (0) are material points on particle surface in contact with electrolyte. Different color shades refer to different
times. (c) Statistics of delithiation on the particle surface. During infinitely slow (equilibrium) delithiation, every surface
point has the same x as the particle averaged degree of lithiation, X. The solid curve departing from this 45° line shows the
average x on the surface of the aspherical particle. The shaded region around this curve identifies the standard deviation,
8 Xsurfaces 1N Xsurface At every time instant. For comparison, xg,face for a spherical particle is shown using a dashed curve.
(d) The distribution of xgf.ce field at representative time instances. The representative time instances for (b) and (d) are
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marked on (a) and (c) using incomplete thin vertical lines. Note that r = 0 in (b) represents the centroid of the particle. For

a spherical particle, all surface points are at 7 = Rparticle- Thus, (b) also illustrates the spatial distribution of surface points
from the centroid.

Figure 2 presents the deintercalation of an aspherical particle at a 6C rate
(representative of the futuristic extreme fast charging application®’). The particle is initially
nearly lithiated, x = 0.99. The results are generated by solving Egs. [1]-[4] over the particle
geometry shown in Figure 1(c). As shown in Figure 2(a), the particle voltage is higher than
U at each particle-averaged intercalation state, X. For comparison, calculations are also
performed on an equal volume spherical particle. For equal volumes, both particles have
identical theoretical capacities and experience the same average current density, z,,,,. Hence,
any difference is related to the aspherical shape. While the difference between the voltage
response of these two particles is imperceptible in Figure 2(a), the concentration
distributions in Figure 2(b) are drastically different. For a spherical particle, all surface
locations are at distance, r/ﬁparticle = 1, from the centroid. In contrast, for an aspherical
particle, surface points are located at different distances from the centroid. More
importantly, not all the surface points (open symbols in Figure 2(b)) have identical
lithiation. Each color represents lithium distribution at a specific time instance marked in
Figure 2(a) using thin vertical lines. To further illustrate this surface inhomogeneity, Figure
2(c) describes the evolution of surface concentration using two descriptors - average surface
concentration, Xg,face (Shown as a solid line) and deviation, § Xg,face (Shown as an error bar
around this line). For comparison, the surface concentration of the spherical particle is
shown using a dashed curve, and the equilibrium behavior as a 45° line. The difference
between the aspherical and spherical particles is more pronounced in terms of concentration
profiles (e.g., Figure 2(c)) in contrast to voltage evolution in Figure 2(a). To visualize this
surface inhomogeneity relative to the particle geometry, Figure 2(d) superimposes
concentration profiles on particle geometry at representative time instances. Specific x
values for the color scale in Figure 2(d) are different at each time instance and can be
mapped to the same color scale using Xg,rface and dXgyrface- The inhomogeneity in surface
lithiation, dxgy,rface, 1S as high as ~10% of the lithiation window (note that as per the
definition of standard deviation, §Xsyrface < (¥surface,max — Xsurface,min))-

