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SUMMARY

Understanding how lithium-ion dynamics affect the (de)lithiation
mechanisms of state-of-the-art nickel-rich layered oxide cathodes
is crucial to improve electrochemical performance. Here, we
directly observe two distinct kinetically induced lithium heteroge-
neities within single-crystal LiNi,Mn,Co(;_,_)O2 (NMC) particles
using recently developed operando optical microscopy, chal-
lenging the notion that uniform (de)lithiation occurs within indi-
vidual particles. Upon delithiation, a rapid increase in lithium
diffusivity at the beginning of charge results in particles with
lithium-poor peripheries and lithium-rich cores. The slow ion diffu-
sion at near-full lithiation states—and slow charge transfer ki-
netics—also leads to heterogeneity at the end of discharge, with
a lithium-rich surface preventing complete lithiation. Finite-
element modeling confirms that concentration-dependent diffu-
sivity is necessary to reproduce these phenomena. Our results
demonstrate how kinetic limitations cause significant first-cycle ca-
pacity losses in Ni-rich cathodes.

INTRODUCTION

Layered Ni-rich NMCs (LiNiyMn,Co(1_x_yOz, x > 0.5) and NCAs (LiNixCo,Al( _x_y)
O3, x > 0.5) are widely used as cathode materials in high-energy-density lithium-
ion batteries for electric vehicle applications.'™ Despite their cost and envir-
onmental benefits, these cathode materials suffer from long-term stability issues
that limit their safety and lifetime, as well as typical irreversible capacity losses
of >10% during the first cycle.®” Significant world-wide effort is thus being devoted
to understanding their underlying charging mechanisms to mitigate these shortcom-
ings.>®? Previous studies have attributed the first-cycle capacity losses to kinetic
limitations due to slow lithium diffusion at near-full lithiation states as a result of
fewer lithium vacancies and decreased interlayer spacing.'”'" X-ray diffraction
(XRD)-based methods have furthermore revealed several “phase segregation” phe-
nomena during the delithiation of Ni-based layered cathodes,'*" despite the fact
that the (de)lithiation of such materials intrinsically follows a solid-solution mec-
hanism."?"¢"” Rather than a thermodynamic phase segregation, these observations
suggest formation of kinetically controlled heterogeneities in lithium occupancy that
occur over a sufficient domain size or length scale to result in discernible differences
in the lattice constants and diffraction signals; however, a debate exists as to
whether this heterogeneity is at the particle or electrode level.'*

CONTEXT & SCALE

The mechanism by which lithium
ions are stored in high-energy-
density lithium-ion battery
materials is typically assumed to
be uniform across the individual
active particles. Here, by using
operando optical scattering
microscopy and diffusive
modeling, the authors directly
image and track the buildup of
kinetically induced lithium-ion
heterogeneity within individual
particles during battery operation
in one of the most promising next-
generation cathode materials
based on nickel-rich manganese
cobalt oxide (NMC).

The insights provided by this
study do not only challenge long-
held beliefs but also motivate new
approaches to overcome critical
capacity losses in high-
performance materials, especially
as society moves toward fast-
charging regimes.
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These proposed lithium heterogeneity phenomena are closely correlated with the
electrochemical performance of the cathode material. However, our understanding
of the operative mechanism by which the heterogeneity arises at the particle level is
limited since many of these studies are based on ensemble characterization tech-
niques, particularly in situ and ex situ XRD of bulk electrodes, where the measure-
ments inherently cannot spatially resolve the heterogeneity at the relevant length
scales.'?"? Recent advances in synchrotron-based micro-spectroscopy techniques,
such as scanning transmission X-ray microscopy (STXM) coupled with X-ray absorp-
tion spectroscopy,’®'®?° are capable of providing chemical information at the
nanometer scale. However, such techniques suffer from disadvantages including
limited availability of beam time and potential beam damage.”’

