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ABSTRACT: The composition dynamics regulate the accessible
capacity and rate performance of rechargeable batteries. Heteroge-
neous Li reactions can lead to nonuniform electrochemical activities
and amplify mechanical damage in the cell. Here, we employ
operando optical microscopy as a laboratory tool to map the spatial
composition heterogeneity in a solid-solution cathode for Li-ion
batteries. The experiments are conducted at slow charging
conditions to investigate the thermodynamic origins. We observe
that the active particles charge asynchronously with reaction fronts
propagating on the particle surfaces during the first charge, while
subsequent (dis)charge cycles transition to a synchronous behavior
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for the same group of particles. Such transition is understood by computational modeling, which incorporates the dependence of Li
diffusivity and interfacial reaction rate on the state of charge. The optical experiments and theoretical modeling provide insight into
the reaction heterogeneity of porous electrodes and electrochemical conditioning for layered oxide cathodes.
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Nickel manganese cobalt oxides (NMCs) are the state-of-
the-art cathode materials for Li-ion batteries thanks to
their high voltage stability’ and high energy density.” NMC
materials,”* as well as other similar layered transition metal
oxides such as nickel cobalt aluminum oxides (NCAs),” suffer
from a 10—30% capacity loss in the formation cycle, primarily
attributed to the kinetic limitations rather than SEI
formation.”” Studies by Mirker et al.* using operando
synchrotron X-ray diffraction (XRD) and by Grenier et al.’
using nuclear magnetic resonance (NMR) indicate that this
kinetic limitation originates from an exceedingly low Li
mobility at the fully lithiated state, which prevents complete
reversal of the state-of-charge (SOC) at practical C-rates.
Indeed, regardless of the material system, it follows Fick’s law
that a monotonically increasing diffusivity leads to an
asymmetric rate-capability.” Grenier et al.” also observed that
although NCA does not undergo a phase transition, a bimodal
composition distribution appears during charging. Conversely,
during discharging the Li distribution is homogeneous. A
recent study by Park et al” suggests that the bimodal
distribution in non-phase transforming layered oxide cathodes
may stem from a strong dependence of the interfacial reaction
kinetics on Li concentration, giving rise to an autocalytic
effect.” In addition to the first cycle capacity loss, nonuniform
Li reactions can induce local structural damage.'”"" In light of
these observations, it is clear that the Li kinetics in solid
solution materials can be nuanced, leading to short- and long-
term consequences on the battery performance.
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Although previous analyses showed bimodal composition
dynamics in solid solution cathodes, several open questions
remain: What is the length scale of the composition
heterogeneity (interparticle or intraparticle)? How does this
phenomenon progress over cycles at practical C-rates? Are
existing theories sufficient to explain the mesoscale composi-
tion spatiodynamics across the electrode? This study employs
operando optical microscopy paired with multiphysics model-
ing to answer these questions.

The easy access, low cost, and nondestructiveness of optical
microscopy make it a suitable technique for conducting
exhaustive and exploratory studies in Li-ion batteries'” and
has been gaining popularity in recent years.13_15 In this work,
the change in the reflected light intensity from an NMC
cathode is tracked continuously over 3 days and used to infer
the local composition change during slow charging over cycles,
starting with the formation cycle. The dependence of the
reflected light intensity on the Li content has been previously
verified in a variety of active materials, including graphlte,w v
silicon,”'® and LiCo00O,."” Our operando experiments reveal
that NMC particles react asynchronously during the first
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Figure 1. Pixel intensity of NMC particles in operando optical microscopy images across the first two cycles at C/20. (a) The average normalized
pixel intensity of particles 1—14 marked in (b). The scale bar is 10 ym. The average intensity increases with delithiation (charging) and decreases
with lithiation (discharging). (c) The normalized pixel intensity of individual particles (top panel) and corresponding slope (bottom panel). The
first charge is characterized by an asynchronous step function (left plot in the top panel) and single peaks (left plot in the bottom panel). In
contrast, subsequent (dis)charges proceed via a gradual, synchronous behavior.

