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Abstract

The presented case study provides mesoscopic insights into the state-of-charge (SOC)
distribution of battery electrodes containing layered transition metal oxides with
Li(NiosMno3C00.2)O2 (NMC532). The application of classification-single-particle inductively
coupled plasma optical emission spectroscopy (CL-SP-ICP-OES) enables the rapid screening
of the lithium content of individual cathode active material (CAM) particles achieving a
statistically viable elucidation of the mesoscale SOC distribution between different particles of
the electrode. The results reveal the evolution of a persistent mesoscale SOC heterogeneity of
the electrode upon delithiation at slow rates and extensive relaxation times as confirmed by
time-of-flight secondary ion mass spectrometry (ToF-SIMS). The implications of local
chemical and structural ramifications of the investigated NMC532 for heterogeneous active
material utilization are thoroughly discussed. Furthermore, it is found that the evolved SOC
heterogeneity of the electrode is strongly dependent on the current density. The correlation to

the decreased capacity utilization is further investigated with a straightforward quantification
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approach revealing a considerable contribution to capacity fading by persistently inactive
lithium in the CAM. The results highlight the importance of the analysis of persistent mesoscale
SOC heterogeneity as a potential capacity fade mechanism in layered lithium transition metal

oxide-based battery electrodes.
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1. Introduction

Lithium ion battery (LIBs) cells are complex, hierarchically engineered functional devices with
structural and chemical heterogeneity ubiquitously existing across a wide range of length scales
in their components.! This functional design is important for the energy storage and release
mechanism since it is based on the coherent interplay of the different components enabling the
shuttling of lithium ions between the electrodes and concomitant electron transfer outside the
LIB cell. The most common positive electrode materials used in LIBs are lithium transition
metal oxides LiMO2 (M = Ni, Mn, Co, e.g. NMC5322), which consist of polycrystalline and
heterogeneous particle ensembles embedded in a porous matrix of inactive components.t® The
mesoscale, namely the inter- and intraparticle level of electrodes is regarded as an area of utmost
importance since the macroscopic behavior of the LIB originates from ramifications of its
microscopic structure and chemical properties.t* The local electrochemical environment is
impacted by intrinsic properties of the electrode materials (e.g. particle morphology, size,
porosity), ionic and electronic wiring as well as by interrelated physicochemical properties such
as lithium diffusivity and electron conductivity.>° Structural and thereto related chemical
heterogeneity significantly affects the mesoscale lithium transport pathways and ultimately
leads to SOC heterogeneity on particle level.1%? During operation, this mesoscale SOC
heterogeneity is potentially amplified by prolonged electrochemical cycling under different
external stimuli (e.g. high C-rates). There are many side reactions contributing to the mesoscale
SOC heterogeneity potentially leading to device failure, including surface reconstruction'®*#,
change of the electronic or ionic contact or domain deactivation by mechanical
disintegration®>'". The intrinsic complexity of LIBs has led to a plethora of applied analytical
techniques. As like other batteries, the LIB consists of several components including the
electrolyte, separator and the electrodes®®. Macroscale battery research is often based on

ensemble techniques such as impedance spectroscopy or XRD providing statistical information



on composite electrode level,’® however, to unravel the SOC heterogeneity on particle level,
analytical techniques are needed that can reveal chemical details in large sample volumes. For
the investigation of the mesoscale battery chemistry of NMC-based electrode materials, X-ray
based spectroscopic techniques such as soft and hard X-ray absorption
spectroscopy (XAS)>1217:18-24 X _ray Raman spectroscopy (XRS)23-25, transmission X-ray
microscopy (TXM)-17:20-2224-26 o1 X _ray tomography (XRT)?2*27 are used most prevalently.
These synchrotron-based techniques can obtain spatial resolution of tens of nanometers
enabling surface-sensitive mappings and bulk information of the SOC distribution in CAM
particles. The investigation of the SOC in NMCs is primarily based on the Ni oxidation-state
distribution as a proxy for the (de)lithiation during charge and discharge. However, the Ni redox
is not always correlated directly to the alteration of the lithium content. Additional oxidation
processes in NMCs of the redox couple Co3*/Co*" between potentials of 4.4 and 4.6 V vs.
Li/Li*?22° or spatial variation in the transition metal ratios*-2 can interfere with the analysis of
the SOC distribution based solely on Ni redox. Furthermore, the application of synchrotron-
based techniques is limited by the required highly specialized instrumentation, entailing low
prevalence in routine analytics. TOF-SIMS is an analytical surface-sensitive imaging technique
that enables the direct investigation of mesoscale SOCs by mapping the Li nanoscale
distribution within CAM particles.3*** However, the limited practicability of particle bulk
analyses and the relatively small analysis region, which might not be representative of the entire
electrode are drawbacks of this technique. In this work, we present a method than can
effectively and efficiently augment the merits of these techniques and tackle the intrinsically
complicated mesoscale battery chemistry of NMC-based electrode materials. This study creates
a new methodology to investigate the mesoscale SOC distribution between different particles
through measurements directly based on the lithium content of individual particles by means of
CL-SP-ICP-OES.*® CL-SP-ICP-OES enables rapid element-specific, multi-element

