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Abstract: The capacity fade during the cycling of lithium batteries is a key factor limiting further
progress in the improvement of electric vehicles, wearable electronic devices, alternative energy
sources, etc. One of the main reasons for capacity loss is battery cathode degradation, which
significantly influences the battery lifetime. Despite in-depth knowledge of battery degradation at
the chemical level, the kinetics of the degradation at the resolution of the individual elements of the
cathode are not fully understood. Here, we studied lithiation kinetics in commercial cathodes based
on lithium manganese spinel using the electrochemical strain microscopy local method. Supported
by the experimental finding, the “viscous fingers” model of lithium ions intercalation-deintercalation
in individual particles of the cathode was proposed. The non-linear dynamics of the lithiation
front were suggested to be stimulated by the non-uniform stress field and gradient of the chemical
potential. Irregularity of the lithiation front causes the formation of the residual lithiated pocket in
the delithiated particles, which effectively reduces the volume available for chemical reaction. The
obtained results shed further light on the degradation of the lithium battery cathodes and can be
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Lithium manganese spinel (LixMnyO4, LMO) is an attractive cathode material for
rechargeable Li-ion batteries because of its low cost, weak environmental impact, relatively
Academic Editor: Carlos Ziebert high discharge potential of ~4 V, and capacity of about 148 mA h g~ ! [1,2]. At the same
time, apparent capacity fade during cycling, especially at elevated temperatures (>50 °C),
significantly limits applications of LMO [3]. Despite the long history of LMO and in-
depth studies by electrochemical methods, the concrete mechanism of the LMO cathode
degradation is still not clear [4-6]. The generally accepted mechanism of degradation is
manganese dissolution into the electrolyte, which mostly occurs during the first several
cycles [3,7,8]. Manganese dissolution originates from the disproportional reaction 2Mn>*
— Mn™? + Mn**, which leads to the formation of Mn**(O%), oxide near the surface of
the particles and dissolving Mn?* ions in the electrolyte [9]. Another discussed pathway
of degradation is through the phase transitions 2 LiMn,O4 — MnO + Li;Mn307 and
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4 LiMn,0O4 — Mn3z0Oy4 + LigMns01, with the dissolution of MnO and Mn3zOy [3,10]. An
appearance of Mn3Oy near the surface of particles, as a result of delithiation during the
first several cycles and its continuous disappearance, was observed recently by Raman
This article is an open access artice ~ SP€Ctroscopy and scanning transmission electron microscopy (STEM) [11,12]. Manganese
distributed under the terms and  dissolution was reported to significantly depend on the “state of charge” of cathodes and
conditions of the Creative Commons  tO accelerate with delithiation due to the growth of discharge potential [13].
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randomly placed in octahedral 16d crystallographic positions with a 1:1 ratio, and oxygen
ions occupy 32e sites. Lithium extraction is associated with the change in oxidation state
from Mn®* to Mn**. The crystalline structure of LMO transforms to F43m space group of
symmetry during delithiation towards Lip5sMnyO4 composition [2]. A fully delithiated
A-MnO; has a structure similar to a LiMn,O4 cubic structure, but with empty 8e lithium
positions [14]. Fd3m — F43m transition during the lithiation/delithiation cycle is com-
monly associated with the volumetric change, responsible for the stress accommodation
and particle crackling [16].

The structure of LMO admits over-lithiation to the Li,Mn,O, state under discharge
potential of around 3 V [2], which is associated with the structural transition to 14; /amd
tetragonal spinel, accompanied by the transformation of isotropic Mn**Og octahedra to
distorted Mn**Oy with anisotropic volume change around ~16% (Jan-Teller distortion)
and the appearance of the local mechanical strain [3,17,18]. STEM visualization of the
LipMn;, Oy tetragonal phase reveals the formation of the twinned structure compensating
the stress relief and hampering lithium diffusion [6]. Jan-Teller distortion also leads to
particle cracking [4,19]. In commercial cathodes, the degree of lithiation is usually limited
to a range of x from 0.6 to 1 to exclude Jan-Teller distortions. However, the appearance
of the tetragonal phase at the surface of the particles has been reported even without
the over-lithiation of the cathode [18]. Researchers have proposed that this Mn*3-rich
LipMn;,QOy4 layer can also impact on capacity fade by accelerating of Mn dissolution through
the disproportional reaction, presumably due to the overpotential in local areas of the
particles [18].