In this work, we directly track the lithium-ion dynamics in monolithic (also referred to
as "single-crystal”) Ni-rich NMC cathodes, with a particular focus on the transient
lithium heterogeneities during lithium insertion and extraction, using a recently
developed method—operando optical scattering microscopy.”” Our results demon-
strate a clear correlation between the optical intensity and local lithium content, and
we identify kinetically induced lithium heterogeneities within individual active NMC
particles. These heterogeneities are most prominent at the beginning of the charge
and also appear at the end of discharge, originating from a sharp drop in the lithium-
ion diffusion coefficient toward high lithium contents. We further explore the origins
of these phenomena with finite-element modeling parameterized by a lithium con-
centration-dependent diffusion coefficient, derived from solid-state nuclear mag-
netic resonance (ssNMR) characterization. This combined approach enables us to
determine the effects of the rate-limiting kinetic processes on the (de)lithiation of
Ni-rich NMC cathodes and identify the conditions under which lithium heterogeneity
occurs at the individual particle level. Via experiment and theory, we determine the
origin of the first-cycle capacity loss in NMCs.

RESULTS

Operando optical scattering microscopy

During a typical operando measurement, an optically accessible electrochemical
cell (Figure 1A) operates either under a constant-current (CC) or a constant-voltage
(CV) bias and is simultaneously illuminated with a light-emitting diode (LED, central
wavelength of 740 nm). The reflected and back-scattered light from the sample and
the glass/electrolyte interface is collected and imaged onto a camera. Figure 1B
shows an optical image of part of the NMC cathode with nominal stoichiometry
LiNio.g7Mnp.05C00.0s02, where the bright area corresponds to an individual ~2 pm
NMC particle and the surrounding dark area represents the conductive carbon
and binder matrix. The observed optical intensity is primarily determined by the

23-25

local dielectric properties of the particle, which are sensitive to the degree of

lithiation.

The uniform optical intensity across the particle suggests that the top surface is
smooth and flat, as further confirmed by a scanning electron microscope (SEM) im-
age of the same particle (Figure 1C). Moreover, the flat surface is a strong indication
that the observed surface is parallel to the NMC a/b basal plane (see the structure
illustration in Figure 1D), which is further supported by the operando optical results
discussed below.

XRD confirms the NMC is phase pure (space group R3m) and has a low Li/Ni antisite
mixing (~2%; diffraction pattern and Rietveld refinement results are shown in
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Figure 1. Monolithic NMC cathode and operando optical microscopy

(A) Schematic drawing of the key components of the electrochemical cell for optical microscopy.
The cathode is a self-standing electrode composed of numerous NMC particles, carbon black and
polytetrafluoroethylene (PTFE) binder. Aluminum mesh is used as a current collector (WE, working
electrode; CE, counter electrode).

(B) Optical image of an active NMC particle in the electrochemical cell.

(C) SEM image of the same monolithic NMC particle shown in (B), obtained after the optical
measurements.

(D) Schematic illustration of the crystal structure of the NMC cathode illustrating the alternating
layers of LiOg and TMOg4 octahedra, where TM denotes transition metal.

(E) Voltage (black) and current (blue) profile (top panel) and the normalized optical intensity of the
active particle shown in (B) (bottom panel) during one charge-discharge cycle (comprising a C/3
constant-current [CC] charge and discharge between 4.3 and 3V, followed by a 2-h constant-
voltage [CV] hold at 3 V). Three C/3 cycles were performed prior to this cycle, finishing with 2-h
voltage holds at 3 V. The C-rate was calculated based on a practical capacity of 210mAh g™, i.e.,
the current density for the C/3 rate is 70 mA g~'. Scale bars, 1 pm.

Figure S5). Figure 1E shows a typical voltage (black line) and current (blue line) pro-
file for a CC charge—CCCV discharge cycle at a C/3 rate (nC corresponds to a full
charge or discharge in 1/n hours), with a 2-h voltage hold at 3 V at the end of
discharge (full electrochemical cycling history is summarized in Figure Sé). The CC
charge and CC discharge capacities were 229.0 and 192.4 mA h g™, respectively,
corresponding to a coulombic efficiency (CE) of 84.0%. The 2-h hold at 3 V provided
an additional 16.4 mAh g™, increasing the CE to 91.2%. The extra discharge capac-
ity obtained by applying a CV step at the end of CC discharge is a generic behavior
for all layered Ni-rich cathodes.” ' Note that even with a CV hold, the CE of 91.2% is
lower than that achieved in coin cells with an equivalent electrode and cycling pro-
cedure (typically >99% after the first cycle; see Figure S7), which we attribute to the
performance limitations of the specialized operando cell.