information of entire individual CAM particles achieving statistically viable elucidation of the
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mesoscale SOC distribution of the electrode. Therefore, this method aims to leverage
mesoscopic research of the SOC distribution in NMC-based electrode materials for routine
analytics with widespread commercial ICP-OES. This work provides insight into the reasons
of SOC heterogeneity of particles in battery electrodes and presents a straightforward
quantification approach for the amount of trapped (deactivated/dead/immobile®®) Li in
electrochemically deactivated particles upon cycling with NMC532. For this, the influence of
slow and fast cycling protocols on the evolving mesoscale SOC heterogeneity will be discussed.
Furthermore, ToF-SIMS is applied to visualize the micro-structural and chemical heterogeneity
at fine length scales complementing the understanding of the reasons for the origin of mesoscale
SOC heterogeneity, while CL-SP-ICP-OES can provide information about its extent in the

electrode.



2. Results and discussion

2.1. Investigation of the mesoscale SOC heterogeneity between different particles upon

delithiation

For the investigation of the mesoscale SOC distribution, the degree of lithiation (DOL) of
individual CAM particles is determined. For this, the intensity ratio of Li to Mn (I(Li)/I(Mn))
is measured on single particle level with CL-SP-ICP-OES. Mn was chosen for analysis by
reason of higher emission line intensity, which results in better limits of detection compared to
Ni and Co%. The intensity ratios are further calibrated with a matrix-matched external
calibration with differently lithiated NMC532 as obtained by electrochemical delithiation. The
mean DOL of differently lithiated CAMs is determined after acidic microwave digestion with
ICP-OES in the solution mode. In Figure 1, the relative histograms of the intensity ratios of
pristine and electrochemically delithiated NMC532 particles are presented. The intensity ratios
show a Gaussian distribution. The width of the distribution is affected by the measurement
settings (e.g. gas flow rates and plasma properties) as discussed in our recent publication®.
Another possible reason influencing the distribution of the I(Li)/I(Mn) ratios are local
inhomogeneities in the elemental composition, which are reported for synthesis approaches
based on co-precipitated precursors most commonly used for NMC-based electrode materials®’.
It can be observed that after electrochemical delithiation the mean intensity ratio decreases as
obtained by fitting the histogram with a Gaussian function. In Figure S1, it is shown that the
mean intensity ratios decrease linearly with lower mean DOLs demonstrating the fundamental
applicability of this calibration approach. Furthermore, the intrinsic structural and chemical
complexities emphasize the need for matrix-matching of the calibration to compensate for
potential matrix effects that influence analytical response. Although chemical
delithiation (e.g. with NO2BF4, Br2) has also been reported in literature, the electrolyte and the

inactive components of the composite electrode play an important role in affecting the local
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chemistry of the CAM particles and need to be considered, which suggests the application of

the electrochemical approach on real battery electrodes. 2212338
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Figure 1. Relative histograms of the CAM particle intensity ratios in NMC532lgraphite
cells (two-electrode configuration) of a.) pristine and b.) electrochemically delithiated
NMC532 (SOC of 81 + 1 %) with the mean DOL as obtained by CL-SP-ICP-OES and after

acidic microwave digestion with ICP-OES in solution mode, respectively.