charge of the formation cycle but transition toward uniform
(synchronous) reactions in subsequent (dis)charge sequences.
The numerical simulations show that solid-state diffusion alone
cannot explain these observations and the phenomenon
requires a spatially varying electric potential across the
electrode surface. We show that the exceedingly low electrical
conductivity of NMC in its pristine state and partial surface
coverage of NMC by the conductive matrix can lead to such
variation, producing the asynchronous reactions during the
first charge. The transition to synchronous reactions happens
naturally as a consequence of the incomplete composition
reversal in the first cycle, which causes an increase in the
baseline electrical conductivity and electric field homogeniza-
tion. These findings suggest that improving the electrical
conductivity of NMC and optimizing the conductive matrix
coverage could prevent the first charge heterogeneous
reactions and their detrimental consequences.

We record optical images of an NMC cathode inside a fluid
cell with a Li metal anode upon cycling at a C-rate of C/20
(schematic in Figure S1). The NMC cathode is a polished
composite electrode of LiNij sMng3Co,,0, (NMC 532) active
material particles, polymer binder, and carbon black con-
ductive additive. We analyze the composition spatiodynamics
of the electrode by the observed change in the reflected light
intensity. Video S1 shows the time evolution of the optical
images during the first two electrochemical cycles (~80 h). To
quantify the change in the perceived brightness, we track the
pixel intensity of 14 NMC particles (dashed circles in Figure
1b). The values of pixel intensity R+G+B (Red+Green+Blue)
are measured in the range of 0—255 and normalized by 25S.
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The average normalized intensity of the 14 particles as a
function of the cell SOC is shown in Figure la. Note that there
are certain limitations of the optical imaging technique such as
the evolution of particle topography, small deviations in the
lens focus, and a limited number of particles in the field of
view. Therefore, the absolute difference in the average intensity
at different charging states in Figure la is not so meaningful.
Nevertheless, there is clear a correlation between intensity and
SOC which suggests a monotonic dependence on Li content
(ie, an increase in intensity is directly proportional to a
decrease in Li concentration). If we inspect individual particles
instead of looking at the average intensity of all the particles,
the intensity is widely nonuniform during the first charge. The
top panel of Figure 1c shows that particles bright up abruptly
and asynchronously (marked by sudden jumps in the intensity
curves). These jumps in intensity do not occur in the following
(dis)charge sequences despite the cell operating at the same C-
rate (C/20). Instead, the intensity changes gradually with the
SOC, indicating that all particles react at roughly the same
time, and at a similar rate. The asynchronous-to-synchronous
transition is most apparent when inspecting the slope of the
intensity vs SOC curves (bottom panel of Figure 1c). For the
first charge (left plot), the pristine particles are inactive for
most of the SOCs (slope is practically zero throughout) except
for one peak when the intensity abruptly switches from its
baseline to its maximum value. This behavior is quite different
in the following half-cycles, where particles react coherently
(largely uniform Aintensity/ASOC). The voltage curve and
optical images are summarized in Figure S2. This peculiar
phenomenon happens across the entire surface electrode
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Figure 2. Operando optical images of the first charge (scale bar 10 ym) from (a) pristine state to (j) fully delithiated state in the course of 20 h.
The individual sections of originally split particles (yellow and green dashed circles) delithiate at different times. The smaller fragments (likely

having a worse electrical connection to the matrix) delithiate later.
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Figure 3. Operando optical images of the second (a—d) and third (e—h) charges (scale bar 10 ym). The uniform intensity change indicates that

particles delithiate synchronously.

(optical images of different areas of the sample in Figure S3).
Note that under the constant voltage step at the end of each
(dis)charge sequence, there is a marked change in the intensity
slope, which is likely a result of the surface saturating faster
than the bulk under this condition.