On charge, the optical intensity of the active particle increases monotonically as
lithium is de-intercalated from the NMC particle, reaching a maximum intensity
~62% higher than its initial value; the general trend is reversed on discharge/lithia-
tion (bottom panel in Figure 1E; Video S1). This clearly shows that the dielectric

Joule 6, 1-12, November 16, 2022 3



cathodes, Joule (2022), https://doi.org/10.1016/j.joule.2022.09.008

Please cite this article in press as: Xu et al., Operando visualization of kinetically induced lithium heterogeneities in single-particle layered Ni-rich

¢? CellPress

OPEN ACCESS

Normalised
intensity change Voltage (V)

012+
0.06 1

0.00+

20 30 40 50
Time (min)

35T

C/3

Rest

T0.1

w) jusing

+0.0Z

o

5 min

10 min

- Lit

- Li*

15 min

- Li*

Total contrast

-0.2 -041

19.67 min

0.06

0.031

Normalised
intensity change Voltage (V)

0.00~

0 10 20 30 40 50
Time (min)

Figure 2. Lithium heterogeneity in single-particle NMC at the beginning of charge
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(A) Voltage and current profiles during the first 1 h of charge at C/3 (top panel) and the normalized intensity changes, obtained by integrating over the

whole active particle shown in (B) (bottom panel).

(B) Normalized differential images of the active particle during the initial charging, for the time points indicated by black circles in (A). The total contrast
is shown, which represents the fractional intensity change between the current frame and the first frame of the cycle (i.e., with no current applied). The
color scale is centered at zero (white), with positive values indicating an overall intensity increase (red), and negative values indicating a decrease (blue).
(C) Voltage and current profiles during the first 20 min of charge at C/3 followed by a rest period (top panel), and the normalized intensity changes of a

second active particle (bottom panel).

(D) Normalized differential images of the active NMC particle during the charge-rest experiment. Scale bars, 1 pm.

properties of the NMC cathode are strongly dependent on its lithium content. More-
over, the monotonic nature of the intensity change means that intensity can be used
as a qualitative proxy for the single-particle state-of-charge (SoC)/lithium content: a
higher intensity corresponds to a lower lithium content. A more detailed analysis of
the relationship between the optical intensity and lithium content is given in Fig-
ure S8, and the smaller changes seen above 4.1V are shown in Figure S9.

Lithium heterogeneity at the beginning of charge

We now investigate spatially resolved delithiation and lithiation processes in single-
particle NMCs. Figure 2A shows the voltage profile and intensity change during the
first hour of the C/3 charge, and differential images (see experimental procedures)
with respect to the beginning of the cycle at 5, 15, 25, and 35 min are shown in Fig-
ure 2B. After 5 min of delithiation at C/3, the periphery of the particle started to show
a positive contrast, the higher intensity being ascribed to local NMC domains with
lower lithium content (higher intensity is indicative of lower lithium content;
Figure 1D). The core remains fully lithiated and a distinct lithium concentration het-
erogeneity inside this individual NMC particle is formed. On further charging, this
periphery continued to advance toward the center of the particle, further increasing
in positive contrast, while the core lagged noticeably behind (15 and 25 min, Fig-
ure 2B). After 35 min, the total contrast had become reasonably uniform across
the whole particle (Video S2). We have observed this phenomenon in more than
50 different particles from seven different electrodes, confirming its reproducibility
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(see Figure S10). Further work on a larger set of particles is required to explore
further heterogeneity effects and identify other correlations between, for example,
size and shape and heterogeneity/diffusivity.