Figure 3 examines the causation for the inhomogeneous lithiation shown in Figure
2. At the start of delithiation (¢ = 0 in Figure 3), all locations have identical lithium content,
and U, i, are identical across the surface. In turn, iy, is uniform as shown in Figure 3(c).
During delithiation, the electrochemical reaction decreases x at the surface, while diffusion
from interior locations counter this tendency. Since the surface locations farther from the
centroid have longer diffusion lengths, for uniform i,,, these locations will experience more
delithiation and larger r/ﬁparticle locations will experience more negative dx/dt in Figure
3(d).
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Figure 3. Examining the mechanistic origins of inhomogeneity observed during 6C delithiation of a representative
aspherical particle in Figure 2. Open symbols (o) are the surface distributions of (a) U (b) iy (¢) iapp and (d) dx/dt. Surface
distribution of (a) U and (b) i, relates to the variation in xg, f.ce Shown in Figure 2(b) at respective time instances. The
particle voltage, V, is such that the particle averaged delithiation rate is 6C. V values corresponding to each time instant are
shown in (a) using solid lines. The local distribution of reaction current, i,,,, in (c) is determined by V and surface
distributions in U, iy. (d) Instantaneous changes in lithiation extent, dx/dt, at surface locations are jointly determined by
the reaction distribution (c) and resistance to Li* transport from the surface locations to the interior. The local transport
resistance is predominantly defined by the distance from the centroid, r/ﬁparticle, and chemical diffusivity, D. A more
lithiated surface location farther away from the centroid exhibits a higher transport resistance. The color schemes are
identical to Figure 2(b) and refer to the same time instances.
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This imbalance triggers inhomogeneous surface delithiation. As time elapses, a
location with a slightly smaller x has a higher U (as per Figure 1(d)). During delithiation, the
particle voltage, V, is greater than the highest U. Thus, locations lagging delithiation,
experience a higher overpotential, = V — U, and equivalently a larger local reaction. This
distribution is opposite to the diffusion lengths. More lithium deficient locations still lead
delithiation but experience a smaller instantaneous change compared to t = 0. Fields shown
at 6 seconds in Figure 3 exemplify such a behavior. During these initial moments, the
changes in U are more drastic compared to i, given the nearly vertical U profile close to x =
1 in Figure 1(d). Instead, at 1 min, changes in U are smaller compared to i,. Resultant
opposite distributions of n (Figure 3(a)) and i, (Figure 3(b)) give rise to nearly uniform
reaction distribution in Figure 3(c), and the longer diffusion lengths dominate surface
delithiation in Figure 3(d). Such competitive reaction and diffusion effects amplify
inhomogeneity at early times. As time passes by, the variations in U become stronger and in
turn, n drives local current distribution. Consequently, the locations lagging delithiation
experience a higher local current and the inhomogeneity decreases at late times as seen in
Figure 2(b),(c).

Thus, the inhomogeneity is triggered by the distribution of diffusion lengths and its
growth is related to stronger concentration dependence of material properties close to a
fully lithiated state. At later times when the overpotential drives reaction distribution,
inhomogeneity decays. Figure S2 further justifies the role of concentration-dependent
material properties in amplifying inhomogeneity. The inhomogeneity is smaller when either
[p or D are constant. Even when both i, and D are constant (Figure S2(d),(h)),
concentration-dependent U, and distribution of diffusion lengths cause inhomogeneity.

Given the coupled effects of concentration-dependent material properties and
aspherical geometry, the inhomogeneous lithiation cannot qualify as a reaction- or
transport-limited effect (as is typically expected). Instead, the observed inhomogeneity is
a joint outcome of reaction and transport interactions. Consequently, either increasing
particle size (Figure S3) or faster deintercalation (Figure S4) leads to greater surface
inhomogeneities. Except for Figure S3, all other results are for identical particle volumes
(chosen to be the volume of a 2.5 um radius spherical particle).

Note that, some surface locations experience currents as high as four times the
average current, i.e., 24C for the 6C operation (Figure 3(c)). Such stark inhomogeneity is
detrimental and likely causes accelerated mechanical degradation®86° compared to a particle
experiencing uniform 6C current at every surface location.

The aspherical particle shape also causes inhomogeneities during lithiation
(discharging) of this particle as discussed in Figures S5 - S7.
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Figure 4. Multiple aspherical particles from Table S1 are examined to identify universality in the intercalation
inhomogeneity. (a) Xsurface fields for each particle after 1 min of 6C delithiation. Each particle has an identical volume, i.e.,
theoretical Li storage capacity. Hence the variations in (a) are due to differences in their shapes. (b) Variation in
S8Xsurface/Ax with sphericity, W. Alternatively, (c)-(e) correlate this inhomogeneity against three moment invariant shape
descriptors, 4, 0,, 0. Linear fits are plotted to assist visualization of the underlying trends. Since ¥ is not a unique
identifier of particle shape, the correlation is poor. For a perfect sphere Q; = 0, = Q3 = 1. As 0); decreases from 1, the
number of vertices decreases (sphere has infinite vertices; Q3 = 0.405 for tetrahedron - a 3D shape with the least number
of vertices, four). ; and Q, represent shape variations for the same basic morphology, for example, sphere and ellipsoid
have Q5 = 1 but the ellipsoid has §;, 0, < 1. Inhomogeneity grows as the particle becomes more aspherical in (c)-(e). Note
that most of these particles have ¥ > 0.9 but behave differently than spherical particles.