It can be observed in Figure 1 that the electrochemically delithiated NMC532 reveals particles
with higher intensity ratios. On the assumption that the Li is uniformly delithiated, all the
measured intensity ratios of the CAM particles are expected to be similar and to follow a
Gaussian distribution. Therefore, the occurrence of the irregularly distributed intensity ratios in
this range implies a non-uniform delithiation of the CAM, which potentially indicates an
evolved mesoscale SOC heterogeneity. It is important to note that incompletely delithiated
CAM particles can be detected due to diverging DOLs leading to different intensity ratios of
individual particles. For electrochemical delithiation, slow rates and extensive relaxation
times were applied to exclude large overpotentials and kinetically driven SOC heterogeneity.
Although the heterogeneities in the (de)lithiation pathways are generally assumed to be

transient since layered oxides such as NMC532 exhibit solid-solution phase behavior indicated



by sloping voltage profiles (Figure S3) and reasonable Li diffusivity>>%°, the results underline
the persistent nature of the emerged SOC heterogeneity contrary to the prevailing
understanding.
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Figure 2. ToF-SIMS mappings for a FIB-prepared cross-sections of a.) pristine and b.)
electrochemically delithiated NMC532 electrodes (SOC of 81 + 1 %). SEM and secondary ion

images for Li-species (°Li*, ‘Li*) and >*Mn* are presented.

To profoundly understand the reasons for the origin of the mesoscale SOC heterogeneity, the
micro-structural and chemical heterogeneity at fine length scales need to be investigated
complementary by ToF-SIMS, SEM and EDX. ToF-SIMS enables the investigation of the local
electrochemical environment on the mesoscale by mapping the elemental distribution of Li with
nanoscale lateral resolution. In Figure 2, the ToF-SIMS mappings of the cross-sectional lithium
and manganese distribution of pristine and electrochemically delithiated NMC532 electrodes
are presented. The cross-section of the pristine NMC532 electrode is characterized by a uniform

Li distribution indicating a homogeneous mesoscale SOC distribution. On the other hand, the



Mn distribution of the pristine electrode appears to be size-dependent with lower intensities for
smaller particles. Although ToF-SIMS is a powerful qualitative technique, quantitative
information is severely compromised due to complex matrix effects.*4> Therefore, EDX was
further used to obtain semi-quantitative information on the sample composition demonstrating
the Mn distribution to be homogeneous and independent of the particle size (see discussion of
Figure S4 and Table S1 in the supporting information). The cross-sectional Li distribution in
the ToF-SIMS mapping after electrochemical delithiation is heterogeneous further evidencing
non-uniform active material utilization. The unexpected heterogeneity of the Mn distribution in
the ToF-SIMS mapping of the electrochemically delithiated NMC532 can be assigned to matrix
effects, which are explained in detail in the supporting information (see discussion of
Figure S5). To further investigate the emerged mesoscale SOC heterogeneity of the CAM
particles, region of interest (ROI) analysis of the ToF-SIMS spectra is applied. In Figure S6,
selected ROIs of individual delithiated (ROl 1) active material particles of the
electrochemically delithiated and of the pristine (ROl 2) NMC532 electrode are presented. The
similar intensities of Li in ROI1 and ROI2 corroborate the presence of trapped Li in
electrochemically inactive particles. Furthermore, CAM particles with partial delithiation are
observed in the ToF-SIMS mapping. These findings confirm the CL-SP-ICP-OES results and
are in contrast to the expectation of uniform active material utilization during delithiation. The
irregularly distributed intensity ratios account for 6 + 1 % of the total measured CAM particles
in the investigated particle size range (Figure S2) as obtained with CL-SP-ICP-OES. This result
demonstrates the extent of the mesoscale SOC heterogeneity upon delithiation for the
investigated CAM and further explains the need for analytical diagnostic of the mesoscale.
Furthermore, the potential of CL-SP-ICP-OES for complementing ToF-SIMS analysis by
achieving statistically viable elucidation of the mesoscale SOC distribution of the electrode is
highlighted. As discussed above, there are many conceivable reasons for the evolution of the

mesoscale SOC heterogeneity. However, the occurrence of completely non-delithiated active
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material particles suggests their isolation from the ionic and/or electronic network of the
composite electrode. The impeded lithium and electron transport potentially explain the
persistence of the local potential differences that would drive the equilibration of the mesoscale
SOC heterogeneity upon relaxation. The layered oxide active electrode materials suffer from
poor electronic conductivity.*® Therefore, these materials are typically embedded into a matrix
of highly conductive carbon materials that can effectively enhance electronic percolation.

Carbon black is the most commonly used conductive agent for layered oxide electrode

materials.