The local measurements of the Li ions’ diffusion pathways in electrode materials
are rarely reported and mainly utilize high-resolution transmission electron microscopy
imaging [11,20-22]. The heterogeneity of the transport is noticed for micro-scale particles
of different compositions [6,16,20,23-28]. In crystalline LiFePO,4 (LFP), the delithiation
reaction proceeds at many points of the crystal surface and is significantly determined by
the kinetics of dislocations and stress field distribution [20]. In LMO, the heterogeneity
was connected to local overpotentials revealed even under uniform electrical load [23].
Electrochemical experiments in LMO demonstrated the principal role of particle size:
nanoparticles smaller than 15 nm show lithiation without the formation of the spatially
separated lithiated areas [22]. Operando liquid X-ray microscopy reveals intercalation to be
significantly dependent on the particle’s shape: ellipsoidal particles intercalate sequentially,
whereas platelet particles intercalate concurrently, which is controlled by the local current
density [29]. In LiNi, Cog2Mng 2O, particles, the heterogeneity of Li-ion distribution and
capacity fade were explained by the imperfect electrical contact between the cathode and
electrolyte, leading to the increase in shear stress at the particle interface [26]. In LFP-based
commercial cathodes, delithiation was also shown to start from several regions on the
surface of the particles and nonuniformly propagate into the bulk, which was attributed
to the inhomogeneity of the electrical contacts and stress field distribution [30]. A recent
report on LFP commercial cathodes with nanosized particles revealed the importance
of the local environment [24]. The nanoscale particles inside aggregates were shown to
experience more pronounced reaction heterogeneity than the nanoparticles dispersed in
the electrolyte [24].

Despite these efforts, the understanding of lithiation dynamics at the scale of indi-
vidual grains is still elusive. The electrochemical strain microscopy (ESM) method gives
a unique opportunity to study lithium distribution with high spatial resolution [31-33]
without the need for surface irradiation by high-energy electron or X-ray beams. ESM
signal in a low-frequency regime is directly connected to the Vegard expansion of the lat-
tice [32,34]. The solid basis for the quantification of the low-frequency ESM method [34,35]
was suggested, which allows evaluation of the lithium-ion concentration and diffusion
coefficients [32,34,35].

Our previous studies were mostly focused on the development of ESM methodology
rather than on its application to specific materials [34,35]. The current work fills this gap
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and concentrates mainly on the material chemistry and the kinetics of battery degrada-
tion. The change in the lithium ions’ distribution under cathode cycling was studied,
and local insight into the cathode degradation is given. The model of lithium ions’ in-
tercalation/deintercalation was proposed for LMO-based cathodes, which indicates their
vulnerability. The performed research is important for further modification of battery
production and the improvement of lithium battery-based technology for energy storage.

2. Materials and Methods

Commercial cathodes from Li-ion batteries were produced by Robert BOSCH Gmbh.
The batteries were cycled in cylindrical cells. Cathodes with a 100% “state of health” (SOH)
were subjected to 3 charge/discharge cycles with a 1 C rate (fresh). Cathodes with 80%
SOH (aged) were cycled 106 times with a 1 C charge rate and a 16 C discharge rate and then
3 more times with a 1 C rate of charge and discharge, leading to capacity fade (Figure 1).
Cathodes with a 100% “state of charge” (SOC) have a Lig (Mn,Oy state, while cathodes
with 0% SOC have a Lig yMn,Oy state (Table 1). After cycling, the batteries were opened
in the glovebox, the cathodes were extracted, and the electrolyte was washed out using
dimethyl carbonate. After drying, the cathodes were embedded in epoxy resin and polished
mechanically with step-by-step decreasing abrasive. At the final stage, fine argon ion beam
milling was performed. Detailed information about the properties of the cathodes and the
sample preparation procedure can be found elsewhere [36].
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Figure 1. Discharge capacity versus cycle number of the aged cell. The first 5 cycles present a capacity
increase due to activation of the cell. The very low capacity is due to a failure with the cycling
instrument. Reprinted from Journal of Power Sources, Vol. 268, Luchkin, S.Y.; Amanieu, H.Y.; Rosato,
D.; Kholkin, A.L., Li Distribution in Graphite Anodes: A Kelvin Probe Force Microscopy Approach,
Page No. 889, Copyright (2014), with permission from Elsevier.