To understand the intraparticle and interparticle composi-
tion spatiodynamics during the first charge, we inspect close-up
optical images in Figure 2. Note that the two cracked particles
enclosed by the yellow and green dashed lines were already
damaged in their pristine state (Figure 2a), and their cracks are
not a result of Li reactions. The images show that the intensity
surge occurs at different stages of the first charge for particles
belonging to the same neighborhood. For instance, the particle
circled in yellow (Figure 2c) undergoes the intensity jump after
3.3 h into the charging process, while a neighboring particle
(the smaller section of the particle enclosed by the green
dashed circle, Figure 2h) does not react until 3.2 h later. Many
surrounding particles display no sign of intensity change even
after 13 h of charging (Figure 2i), and this interparticle
heterogeneity exists throughout most of the operating range.
The Li distribution appears to quickly homogenize within each
particle (less than 14 min for the particle circled in yellow and
2 min for the right section of the cracked particle circled in
green). We also note that the larger sections of the fragmented
particles tend to react earlier than their counterparts. This
observation may be related to the smaller sections having a
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worse connection to the electrically conductive carbon
network of the cathode. Figure 3 of the second and third
charges shows a different behavior from the first charge. The
intensity change is gradual and uniform across and within all
the particles indicating homogeneous composition dynamics.

We verify that this asynchronous Li deintercalation during
the first charge also occurs for different NMC transition metal
compositions (LiNiysMngy;Co,;0, - NMC811), electrolytes,
and C-rates (see the list of supplementary experiments in
Table S1, Figure S4, and S6). Notably, Figure la (potential
w.r.t. SOC curve in Figure S2) shows that roughly 10% of the
capacity is not recovered at the end of the first discharge,
consistent with previous studies.”””" The capacity loss for the
second cycle is negligible, providing a high Coulombic
efficiency that is typically seen for NMC in the later cycles.
Since we choose the operating voltage window of 4.3—2.5 V,
we do not observe extensive structural degradation in the
NMCS532 particles (typically occurring at a higher voltage of
4.6 V*** or a lower range of 1.7 V**). However, large cracks
were observed in NMC811 particles even at moderate voltages
(Figure S4). The fracture’s timing correlated precisely with the
intensity surge, which is further evidence of the intensity
dependence on Li content.

The above results agree with previous observations made in
similar materials’ that a bimodal composition distribution
exists during the first charge that does not show up during the
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Figure 4. Schematic and parameters of computational modeling. (a) The 2D cathode cross-section geometry where polycrystalline NMC particles
(gray) are embedded in a carbon network (black), surrounded by the electrolyte (light blue), and connected with a cathode current collector at the
bottom. The interfacial reaction occurs at the NMC surface: in direct contact with the liquid electrolyte, and at the porous carbon binder interface.
(b) Electrical conductivity (Kyyc) of NMC as a function of the SOC. The low value of Kyyc compared to that of carbon binder (~10* S/m)
creates electrical resistance in the cathode leading to the asynchronous first charging behavior. The lower Li content at the first cycle compared to
the pristine state leads to higher starting electrical conductivity for the following charge. This difference helps minimize the asynchronous behavior
in later cycles at the same C-rate. (c) Diffusivity of NMC versus the SOC. The black curve is the curve used in the computational model. The low
diffusivity in the low SOC region (x = 1.0—0.8 in Li,(NMC)O,) leads to capacity loss after the first cycle. (d) Li concentration at the color-coded
locations on the surface of the topmost particles in (a) as a function of the charging time. Different colors are assigned to different secondary
particles. The variation in the carbon conducting network to the topmost NMC particles results in an asynchronous charging only during the first

charge, in agreement with the experimental results.

first discharge. However, we find that the earlier justification
that the effect originates from Li mobility limitations is
insufficient to explain the phenomenon observed here. In our
experiment, the cathode is fully submerged in the electrolyte
solution, and Li-ions are available throughout the entire surface
of the particle being imaged. Thus, solid-state diffusion alone
cannot explain the surface and interparticle heterogeneities.
Hence, we further investigate this phenomenon using
computational modeling to identify its underlying mechanism.
Consider the Butler—Volmer kinetics for the surface charge
transfer at the interface of NMC and the liquid electrolyte

= o] 221) - eof 227

RT (1)
n=¢ - ¢ —Ey ()
i = F(E)™ (k) (e — €)% ()|

Cl,ref (3)

where igy is the redox current through the surface of the NMC
particles, i, is the exchange current density, k, and k. are anodic
and cathodic reaction rate constants, @, and @, are anodic and
cathodic transfer coefficients, c¢,,, is the maximum Li
concentration in the active material, ¢ is the Li concentration
in the active material, F is the Faraday’s number, ¢ is the Li
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concentration in electrolyte, # is the electrochemical over-
potential, ¢ is the local electric potential at the NMC particle
reaction surface, ¢, is the local electrolyte potential, and E, is
the equilibrium potential at a given local Li concentration
when the active material and the electrolyte are at electro-
chemical equilibrium. The spatial variation of ¢, or ¢, for a
thick cathode or during a high C-rate'" can lead to dissimilar
charging behavior of NMC particles. However, at the slow
charging (C/20) condition, the spatial variation of ¢, or ¢
should be insignificant unless major electrical obstruction or
ionic obstruction exists across the cathode.

