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Abstract: Understanding how lithium-ion dynamics affect the (de)lithiation mechanisms of state-
of-the-art nickel-rich layered oxide cathodes is crucial to improving electrochemical performance.
Here, we directly observe two distinct kinetically-induced lithium heterogeneities within single-
crystal LiNixMnyCo(i1xy)O2 (NMC) particles using recently developed operando optical
microscopy, challenging the notion that uniform (de)lithiation occurs within individual 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 diffusion at near-full
lithiation states — and slow charge transfer kinetics — also leads to heterogeneity at the end of
discharge, with a lithium-rich surface preventing complete lithiation. Finite-element modelling
confirms that concentration-dependent diffusivity is necessary to reproduce these phenomena. Our
results show that diffusion limitations cause first-cycle capacity losses in Ni-rich cathodes.



Layered Ni-rich NMCs (LiNixMnyCo(i-x-y)O2, X > 0.5) and NCAs (LiNixCoyAl(1x-4)O2, x > 0.5) are
widely used as cathode materials in high energy density lithium-ion batteries for electric vehicle
applications (/—4). Despite their cost and environmental 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 (5—7). Significant world-wide effort is thus being
devoted to understanding their underlying charging mechanisms to mitigate these shortcomings
(3, 8, 9). 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 (10, 11). X-ray diffraction (XRD)-based methods have furthermore
revealed several “phase segregation” phenomena during the delithiation of Ni-based layered
cathodes (/2—15), despite the fact that the (de)lithiation of such materials intrinsically follows a
solid-solution mechanism (/2, 16, 17). 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 (/4).

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 characterisation techniques, particularly in-situ and ex-situ X-ray diffraction of bulk
electrodes, where the measurements inherently cannot spatially resolve the heterogeneity at the
relevant length-scales (/2, 13). Recent advances in synchrotron-based micro-spectroscopy
techniques, such as scanning transmission X-ray microscopy (STXM) coupled with X-ray
absorption spectroscopy (/4, 18-20), are capable of providing chemical information at the
nanometre scale. However, such techniques suffer from disadvantages including limited
availability to beam time and potential beam damage (21).

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 (22). Our results demonstrate 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 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 modelling parameterised by a lithium concentration-dependent
diffusion coefficient, derived from electrochemical characterisation. 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.

Operando optical scattering microscopy

During a typical operando measurement, an optically-accessible electrochemical cell (Fig. 1A)
operates either under a constant-current or a constant-voltage 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 are collected and imaged
onto a camera. Fig. IB shows an optical image of part of the NMC cathode with nominal



stoichiometry LiNig.sgMno.05C00.0702, 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 partly determined by the local dielectric properties of the particle
(23-25), which are sensitive to the degree of lithiation.
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Fig. 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. Aluminium 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 LiOs and TMOs octahedra, where TM denotes
transition metal. (E) Voltage (black) and current (blue) profile (top panel) and the normalised
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 3 V, followed
by a two-hour constant-voltage (CV) hold at 3 V). Three C/3 cycles were performed prior to this
cycle, finishing with two-hour voltage holds at 3 V. The C-rate was calculated based on a practical
capacity of 210 mA h g’!, i.e., the current density for C/3 rate is 70 mA g'!. Scale bars, 1 pm.

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) image of the same particle
(Fig. 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 Fig. 1D).