This apparent “core-shell” structure cannot be of thermodynamic origin since the
(de)lithiation of Ni-rich materials is widely acknowledged to be a solid-solution
process. This is in contrast to the closely related material LiCoO,, which exhibits a
thermodynamic two-phase region at the beginning of the charge caused by an insu-
lator-to-metal transition, absent in NMC.?*"?® A charge-rest experiment was then
performed to confirm the kinetic origin of the “core-shell” structure observed here
(Figure 2C). During the ~20-min charge period, lithium heterogeneity began to
develop in the particle as described above (Figure 2D). After stopping the current,
however, the intensity heterogeneity across the particle gradually disappeared,
and a uniform distribution was achieved by the end of the rest period (Fig-
ure 2D)—this is consistent with a kinetically driven intra-particle heterogeneity where
the equilibrium state exhibits a uniform lithium distribution.

In addition to the intra-particle heterogeneity discussed above, some inter-particle
reaction heterogeneity was also observed at the beginning of the charge at a higher
rate of 2C (Figure S11). We ascribe this observation to differences in wiring and
tortuosity of pathways for lithium transport through the bulk electrode to the
NMC particles since the particles that are imaged are located the furthest from
the separator (see Figure 1A and Video S3). Further studies are currently underway
to quantify these effects.

Finite-element simulations and rate dependence

Guided by the experimental results, we developed a finite-element model to assist
our understanding of the lithium heterogeneity observed at the beginning of the
charge. Our model assumes a constant lithium flux in/out of a particle—the particle
has the same cross-sectional shape as one of the particles that were examined exper-
imentally (Figure 3A), with diffusion only occurring parallel to the basal plane of the
particle. To calculate the self-diffusion coefficient, Dy, of lithium inside the NMC lat-
tice, we measured the lithium hop rate v using solid-state NMR as a function of SoC
and inferred Dy; from v (see supplemental information section “ssNMR and self-diffu-
sion coefficients”).

Note that the inferred magnitude of » depends strongly on assumptions made as
part of the NMR data analysis as discussed below (supplemental information section
“"modeling”). Therefore, instead of directly using the value of Dy; inferred from the
NMR hop rate data, we scaled Dy by a constant factor S to obtain an effective
diffusion coefficient Dfff=Dy;/S while not changing the functional form of the
dependence of Dij on SoC. The scaling factor S was obtained by seeking for agree-
ment between predictions of occupancy and measurements of the temporal varia-
tion of the total contrast within the NMC particle. Specifically, we assumed a linear
relation between optical intensity and Li occupancy and obtained S by minimizing
the root-mean-square error between the temporal intensity measurements at the
center of the particle and the corresponding occupancy predictions at a charging
rate of C/3. This analysis suggests S=3.5 (see supplemental information and Fig-
ure S2) such that DEff ~ 10~"%cm? s~'near-full lithiation. Regardless of the value of

S, Deff increases by almost two orders of magnitude upon removal of 40% of the

lithium (Figure 3B). Upon adopting this calibrated value of D¢ff, the model captures

the spatio-temporal evolution of Li occupancy within the NMC particle including the
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Figure 3. Comparing modeling and experiments

(A) Sketch of the particle used in the modeling.

(B) The effective lithium diffusion coefficient Dgff=Dy;/S as a function of lithium content (S = 3.5).

(C) Comparison of simulation and experimental imaging results, both conducted at a delithiation rate of C/3. The predicted degree of delithiation
(1—6) on the basal plane of the particle at various times during the charge.

(D and E) Evolution of (D) the degree of delithiation in the simulation and (E) the total contrast in the optical images along the horizontal dotted line
marked in (C). In (E), we include the corresponding predictions (shown with dashed curves) of the total contrast.

(F) Evolution of measurements and predictions of total contrast at the center of the particle (shown by the vertical dashed lines in D).

development of sharp concentration gradients during delithiation at C/3 (Figures
3C-3E). These spatial heterogeneities occur over a wide range of charging rates,
and the model reproduces these observations for charging rates ranging from
C/30 to 2C (Figures S12 and S13).