Figure 3. Magnified section of the FIB-prepared cross-section of an electrochemically
delithiated NMC532 electrode (SOC of 81 +1 %) with a.) a SEM image and b.) the EDX
elemental mapping. For the EDX, an overlay of carbon (red) and oxygen (green) for better
visualization of the conductive agent is presented. Exemplary active material particles with
partial delithiation (1) and no delithiation (2) are highlighted in the SEM image as investigated

by ToF-SIMS.

The carbon black nanoparticles form agglomerates in the active material interspaces facilitating
the electronic conductivity by point-to-point contact between the carbon and the active

material.** In Figure 3, the EDX elemental mapping of the carbon network as a proxy for the
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electronic pathways is presented. It can be observed that the active material particles are not
homogeneously covered with carbon black particles, which results in complex and convoluted
transport pathways for the electrons implicated in the charge-transfer reaction and potentially
long transport distances through the NMC532 particles. However, it needs to be emphasized
that the investigated cross-section does not provide information about the three-dimensional
connections of the conductive carbon matrix. Although the first highlighted particle is well-
contacted with conductive agent, the second particle exhibits a very low degree of carbon black
coverage. Furthermore, the second particle exhibits severe cracking at the periphery implying
the structural disintegration to the adjacent particles and minor cracking in the interior of the
secondary particle (magnification in Figure S7). A possible reason for the peripheral and inner
cracking is the local microscopic stress that emerges in the calandering process to control the
porosity of the electrode during fabrication.**®¢ The development of microscopic cracks can
cause transport barriers, which hinder the Li and electron transport rendering the particle to be
electrochemically inactive.1®4’ The structural degradation of polycrystalline particles is also
reported to arise from the electro-chemo-mechanical interplay leading to the formation of
micro-cracks upon cycling.*¢%° The strong delithiation is accompanied by an anisotropic
volume change of the lattice leading to the build-up of internal microscopic stress due to the
randomly oriented primary particles in the secondary particle architecture.*”*® In particular for
the particle marked with number 1 in Figure 3, severe micro-cracking in the particle interior
(magnification in Figure S7) and non-uniform delithiation (Figure 2) is observed. This
indicates that the evolution of microscopic cracks during cycling can further cause kinetic
hindrances for Li and electron transport, which potentially explains the heterogeneous
delithiation.2®4" However, the micro-cracks also provide further channels for electrolyte
penetration into the particle interior, which can lead to new electrochemically active surface
areas promoting improved Li transport kinetics.3®%* The electrolyte wetting of the newly

exposed surfaces changes the ion transport pathways but does not impact the electron transport
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kinetics due to electronic insulation, which potentially leads to a detouring of electron transport
in the secondary particle.?”°52 The ionic contact of the CAM particles is generally ensured by
the percolation of the electrolyte providing an interconnected transport network for the Li ions.
Non-uniform exposure of electrolyte to the active material particles could significantly impede
the (de)lithiation. However, an insufficient wetting of individual particles is unlikely a possible
explanation for the observed electrochemical inactivity. In the case of poor active material

wetting, inactive domains of multiple particles would be expected
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2.2. Investigation of the mesoscale SOC heterogeneity between different particles upon

cycling with different charging protocols

During electrochemical cycling, the macroscale SOC of the positive electrode changes
perpetual with (de)lithiation as given by the electrode potential. On the mesoscale, this results
in the continuous (de)lithiation of the CAM particles depending on the local potentials. As
discussed above, the local electrochemistry is defined by the structural and chemical
heterogeneity of the micro-environment, which in the case of electrochemical inactivation of
CAM particles can lead to different potentials at the meso- and macroscale. The mismatching
local electrochemical characteristic is a possible explanation for the mesoscale SOC
heterogeneity of layered oxides and reported to be further amplified for high cycling rates. 161727
Therefore, the evolution of the mesoscale SOC heterogeneity is investigated upon different