X-ray diffraction confirms the NMC is phase pure (space group R3m) and has a low Li/Ni antisite
mixing (~2%; diffraction pattern and Rietveld refinement results shown in fig. S1). Fig. 1E shows
a typical voltage (black line) and current (blue line) profile for a constant-current (CC) charge —
constant-current constant-voltage (CCCV) discharge cycle at C/3 rate (nC corresponds to a full
charge or discharge in 1/n hours), with a two-hour voltage hold at 3 V at the end of discharge (full
electrochemical cycling history is summarised in fig. S2). The CC charge and CC discharge
capacities were 229.0 mA h g! and 192.4 mA h g!, respectively, corresponding to a coulombic
efficiency of 84.0%. The two-hour hold at 3 V provided an additional 16.4 mA h g’!, increasing
the coulombic efficiency to 91.2%. The extra discharge capacity obtained by applying a constant
voltage (CV) step at the end of CC discharge is a generic behaviour for all layered Ni-rich cathodes
(5, 13). Note that even with a CV hold, the coulombic efficiency of 91.2% is lower than that
achieved in coin cells with an equivalent electrode and cycling procedure (typically >99% after
the first cycle; see fig. S3), which we attribute to the performance limitations of the specialised
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/lithiation (bottom panel in Fig. 1E; movie S1).
This clearly shows that the dielectric properties of the NMC cathode are strongly dependent on its
lithium content. Moreover, 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. S4 and the smaller changes seen
above 4.1 V are shown in fig. S5.

Lithium heterogeneity at the beginning of charge

We now investigate spatially-resolved delithiation and lithiation processes in single-particle
NMC:s. Fig. 2A shows the voltage profile and intensity change during the first hour of the C/3
charge, and differential images (see Methods) with respect to the beginning of the cycle at 5, 15,
25 and 35 min are shown in Fig. 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; Fig. 1D). The core
remains fully lithiated and a distinct lithium concentration heterogeneity inside this individual
NMC particle is formed. On further charging, this periphery continued to advance towards the
centre of the particle, further increasing in positive contrast, while the core lagged noticeably
behind (15 and 25 min, Fig. 2B). After 35 min, the total contrast had become reasonably uniform
across the whole particle (movie S2). We have observed this phenomenon in more than 50 different
particles from seven different electrodes, confirming its reproducibility (see fig. S6).
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Fig. 2. Lithium heterogeneity in single-particle NMC at the beginning of charge. (A) Voltage
and current profiles during the first one hour of charge at C/3 (top panel), and the normalised
intensity changes, obtained by integrating over the whole active particle shown in (B) (bottom
panel). (B) Normalised 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 colour scale is centred 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 normalised intensity changes of the active particle (bottom panel). (D) Normalised differential
images of the active NMC particle during the charge-rest experiment. Scale bars, 1 pm.

This apparent “core-shell” structure cannot be of thermodynamic origin, since (de)lithiation of Ni-
rich materials is widely acknowledged to be a solid-solution process. This is in contrast to the
closely related material LiCoO2, which exhibits a thermodynamic two-phase region at the
beginning of charge caused by an insulator-to-metal transition, absent in NMC (26—-28). A charge-
rest experiment was then performed to confirm the kinetic origin of the “core-shell” structure
observed here (Fig. 2C). During the ~20-minute charge period, lithium heterogeneity began to
develop in the particle as described above (Fig. 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. 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 charge at a higher rate of 2C (fig. S7). We
ascribe this observation to differences in wiring and tortuosity of pathways for lithium transport
through the bulk electrode to the NMC particles (movie S3). Further studies are currently
underway to quantify these effects.



Finite-element modelling 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 charge. Our modelling
assumes a constant lithium flux in/out of a particle with the same cross-sectional shape as that
examined experimentally (Fig. 3A), with diffusion restricted to within the basal plane of the
particle. To parameterise the model, we measured the lithium chemical diffusion coefficient, Dy,
using galvanostatic intermittent titration experiments (GITT) as a function of SoC. However, the
absolute value of Dri depends strongly on assumptions made as part of the analysis, including the
distance L that the lithium-ions travel during the relaxation time of the GITT experiment, which
may vary as a function of particle size and shape (29, 30), defects in the particle (31, 32),
orientation of particles within the electrode, and even the tortuosity of the path taken by the ions
within the electrode to reach the active materials (33).
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Fig. 3. Comparing modelling and experiments. (A) Schematic illustration of the particle used
in the modelling. (B) The apparent lithium diffusion coefficient Dfip P = aDy; as a function of
lithium content (a = 2.7). (C) Comparison of simulation and experimental imaging results, both
conducted at a delithiation rate of C/3. The modelling results show the degree of delithiation (1 —
0) on the basal plane of the particle at various times during the charge. (D, E) Evolution of (D)
the degree of delithiation in the simulation and (E) the total contrast in the optical images along
the horizontal dashed line marked in (C). (F) Evolution of the degree of delithiation (simulation,
top panel) and total contrast (optical images, bottom panel) at the centre of the particle (shown by
the vertical dashed lines in (D) and (E)).