The morphological features of the carbon binder network in
commercial electrodes are generally heterogeneous: nonuni-
form distribution”® and varying tortuosity*® across the cathode,
connectivity/dead ends,”” and incomplete NMC particle
coverage.28 Because the NMC materials have electrical
conductivity several orders of magnitude smaller than that of
conductive carbon binder matrix,”>° one of the primary
sources of obstruction to the electrically conductive network is
the NMC particles. To simulate this effect, we create the 2D
model depicted in Figure 4a with the NMC particles on the
top surface (designated by orange, blue, green, purple, and red
markings) experiencing varying degrees of electrical resistance
from the conducting network. The rightmost particle (surface
marked by the red line) experiences the largest degree of
electrical obstruction with four NMC particles obstructing its

https://doi.org/10.1021/acs.nanolett.2c01818
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Figure S. Computational modeling of the spatial distribution of Li in the NMC secondary particles. (a) Li profiles on the surface of the NMC
particles at different states of charge. The first charge (first row) exhibits highly heterogeneous (intra- and interparticle) compositional dynamics
where Li extraction starts from the pristine state (i) and ends at higher SOC on the right side (iv). The subsequent (dis)charges (second and third

rows) show synchronous behavior.

conductive network. Conversely, the leftmost particle (surface
marked by the orange line) has a direct carbon binder
connection to the current connector. Depending on the
magnitude of the electrical conductivity of the NMC particles,
these differences in the conductive network will lead to spatial
variations in the electric potential (), altering the local
overpotential () and thus generating dissimilar interfacial
currents (igy) at the NMC particle surfaces (based on eqs 1-
(3)). Hence, the active particles in the same neighborhood but
with different contacts with the conductive network can
experience the onset of reactions at different times. Note that
we do not intend to capture all the explicit microstructural
details in a commercial composite cathode with the model in
Figure 4a. Instead, the goal is to replicate the fact that the
electrically conductive agent nonuniformly covers the active
particles. The electrochemical modeling is based on the theory
developed by Newman®' in COMSOL. Note S1 and Tables
S2—S54 show the governing equations, boundary conditions,
and model parameters used in the calculations.

Li diffusivity in NMC is highly concentration-dependent as
shown in Figure 4c (symbols represent literature data, and a
continuous black line is the curve adopted in the
model).***7> A general trend is that Li diffusivity in NMC
is low at the start of charging (x ~ 1 in Li,(NMC)O,) and
increases as the charging proceeds (1 > x > 0.2—0.5 in
Li,(NMC)O,). This observation has a mechanistic explanation
in terms of the divacancy diffusion mechanism where the Li
mobility varies with the square of the number of vacancies.”*
In the case of silicon, we have previously demonstrated how
the concentration-dependent diffusivity can create an intrinsi-
cally asymmetric performance during charging and discharg-
ing.* With the Li diffusivity increasing with the SOC, the time
needed to fully discharge can be orders of magnitude higher
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than the charging time regardless of the type of boundary
condition (Neumann/Dirichlet). For NMC, the lower
diftusivity at high Li concentrations makes it challenging to
reinsert all the Li back into the NMC lattice even at slow C-
rates. After losing a fraction of the capacity at the end of the
first cycle, the system stays at higher values of Li diffusivity for
subsequent cycles, thus preventing further capacity loss in
subsequent cycles. A similar trend holds for the reaction rate
constant of NMC for the surface charge transfer.’” A prior
study showed that the variation of the reaction rate could result
in the autocatalytic effect and fictitious phase separation in
layered oxide cathode.”