charging protocols by means of CL-SP-ICP-OES.
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Figure 4. Schematic representation of the design of the CL-SP-ICP-OES experiment.
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In Figure 4, an explanatory scheme of the design of the CL-SP-ICP-OES experiment is given.
As discussed above, the matrix-matched external calibration enables the link of the measured
intensity ratios with the DOL of the CAM particles. For this, the Gaussian distributed intensity
ratios of the matrix-matched external calibration are presented as frames throughout. After
electrochemical cycling, the cells are slowly charged to extract the entire mobile Li from the
CAM to a cut-off voltage of 4.4V as discussed above. The high voltage cut-off criterion is
selected to enable the investigation of CAM particles, which potentially lost their
electrochemical activity at the cut-off of the cycling voltage window. Under ideal conditions,
the mesoscale SOC of the CAM particles corresponds to the macroscale SOC on the electrode
level leading to a uniform delithiation during this step. In this case, all the measured intensity
ratios are expected to be similar and Gaussian distributed in the frame corresponding to a mean
DOL of 31 + < 1 %. Therefore, the occurrence of diverging intensity ratios outside the frame
indicates trapped Li in the CAM, which implies an evolved mesoscale SOC heterogeneity as
confirmed by ToF-SIMS. In Figure 5, the relative histograms of the CAM particle intensity
ratios after electrochemical cycling and the final charging step in NMC532lgraphite cells are
presented. It can be observed that after the final delithiation the diverging intensity ratios
account for 8 £ 1 % and 15 = 2 % of the total measured CAM particles for 100 cycles at 1 C
and 2 C, respectively. The results show an increase of the diverging intensity ratios and

therefore indicate a rate-dependent evolution of the mesoscale SOC heterogeneity upon cycling.
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Figure 5. Relative histograms of the CAM particle intensity ratios after electrochemical cycling
in NMC532Igraphite cells (two-electrode configuration) under different charging protocols at
3.0V to 4.2V witha.) 1 C for 100 cycles and b.) 2 C for 100 cycles and a final charging step
to a cut-off voltage of 4.4 V as obtained by CL-SP-ICP-OES. Replicate measurements were
performed and depicted in the same histograms. The colored frames represent the histograms
of the MMEC with a width correlating to the £ 2 ¢ standard deviation of the corresponding

mean intensity ratio.

It can be further observed that the measured intensity ratios are broadly distributed representing
fully and partially lithiated CAM particles after delithiation. For the reason that the intensity
ratio of Li and Mn is measured, the possibility of a decreased Mn intensity due to e.g., transition
metal dissolution (TMD) during cycling needs to be investigated. However, only a very low
amount of deposited Mn on the anode was found after cycling and therefore considered as
negligible (Table S-2). The increase of the SOC heterogeneity after cycling particularly for 2 C
implies the occurrence of structural or chemical changes. During high C-rate application, fast
and non-uniform (de)lithiation of the CAM is facilitated due to kinetic differences of the Li
transport between the particle surface and interior.”%® While the direct exposure of the particle
surface to the electrical network enables rapid Li transport, the Li transport flux from the inside

of the particles to the outside is slower. Therefore, the particle surface reaches faster the cut-off
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potential than the core, which eventually leads to non-uniform capacity utilization of the CAM.
Consequently, rate-induced compositional gradients of the Li distribution within the particles
and thus unstable structures can result. For layered transition metal oxides, high lithium
extraction is accompanied with an intrinsic structural instability leading to the formation of
microscopic cracks as shown above. The development of mechanical strain and morphological
defects constitute potential physical barriers entailing the disruption of electronic and ionic

71749.50,5354 The trapping of Li in disconnected

pathways, which could result in contact loss.
CAM nparticles could explain the increase of the SOC heterogeneity during cycling. The
persistence of trapped Li upon (de)lithiation suggests the immobilization of active Li in
electrochemically deactivated CAM particles.?%33% Furthermore, the relative histogram of the
CAM particle intensity ratios after cycling for 50 cycles at 2 C exhibits diverging intensity
ratios of 11 + 1 % (Figure S8). The increase of the SOC heterogeneity with ongoing cycling
further underlines the persistent character of the Li trapping. The occurrence of charged
particles at the charging cut-off voltage that might imply increased electrochemical deactivation
at high potentials is another important implication of the increased SOC heterogeneity (see
Figure 5 b.))!*. Furthermore, the occurrence of persistent Li deficiency is reported to facilitate
the formation of an ionically insulating rock-salt CAM structure leading to increased electrical
resistance at the cathode|electrolyte interface.>® Another possible reason affecting the local
electrochemistry pertinent to the cathodelelectrolyte interface is the formation of the cathode
electrolyte interphase (CEI®®), which begins with the initial wetting of the CAM.5" Although
the complexity of CEI formation is far from being resolved thus far, a thick and non-uniform
CEI progression upon prolonged cycling is reported to exasperate the electrochemical
performance by further increasing the electrical resistance.’”%° The resulting mismatch of the
local ionic and electronic conductivities can further aggravate the SOC heterogeneity with
increasing current density. Therefore, rapid (de)lithiation for accelerated cycling rates is