Instead of relying on its absolute value, we scaled the GITT-retrieved chemical diffusion
coefficient, Dy, by a constant factor to generate D1 (D" = aDy;), which we then compared to
the optical results at a charging rate of C/3. We found the best match to the experiment for values

close to a = 2.7. This scaling factor gives rise to D[} * ~ 104 cm? s™! near full lithiation, which



increases by almost two orders of magnitude upon removal of 20% of the lithium (Fig. 3B). As
shown in Figs. 3C-E, our model clearly captured the experimentally-observed development of
pronounced lithium concentration gradients within the particle during delithiation at a charging
rate of C/3. This lithium heterogeneity was also well reproduced by our experiments and model
for charging rates from C/30 to 2C (figs. S8-11). Importantly, the general feature of heterogeneous
delithiation with a lithium poor periphery is independent of the scaling factor over a range of 1 <
a < 5 for the particle in Fig. 3A. For larger values of a, diffusion becomes sufficiently rapid that
the particle delithiates approximately uniformly (fig. S12).

The lithium heterogeneity during charging can be succinctly illustrated by retrieving the lithium
content at the centre of the particle (Fig. 3F). Again, the model is in good agreement with
experimental results and clearly shows that the delithiation of the particle centre lags noticeably
behind the start of the CC charge at all charging rates, indicating that the delithiation front takes
significant time to reach the centre. Our model also indicates that the intra-particle heterogeneity
is strongly dependent on the particle size, i.e., smaller particles show less pronounced
heterogeneity (figs. S13, S14). We note that our modelling revealed that some spatial lithium-ion
heterogeneity can also arise in the case of a low constant-value of the ion diffusivity (Dr; < 1073
cm? s7!, fig. S13). However, for these constant diffusivities, the ion concentration in the centre of
the particle increases linearly over time (fig. S15), in contrast to the experimentally-observed non-
linear trend (Fig. 3F). Taken together, these results strongly support our hypothesis that the
observed heterogeneous delithiation is a result of the steep change in diffusivity with changing
lithium content at the beginning of charge.

Lithium heterogeneity at the end of discharge

We next explored in more detail how these dynamic lithium heterogeneities influence the first
cycle capacity loss in layered Ni-rich materials. During CC cycling at 1C (Fig. 4A), the normalised
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 (fig. S2). During a subsequent two-
hour CV hold at 3V, an extra capacity of ~24 mA h g! could be extracted (increasing the
coulombic efficiency from 82.3% to 94.3%) and the mean intensity reached its initial value.
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Fig. 4. Lithium heterogeneity at the end of discharge. (A) Voltage and current profile (top panel)
and normalised intensity changes of the active particle during a 1C rate CC charge and CCCV
discharge cycle. CV was performed at 3 V for two hours. The dashed grey 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, ~3.5 V vs. Li/Li"). Note this near-full lithiation
state was achieved by applying a two-hour 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 circles in (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; negative sign denotes discharging current).