The lithium heterogeneity during charging can be succinctly illustrated by retrieving
the lithium content at the center of the particle (Figure 3F). Again, the model is in
good agreement with experimental results and clearly shows that the delithiation
of the particle center lags noticeably behind the surface at the start of the CC charge
at all charging rates, indicating that the delithiation front takes significant time to
reach the center. Our model also indicates that the intra-particle heterogeneity is
strongly dependent on the particle size, i.e., smaller particles show less pronounced
heterogeneity (Figures S14 and S15), which is in good agreement with the experi-
ment (Figure S16; Video S4). We note that our modeling revealed that some spatial
lithium-ion heterogeneity can also arise when the ion diffusivity is assumed to be
constant but small in magnitude and below 5% 10-"* cm? s~', see Figure S17D.
However, the temporal evolution of the ion concentration assuming a constant
diffusivity fails to capture the delayed response of the particle center followed by
a quick delithiation (Figure S17) as seen in the experimentally observed intensity
measurements (Figure 3F). Taken together, these results strongly support our hy-
pothesis that the observed heterogeneous delithiation is consistent with a strong
sensitivity of diffusivity to lithium content at the beginning of the charge.
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Figure 4. Lithium heterogeneity at the end of discharge

(A) Voltage and current profile (top panel) and normalized intensity changes of the active particle during a 1C rate CC charge and CCCV discharge cycle.
CV was performed at 3V for 2 h. The dashed gray line (bottom panel) is a guide for the eye, representing 0 intensity change. The initial lithium content is
estimated to be ~97% based on the open circuit voltage (OCV, ~3.5V versus Li/Li*). Note that this near-full lithiation state was achieved by applying a

2-h voltage hold at 3 V after the end of CC discharge in the previous cycle.

(B) Differential images of an NMC active particle during the discharge, at the times indicated by black circlesin (A) (where a, b, ¢, d, e, and f are at 90, 104,
140, 180, 224, and 298 min, respectively). Scale bars, 1 um. The current at the end of the CV period was —7.59 pA (equivalent to ~C/200; a negative sign

denotes discharging current).

Lithium heterogeneity at the end of discharge

We next explored in more detail how these dynamic lithium heterogeneities influ-
ence the first-cycle capacity loss in layered Ni-rich materials. During CC cycling at
1C (Figure 4A), the normalized intensity of the particle followed the same trends
as seen above. Importantly, however, at the end of discharge, the particle intensity
was 8% higher than its initial value, indicating incomplete reinsertion of lithium, in
line with the voltage-capacity profile (Figure S18). During a subsequent 2-h CV
hold at 3V, an extra capacity of ~24 mA h g™ could be extracted (increasing the
CE from 82.3% to 94.3%), and the mean intensity reached its initial value.

Examining the spatial intensity variations across the particle shows that the intensity
of the active particle remained uniform for the first 30 min of the 1C discharge (a in
Figure 4B). At the end of the CC discharge (104 min, b in Figure 4B), the vast majority
of the particle still exhibited a lower lithium content (positive total contrast, red)
compared with the beginning of the charge. Yet, around a narrow periphery of the
particle, the total contrast was close to zero (Figure S18), indicating that the particle
has a lithium-rich periphery (with the lithium content approaching that of the particle
before charging) and a more lithium-deficient core. The fact that the core remains
lithium deficient can be explained by the drastically reduced lithium diffusion coef-
ficient at near-full lithiation states (Figure $19)."""* For occupancy of (1 — )< 0.2,
the drop in diffusivity produces a significant concentration gradient across the par-
ticle, which is more pronounced at faster-charging rates (Figure S19).

With the additional CV step, the particle was re-lithiated further as indicated by the
continued decrease in total contrast (c, d, and e in Figure 4B). In particular, a large
fraction of the particle returned to the initial intensity (~0 total contrast, white). At
the end of the CV step (e in Figure 4B), the variation in the contrast (hence the lithium
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Figure 5. Summary of the lithium-ion distribution within the single active particle at various
lithium contents

The circles show schematic representations of single-particle Ni-rich materials at various SoCs. The
voltage profile is illustrative of the single-crystal NMC material used in this work and was obtained
in a half-cell cycled with a CC charge and CC discharge (C/20 rate) and a discharge CV hold at 3V
(for 24 h).