affected by the local chemical and structural heterogeneity in CAMs. For the application of a
16



moderate cycling rate of 1 C, the heterogeneity of the micro-environment is expected to have
less impact due to the more uniform (de)lithiation reactions, which becomes apparent in only a
marginal increase of the SOC heterogeneity after cycling. Furthermore, the mesoscale SOC
distribution of CAM particles after cycling at 3 C for 100 cycles is investigated. The relative
histogram of the CAM particle intensity ratios exhibits diverging intensity ratios of 10 + 1 %
(Figure S9), which indicates a decreased SOC heterogeneity contrary to the observed trend at
1C and 2 C. A possible explanation for this could be that the structural integrity of the
polycrystalline particle architecture is severely compromised by the evolution of microscopic
cracks at 3 C. In Figure S10, SEM images of FIB-prepared cross-sections of NMC532
electrodes after cycling at 1 C, 2 C and 3 C for 100 cycles are shown. It can be perceived that
with the application of a rate of 3 C the extent of particle cracking increases compared to cycling
at 2 C leading to the emergence of deep crevices, which expose the particle interior and promote
the formation of new electrochemically active surface areas. The evolution of cracks leads to a
shortening of lithium transport pathways in the particles and improved charge-transfer Kinetics
at the cathodelelectrolyte interface possibly bypassing the impact of formed ion-blocking
surface films (e.g. rock-salt structures), which compromise the electrochemical activity.>!
Therefore, these results imply that the cracking of polycrystalline particles might not only be
detrimental, but could further improve Li transport kinetics resulting in more uniform CAM
utilization.>*°! Furthermore, the results suggest that crack-induced electronic contact loss has a
lesser impact on the emerged SOC heterogeneity. However, this benefit is accompanied by
increasing the risk of accelerated cathode-electrolyte interfacial degradation.®® The findings
after cycling indicate trapped Li in the CAM, which hints at the occurrence of incomplete
electrochemical reactions leading to decreased capacity utilization. Therefore, the capacity loss
due to electrochemically inactive Li in the CAM is further investigated by means of a
straightforward quantification approach (Figure 6). For this, the amount of active and inactive

Li of NMC532 electrodes after cycling is determined after microwave digestion with ICP-OES.
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However, as with ICP-OES it is not possible to differentiate between active and inactive Li,
additional electrochemical experiments are needed. Therefore, cycled NMC532 electrodes are
assembled in NMC532ILi metal cells (two-electrode configuration) to determine the amount of

residual active Li during charge (delithiation).
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Figure 6. Schematic representation for the investigation of inactive Li in the CAM.

The amount of active and inactive Li and the corresponding specific capacity as obtained by
ICP-OES and the determined specific charge capacity of the active Li in the experiments with
Li metal as the negative electrode are then compared. With this approach, the specific capacity
loss corresponding to the amount of inactive Li in the CAM is determined. In Table 1, the
determined specific capacity loss due to inactive Li in the CAM is presented. The results
indicate a rate-dependent change of the determined amount of inactive Li in the CAM. The high
standard deviation of the determined capacity loss due to inactive Li might be assigned to the
different cells with slightly deviating capacity fading of the replicates used for the cells with Li
metal and ICP-OES experiments. In addition, the amount of inactive Li increases from 1 C to
2 C and with ongoing cycling with 2 C, considering the standard deviation. However, the
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observed trend does not continue when cycling at 3 C, which is in approximate agreement with
the trend of the CL-SP-ICP-OES results. This observation implies a correlation of the
determined amount of inactive Li in the CAM with the trapping of Li in electrochemically
deactivated particles considering the investigated particle size range with CL-SP-ICP-OES.
However, it needs to be emphasized that there are further conceivable reasons contributing to
the determined amount of inactive Li. The inactive Li is either located on the surface or within
the CAM particles. The occurrence of inactive Li on the particle surface is potentially
attributable to the formation of inactive Li species in the course of CEIl growth due to
spontaneous chemical or electrochemical electrolyte decomposition.®° The thickness of the CEI
is in the nanometer scale®®® and therefore considered as negligible compared to the observed
electrochemically confined Li reservoirs in individual CAM particles, which sheds new light
on existing literature®®. However, a non-uniform, thick and resistive CEI could contribute to the
capacity loss rather by kinetic implications for the transport of the charge carrier as discussed
above. Therefore, it is assumed that the determined capacity loss can be assigned predominantly
to inactivated Li within the CAM particles, which potentially causes the evolved mesoscale
SOC heterogeneity. The charge-discharge cycling performance of the NMC532lgraphite cells

is given in Figure S11.
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Table 1. Overview of the specific capacity loss due to inactive Li in the CAM as obtained from
NMC532ILi metal cells (two-electrode configuration) and after microwave digestion with

ICP-OES.