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 Fig. 4B). At the end of the
CC discharge (104 min, b in Fig. 4B), the vast majority of the particle still exhibited a lower lithium
content (positive total contrast — red) compared to the beginning of charge. Yet, around a narrow
periphery of the particle the total contrast was close to zero (fig. S16), 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 coefficient and charge transfer kinetics (//, /4) at near-full lithiation states (fig. S18).
Both of these two kinetic limitation factors can lead to high over-potentials and result in the steep
decrease in the voltage that quickly reaches the cut-off value (3 V in the present case). Furthermore,
the non-uniform lithium distribution also indicates that the lithium insertion is primarily diffusion-
limited. Such lithium heterogeneities near the end of discharge are also seen in our modelling: for
an occupancy of (1 —6) < 0.2, the drop in diffusivity produces a significant concentration
gradient across the particle, which is more pronounced with faster charging rates (fig. S17).

With the additional CV step, the particle was re-lithiated further as indicated by the continued
decrease in total contrast (c, d, e in Fig. 4B). In particular, a large fraction of the particle returned
to the initial intensity (~0 total contrast, white), confirming that the capacity loss induced by the
kinetic limitations mentioned above can be, to a large extent, recovered by a slow lithiation step.
At the end of the CV step (e in Fig. 4B), the variation in the contrast (hence the lithium content)
across the particle becomes very small, and further equilibration is seen after the open circuit
voltage (OCV) rest (f in Fig. 4B).

Discussion

Lithium heterogeneities during delithiation and lithiation (summarised in Fig. 5). 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. The SoC range during
which this heterogeneity 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 lithiation, 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 domains further. Simultaneously, the boundary between the lithium-



rich and lithium-poor domains propagates towards the centre of the particle as the charging
progresses, until the particle becomes uniform in lithium content, and no obvious heterogeneity
occurs during the rest of charging.
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Fig. 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 3 V (for 24 hours).

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 to the
core. This results from two kinetic limitations, slow lithium diffusion — seen by GITT
measurements — and slow charge transfer kinetics (see potentiostatic intermittent titration results
in fig. S18), 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 causing a
capacity loss. Such kinetic limitations can be largely overcome by a much slower lithiation
process, for instance, a by inserting a CV hold at 3 V vs. Li/Li" in the present case. While the
degree of heterogeneity at the end of discharge is much less significant than that seen at the
beginning of charge, it is nonetheless capable of resulting in a loss in capacity 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. (/3), in the SoC range of 0.96 > 6 > 0.74 on the basis of operando
synchrotron powder XRD. Here, the XRD pattern was modelled 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 technique and provides no spatially-resolved information.
Conversely, Park et al. (/4) recently suggested, on the basis of ex-situ X-ray absorption microscopy
experiments that this heterogeneity 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 exchange current as
lithium content decreases (/4).

Our work expands on these studies, directly demonstrating that both proposed mechanisms will be
at play under operating conditions. Critically, the intra-particle heterogeneity observed in our work
cannot be captured by ex-situ experiments (see Fig. 2D). We further note that non-uniform
lithiation during the CC and CV discharge has not been previously seen by XRD (/3), 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.

Practical implications. The lithium heterogeneity at the beginning of charge will generate a
noticeable difference 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 modelling (fig. S11). This large
concentration gradient will lead to internal stress/strain within individual particles which may
further result in mechanical degradation such as particle fracturing, especially for larger particle
sizes. Moreover, the first cycle coulombic efficiency loss is of particular importance since it
reduces the energy density of practical cells: while graphite anode performances have been
continuously improved with the first cycle coulombic efficiencies now approaching 96% (34), 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. While current literature is yet inconclusive as to what may be the most effective
approaches to improve the first cycle coulombic efficiency, certain coating materials — for instance,
Nb-containing compounds (35) — have been shown to be promising.

Conclusion remarks

In this work, we employed operando optical microscopy to track the lithium-ion dynamics in
single-particle layered Ni-rich NMC, with a particular focus on understanding the transient lithium
heterogeneities at the single-particle scale. The observed optical intensity revealed a substantial
increase upon delithiation (charge) and 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
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 delithiation. Combining the optical results with electrochemical diffusion
measurements and modelling, we extracted accurate 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 the main reason 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 understanding nanoscale dynamic changes in battery
materials during their operation.
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