content) across the particle becomes very small, and further equilibration is seen af-
ter the open circuit voltage (OCV) rest (f in Figure 4B). These results confirm that the
capacity loss induced by the kinetic limitations mentioned above can be, to a large
extent, recovered by a slow lithiation step. Note that even with a very long voltage
hold at the end of discharge, the first-cycle CE still does not reach 100%, as demon-
strated here (Figure 5) and in other studies in the literature.®'*?? The CE of coin cells
is, however, significantly higher, and the poorer CE in the optical experiments is
attributed to the unconventional cell setup (see Figures S6 and S7). The remaining
first-cycle loss is attributed to electrolyte degradation at high voltages and mecha-
nisms associated with a loss of active material due to, for instance, transition metal

30-32 and surface reconstruction.>>° Consistent with this, the CE in-

dissolution
creases as the rate increases approaching 98% at 2C (see Figure S6), the electrodes
spending less time at higher voltages. Given the extremely low diffusivity of the fully
lithiated material with no Li vacancies, it is also possible that not all of the particles in

the whole electrode are fully lithiated even after the long hold.

DISCUSSION

Lithium heterogeneities during delithiation and lithiation

When delithiating the layered cathodes from full (and near-full) lithiation states, a
noticeable lithium heterogeneity is seen with a lithium-rich core and a lithium-
poor periphery (summarized in Figure 5). The SoC range during which this heteroge-
neity is present is dependent on the initial state of charge as well as the charging
rate. This lithium heterogeneity arises from the low lithium diffusivity at near-full lith-
iation, which is insufficient to support a high lithium-ion flux uniformly throughout the
particle. Instead, as the lithium is extracted from the periphery of the particle, the
periphery develops a higher lithium diffusivity due to its lower lithium occupancy,
accelerating the rate of lithium-ion extraction from the lithium-poor periphery do-
mains further. Simultaneously, the boundary between the lithium-rich and lithium-
poor domains propagates toward the center of the particle as the charging pro-
gresses, until the particle becomes uniform in lithium content, and no obvious het-
erogeneity occurs during the rest of the charging.
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During CV discharge, lithium insertion occurs predominantly uniformly throughout the
particle, except at the very end where a narrow periphery becomes notably lithium-rich
compared with the core. This results from two kinetic limitations, slow lithium diffu-
sion—seen by ssNMR measurements—and slow charge transfer kinetics (see potentio-
static intermittent titration results in Figure S20), both of which lead to a substantial
increase in the over-potential and hence a steep decrease in the cell voltage during
CC discharge. As a result, the cell quickly reaches the cut-off voltage with the core of
the NMC particles in a lithium-deficient state and therefore causes a capacity loss.
Such kinetic limitations can be largely overcome by a much slower lithiation process,
for instance, by inserting a CV hold at 3 V versus Li/Li* in the present case. Although
the degree of heterogeneity at the end of discharge is much less significant than that
seen at the beginning of the charge, it is nonetheless capable of resulting in a loss in ca-
pacity of as much as 10% when using standard CC cycling regimes.

Lithium heterogeneity in related NCA materials at the beginning of the first charge was
proposed recently by Grenier et al.,'” in the SoC range of 0.96 > 6 > 0.74 on the basis
of operando synchrotron powder XRD. Here, the XRD pattern was modeled with two
different phases, with the difference in lithium content between the lithium-poor and
the lithium-rich phase gradually increasing from 0.09 at 6 = 0.96 to 0.18 at 6 = 0.74—
such lithium heterogeneity was ascribed to be intra-particle. XRD, however, is a bulk tech-
nique and provides no spatially resolved information. Conversely, Park et al. recently
suggested, on the basis of ex situ X-ray absorption microscopy experiments, that this het-
erogeneity occurs between, rather than within, particles.'* They proposed an intrinsic
mechanism for the apparent phase separation observed during the delithiation of
NMC, termed “electro-autocatalysis,” which describes the increase in the interfacial ex-
change current density as lithium content decreases.’”