Cycle number  C-rate/C  Inactive Li/ mAh g

100 1 45+17
50 2 9.5+34
100 2 121+4.4
100 3 101 +3.4

The overall capacity fading in Figure S11 is the sum of the total Li loss in the battery, whereas
the determined inactive Li in Table 1 results only from the capacity loss due to
electrochemically inactive Li in the positive electrode. Furthermore, a direct correlation of the
results in Table 1 to the observed capacity fade in Figure S11 might be difficult due to the
different electrochemical conditions of the respective experiments. For the determination of the
amount of residual active Li during charge (see Figure 6), a lower rate of C/20 was selected to
rule out implications from kinetic effects. However, the results of the determined capacity loss
related to inactive Li in the CAM indicate a considerable contribution of this Li loss mechanism
to the overall capacity fading, which further highlights the need for mesoscopic battery
research. The presented methodology of CL-SP-ICP-OES enables this mesoscopic research for
the elucidation of the SOC distribution of CAM particles in the electrode and complements the

merits of existing analytical techniques (e.g. ToF-SIMS).
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3. Conclusions

The evolution of persistent mesoscale SOC heterogeneity between different particles was
observed upon slow delithiation and extensive relaxation time with CL-SP-ICP-OES.
Nanoscale mapping of the Li distribution by means of ToF-SIMS revealed the presence of
trapped Li in non- and partially delithiated CAM particles. For particles that were
electrochemically inactive from the beginning, the investigation of the local micro-environment
suggests the isolation from the ionic and/or electronic network due to structural disintegration
during electrode fabrication or deficient contact with conductive agent. For partially delithiated
particles, severe micro-cracking in the particle interior was observed, which implies the buildup
of kinetic hindrances for the Li and electron transport potentially explaining the heterogeneous
Li extraction. However, the micro-cracks also provide more channels for the percolation of
electrolyte in the particle interior, which can lead to new electrochemically active surface areas
that promote improved Li transport kinetics. Furthermore, it was found that the evolution of
SOC heterogeneity observed between different particles is dependent on the current density,
with increasing heterogeneity from 1 C to 2 C as obtained by CL-SP-ICP-OES. The observation
that the trend is not continuing when cycling at 3 C indicates a potential positive correlation of
the degree of micro-cracking with improved Li transport kinetics leading to more uniform CAM
utilization. The relationship of the evolved SOC heterogeneity of the particles arising from
incomplete electrochemical reactions with decreased capacity utilization was investigated with
a straightforward quantification approach. The results reveal a considerable contribution to
capacity fading by persistently inactive Li in the CAM, which highlights the importance of the
investigation of the mesoscale SOC heterogeneity as a potential capacity fade mechanism in
layered oxides. The applied CL-SP-ICP-OES methodology aims to leverage mesoscopic
research of the SOC heterogeneity to inform the engineering of CAM particles and electrode

formulations for fast-charging and durable batteries.
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4. Experimental
4.1. Electrochemical cycling

The cells investigated in this study, were in-house prepared 2032-type coin cells (two-electrode
configuration) and Swagelok-type T-cells (three-electrode configuration).®* The cell chemistry
of the NMC532Igraphite cells (two-electrode and three-electrode configuration) was based on
commercial NMC532 as positive electrode material and SG-3 graphite from
SGL Carbon SE (Germany) as negative electrode active material. The organic solvent-based
electrode preparation of the NMC532 used polyvinylidene difluoride (PVdF) from
Solvay (Belgium) as binder dissolved in N-Methyl-2-pyrrolidone (NMP) from Sigma
Aldrich (USA) with SuperC65 as conductive agent from Imerys (France). The negative
electrode consisted further of styrene-butadiene-rubber (SBR) from Polymer Latex GmbH
(Germany) and sodium carboxymethyl cellulose from Dow Wolff Cellulosics (Germany) as
binder with deionized water as solvent. Furthermore, SuperC65 from Imerys (France) was used
as conductive agent for the negative electrode. As separator, Celgard® 2500 polypropylene foil
from Celgard (USA) is used and 1 M LiPFe in ethylene carbonate/ethyl methyl carbonate
(EC/EMC, (30/70 wt%) from BASF (Germany) was selected as electrolyte. Li metal from
Albemarle Corporation (USA) was used as negative electrode in NMC532ILi metal cells
(two-electrode configuration) and as reference electrode in the NMC532lgraphite cells
(three-electrode configuration). The cycling experiments were performed with a 4000 Battery

Tester from Maccor (USA).