To explore the universality of the nonuniform lithium intercalation in an aspherical
particle, 6C delithiation is simulated for multiple particles imaged from the same electrode
(refer to Table S1 for geometrical details). Figure 4(a) plots surface concentrations for each
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of these particles after 1 min of 6C delithiation. Inhomogeneity is observed across all
particles. In each instance, the protruded locations, i.e., longer diffusion lengths, are leading
delithiation. This is more apparent in particles A, C, ], K, R, S, T, and U. Alternatively, valley
locations are lagging delithiation as visible in particles D, ], K, and L. Since these particles
have identical volumes, the nonuniform lithiation is related to the aspherical particle shape.
Hence, the degree of nonuniformity, dxgyface Should be correlated to particle shape
descriptor(s). While sphericity, W, is easier to compute and often used as a shape descriptor,
it is a biased indicator of particle shape. As shown in Figure 4(b), even if these particles do
not look spherical, ¥ 2 0.9. For example, particle L is distinctly nonspherical but has ¥ =
0.99. MacSleyne, Simmons, and DeGraef”? proposed unbiased shape descriptors, Q;, Q,, Qs,
based on the moment of inertia tensor. In Figure 4(c)-(e), lithiation inhomogeneity is
correlated to Q,, Q,, Q3. The spherical particle has Q; = Q, = Q5 = 1. All other shapes have
Q4,905,035 < 1and 8xgypface appears to increase at smaller Q4, Q,, Q5. Dashed lines in Figure
4(c)-(e) are sketched to assist visualization. It is interesting to note that all these particles
are obtained from the same electrode volume but exhibit an appreciable variation in particle
shape.

Thus, aspherical particle shape can break the symmetry in reaction and transport
interactions and cause nonuniform intercalation at the particle surface. Such
inhomogeneities are observed even for relatively simple single-phase intercalation materials
like NMC. While additional effects of grain structure>>, compositional variations>8,
nonuniform carbon-binder coating?’7! or electrode heterogeneities11.72 cause nonuniform
intercalation of active particles, the aspherical particle shape mechanism is active in the
absence of other effects and represents a fundamental limit on the achievable lithiation
uniformity. It is interesting to note that such nonuniform lithiation takes place without a
distinct voltage signature. Hence, porous electrode performance predictions are reasonably
accurate with spherical particle assumptions. However, the lithiation nonuniformities
become important when the lithiation is imaged, especially under operando conditions?>.
Moreover, the associated inhomogeneous current distribution likely causes accelerated
degradation. This mechanism is practically relevant for extreme fast charging, batteries for
electric flight, and thick electrodes (where active particles close to the separator experience
much higher currents’3), all of which are important for the next-generation intercalation
batteries. Since more aspherical particles exhibit increased inhomogeneity, such an effect
can be minimized by controlling particle shape during manufacturing.

Supporting Information includes

= Checklist’* documenting key aspects of the present work

=  Nomenclature explaining mathematical symbols used for discussion

S1. Fundamental Difference between Solid Solution and Phase Transformation Intercalation Behavior (Figure S1)
S2. X-ray Computed Tomography to Obtain Particle Geometries (Table S1)

S3. Modeling for Particle-scale Electrochemical Intercalation (Figures S2 - S7)
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