Figure 4b shows literature reports
conductivity of NMC materials (symbols) and the curve
adopted in our computational model (continuous black line).
The conductivity is several orders of magnitude lower in the
pristine state than in the partially charged (delithiated)
state.’”*' ™" This behavior is similar to LiCoO,** and
attributed to the transition from a semiconductor-like behavior
to a metallic character caused by the initial Li removal.***
Because of the capacity loss after the first cycle, the NMC
particles will remain at a significantly higher electrical
conductivity (in addition to higher diffusivity) for the start
of the second charge (Figure 4b,c). Hence, we hypothesize that
the low electrical conductivity of pristine NMC could explain
the first charge asynchronous reactions. At the same time, the
capacity loss is linked with the transition to synchronous
reactions by preventing the NMC from reaching lower values
of electrical conductivity (at a pristine state).

The model in Figure 4a is electrochemically cycled by
enforcing a constant current at the Li source surface
corresponding to a C-rate of C/20. Figure 4d shows the
normalized surface concentration of Li with time for the

303841 f the electrical
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particles marked by different colors in Figure 4a. As per the
hypothesis, the electrochemical activities are delayed with the
increment of the electrical resistance along the path to the
current collector (i.e., the leftmost top particle reacts first, and
the rightmost top particle reacts last). This effect does not
appear in the second charge because the incomplete Li
intercalation at the end of the first cycle leads to the higher
electrical conductivity at the start of the second charge (range
indicated in the dark gray shade for the second charge in
Figure 4b). In the absence of first cycle capacity loss, the
asynchronous reactions would have continued into subsequent
cycles. The spatial distribution of Li concentration is shown in
the contour map of the NMC cathode in Figure S. Because of
the exceedingly low electrical conductivity of the NMC
particles in the pristine state, the composition dynamics during
the first charge are extremely sensitive to the characteristics of
the carbon binder network. Low spatial interconnectivity of
carbon binder within the electrode and incomplete coverage
around NMC particle leads to highly heterogeneous Li
distribution throughout the electrode. The intraparticle
heterogeneity is also observed in a 3D single-particle model
(Figure SS).

At the slow C/20 rate, it is worth noting that the reaction
rate constant (k) contributes to the heterogeneity of the
reactions in our model but not significantly (Figure S7). We do
not consider any structural degradation of the NMC secondary
particles in the computational study. Mechanical damage at the
interphase of NMC and carbon binders, or the breakdown of
the secondary particles, can further modulate the asynchronous
reaction in the first charge, which we do not consider in the
present study. The change in the carbon binder properties
during (dis)charge,46 interfacial debonding,”’47 microstruc-
tural evolution of carbon binder network,*® and particle crack
generation‘w’50 are vital occurrences during the first charge,
which can regulate the asynchronous kinetics of NMC.

In conclusion, the operando optical microscopy affords an
easily accessible yet powerful tool to observe the electro-
chemical behavior of multiple particles of the composite
electrode in real -time. We present a study of the asynchronous
reactions in a solid-solution cathode for Li-ion batteries during
the first charge and the transition to the synchronous reactions
in the following (dis)charge cycles. The mechanism is
summarized as follows:

(1) The low electrical conductivity of NMC particles in the
pristine state creates the spatial variation of the electric
field and the reaction rate for the surface charge transfer.
The carbon matrix’s incomplete coverage of the NMC
particles determines the intensity of reaction hetero-
geneity across the cathode during the first charge.
Throughout the first discharge, the relatively higher
values of electrical conductivity of NMC drastically
diminish the heterogeneity.

(2) In agreement with previous studies, we find that the
significant variation of Li diffusivity with Li concen-
tration (orders of magnitude lower in the fully lithiated
state) is responsible for the capacity loss at the end of
the first cycle. Li diffusivity remains at a higher value at

the start of the second charge.

(3) The incomplete Li intercalation after the first cycle
promotes electrical conductivity of the NMC particles in
subsequent cycles, resulting in homogeneous electro-

chemical activities throughout the composite cathode.
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The mechanistic understanding is implemented in our 2D/
3D models and can replicate the experimental observations.
We assert that the asynchronous and synchronous Li activities
are general phenomena for porous electrodes using layered
metal oxide cathodes and are crucial factors determining
rechargeable batteries” capacity and rate performance.
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