The electrochemical procedure of the matrix-matched external calibration consisted of a
constant current-constant voltage (CCCV) charging step (two-electrode and three-electrode
configuration). The NMC532lgraphite cells (two-electrode configuration) were charged to
SOCs0f23+2%,41£<1%,61+<1%and81 * 1% with charge cut-off voltages of 3.6 V,

3.7V, 4.0V and 4.4V at a specific current of 6 mA g, respectively. The SOC was determined
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based on the obtained charge capacity during charge cycling. For this, the theoretical capacity
of 278 mAh g was used as this value represents the absolute Li content. The cut-off voltages
have been determined in time limited CC charge cycling experiments with set practical

capacities of 56, 111, 167 and 222 mAh g%, respectively.

The electrochemical procedure of the formation for the cycling experiments was comprised of
two formation cycles in the voltage range of 3.0V to 42V at 0.1 C and 0.2C. The
charge-discharge cycling of the NMC532lgraphite cells (two electrode configuration) was
performed in the voltage range of 3.0 V to 4.2 V with cycling rates of 1 C, 2 C and 3 C. After
cycling, the cells were charged to a cut-off voltage of 4.4V at 6 mA g for the complete
extraction of the mobile Li from the CAM. The NMC532ILi metal cells (two-electrode
configuration) were cycled at a cycling rate of C/20 in the voltage range of 3.0 VV to 4.22 V. For
these experiments, the aged PC-NMC532lgraphite cells were disassembled after cycling and
the positive electrode was reassembled with Li metal as negative electrode to obtain the residual
charge capacity. The specific current at 1 C was defined as 160 mA g for the cycling

experiments.
4.2. ICP-OES investigations

The experimental arrangement and the method development of CL-SP-ICP-OES has been
recently published.®® Therefore, we refer to the detailed experimental information given in that
reference and will give only the most important features of the arrangement and analytical
method here. The CL-SP-ICP-OES and ICP-OES measurements were performed using the
ARCOS from SPECTRO Analytical Instruments GmbH (Germany) with axial plasma viewing.
The emission lines of Li 670.776 nm and Mn 257.611 nm were acquired for the analysis of the
NMC532. Prior to analysis, the cells were disassembled in dry atmosphere and the NMC532
electrodes were rinsed with 1 ml ethylmethyl carbonate (EMC) and deagglomerated by a heat

and ultrasonic treatment in NMP. For this, the UP100H ultrasonic processor from Hielscher
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Ultrasonics GmBH (Germany) was used. The deagglomerated particles were then centrifuged
and the residue was dried in vacuum for subsequent CL-SP-ICP-OES analysis. For the
determination of the residual Li content in the NMC532 after cycling and for the evaluation of
the electrochemical delithiation for the matrix-matched external calibration, the electrodes were
investigated by acidic microwave digestion and subsequent ICP-OES analysis in solution mode
described by Vortmann et al®®. Furthermore, the negative electrodes were investigated in the

same manner to examine the potential occurrence of transition metal dissolution after cycling.

4.3. SEM, EDX and ToF-SIMS investigations

Scanning electron microscopy (SEM) was performed using an Auriga CrossBeam workstation
from Zeiss (Germany) provided with a field emission gun (Schottky-type) and the energy-
dispersive X-ray spectroscopy (EDX) was carried out with an accelerating voltage of 15 kV
with an Ultim Extreme EDX detector from Oxford Instruments (United Kingdom). The
measurements were performed on multiple areas of the sample. For ToF-SIMS a TOF.SIMS 5
instrument from ION TOF GmbH (Germany) was used. The preparation of the cross section
was carried out with focused ion beam (FIB) milling by means of a liquid metal gallium ion
source. The analysis of the cross section was performed using a liquid metal bismuth ion source
(Bi* 30keV) in the imaging mode combined with delayed secondary ion extraction. Before
SEM, EDX and ToF-SIMS analysis, the cells were disassembled in dry atmosphere and the

electrodes were rinsed with 1 mL EMC.
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