Our work expands on these studies, directly demonstrating that both proposed mech-
anisms will be at play under operating conditions. Critically, the intra-particle heteroge-
neity observed in our work cannot be captured by ex situ experiments (see Figure 2D).
We further note that non-uniform lithiation during the CC and CV discharge has not been
previously seen by XRD,"? presumably because it represented a very small fraction of the
bulk, highlighting the unique capability of our optical imaging technique to capture the
transient and small heterogeneities in battery materials.

A scaling factor of 3.5 was needed to reconcile the NMR-derived diffusivities and those
predicted on the basis of the finite-element modeling. This is (as discussed in the supple-
mental information) ascribed to the errors implicit in the extraction of NMR hop rates in
the NMR experiment, where we used the NMR-derived maximum hopping rate and
did not include the distributions of correlation times seen experimentally, nor the nature
of the hops of the Li™ ions in between the NMC layers. The diffusivities extracted from the
simulations represent the effective diffusivities on a 2D lattice during cycling. Future ex-
periments and simulations will explore how these vary from particle to particle and as a
function of transition metal content in the NMC material.

Practical implications

The lithium heterogeneity at the beginning of the charge will generate a noticeable dif-
ference in lattice constants between the lithium-rich and lithium-poor domains. At fast
C-rates, for instance, 1C and 2C, the SoC difference between the periphery and the
core can be as large as 20%—-30% within a narrow length scale based on our modeling
(Figure S13). This large concentration gradient will lead to internal stress/strain within in-
dividual particles, which may further result in mechanical degradation such as particle
fracturing, especially for larger particle sizes. Moreover, the first-cycle CE loss is of
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particular importance since it reduces the energy density of practical cells: although
graphite anode performances have been continuously improved with the first-cycle
CEs now approaching 96%,*® that of the Ni-rich materials is limited to ~90%. Therefore,
increasing the first-cycle efficiency of the cathode can lead to a direct increase in the
reversible energy density at the cell level. Such an increase will be more evident for the
next generation of high-energy-density batteries consisting of a Ni-rich cathode and a
lithium metal anode. Our results show that the key to improving performance lies in
increasing the lithium mobility and charge transfer kinetics at near-full lithiation states.
Although current literature is yet inconclusive as to what may be the most effective ap-
proaches to improve the first-cycle CE, certain coating materials—for instance, Nb-con-
taining compounds®’—have been shown to be promising.

Concluding remarks

In this work, we employed operando optical microscopy to track the lithium-ion dy-
namics in single-particle layered Ni-rich NMC, with a particular focus on understand-
ing the transient lithium heterogeneities at the single-particle scale. The observed
optical intensity revealed a substantial increase upon delithiation (charge) and a
decrease upon lithiation (discharge), indicating that the optical intensity can be
used as a qualitative probe for the local lithium content.

The spatially resolved intensity changes showed clear lithium heterogeneity at the
beginning of the charge, exhibiting particles with a lithium-poor periphery and
lithium-rich core. This intra-particle heterogeneity persisted across a wide range of
C-rates, from C/30 to 2C. By developing a finite-element model, we demonstrated
that this phenomenon is due to a kinetic diffusion-driven mechanism, caused by low
lithium diffusivity at near-full lithiation states, which increases dramatically on deli-
thiation. Combining the optical results with ssNMR and modeling, we extracted ac-
curate values for the concentration-dependent lithium-ion diffusion coefficient of
the Ni-rich NMC cathode material under study.

We further showed that when approaching high lithiation states on discharge, the NMC
particle surface gradually becomes saturated by lithium due to the decreased lithium
diffusivity at high lithiation states. Coupled with slow charge transfer kinetics, this is one
of the main reasons for the first-cycle Coulombic inefficiency of layered Ni-rich materials.
These results pave the way toward a better understanding of possible improvements in
current state-of-the-art NMC materials and more broadly highlight the importance of un-
derstanding nanoscale dynamic changes in battery materials during their operation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Clare P. Grey (cpg27@cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data supporting the findings of this study are available within the main text and
the supplemental information. More detailed data and the code for simulation can

be made available upon request to the corresponding author.

Full experimental procedures are provided in the supplemental information.
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