Table 1. The parameters of the LMO-based cathodes.

Sample SOC, % SOH, % Parl;:teitceer, A Li-ion C(I)Irllfgntration,
Lig.gaMn,Oy 0 100 8.18 21.4 x 10%
Lig 61Mn, 0Oy 100 100 8.09 14.4 x 10%
LiggoMnyOy 0 80 8.18 20.3 x 105

Lig.¢sMn, Oy 100 80 8.11 15.2 x 10%
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Electrochemical strain microscopy (ESM) measurements were performed in low-
frequency mode, where Vegard expansion of the surface under modulated low-frequency
voltage is proportional to the local concentration of the lithium ions. It should be noted that
the low-frequency ESM mechanism is principally different from the high-frequency ESM,
where the signal is originated fromthe local variation in the dielectric properties [28]. The
ESM signal is, in part, influenced by the topography [35], which seems to be unavoidable,
because the topography of the cathodes correlates with the concurrent electrochemical
process [37,38]. Because of that, the flattest particles in the cathodes were inspected in the
measurements. The measurements were performed at the MFP-3D-SA scanning probe
microscope (Oxford Instruments, Abingdon, U.K.) in a dry nitrogen atmosphere. Scansens
HA_NC_W,C (Bremen, Germany) silicon probes with conductive carbide wolfram coating
were used. The parameters of the probe were chosen to achieve a minimum value of the
low-frequency shape factor, which maximizes the amplification of the weak electromechan-
ical signal [35,39]. Voltage with 5 V},, amplitude and 3.5 kHz frequency was applied to the
probe. The details of the low-frequency ESM approach, including experimental realization
and calculation of the lithium concentrations, are given in Refs. [32,35]. As the top part
of the particle was removed by polishing, the ESM signal captured on the surface was
interpreted as a 2D section of the active particle, allowing us to extract information about
the distribution of the lithium ion concentration inside the particle bulk.

3. Results

We start with ESM characterization of the lithium concentration in four studied cath-
odes. ESM revealed the non-uniform distribution of lithium concentration in the volume of
the particle for all studied cathodes (Figure 2). The distribution of the lithium ions was in
part correlated with the position of the cracks (Figure 2), which, however, can be caused by
the mechanical strain appearing during the lattice transformation in the process of battery
cycling.
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Figure 2. (a,c,e,g) Topography and (b,d,f,h) lithium ion concentration in (a-d) lithiated and (e-h)
delithiated particles from (a,b,e,f) fresh and (c,d,g,h) aged cathodes.

The average concentrations of lithium ions calculated from the histograms in lithiated
and delithiated cathodes are close to those calculated from X-ray diffraction data (Figure 3
and Table 1). The variation in the average concentration in the cathodes with the same SOC
and SOH did not exceed 20%, and the concentration distribution is similar for the particles
of similar size. It should be noted here, that the fitting of the region of the aged cathodes
without actual data points is due to the limit of strain detection (below 0.5 pm), which
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corresponds to the concentration below ~8 x 102 m~? (Figure 3). The concentration of
lithium ions decreases with cycling, which can be directly related to capacity fade (Figure 3).
A difference in the average ion concentrations in lithiated and delithiated cathodes slightly
increases with cycling, which is a consequence of the significant histogram widening.
An increase of the histogram width corresponds to a more heterogeneous distribution
of lithium ions in aged cathodes (Figure 3), which develops an intuition about partial
exclusion regions of the particles from the lithiation/delithiation process as a result of
battery degradation.
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Figure 3. Histograms of lithium ion concentration in fresh and aged LMO cathodes extracted from
ESM images. Black arrows indicate average concentrations.

An increase in the lithium ion concentration in the center of particles is observed
for both fresh and aged lithiated cathodes (Figure 2b,d), which indicates more intense
lithiation/delithiation kinetics near the edges of the particles, while the core of the particle
delithiates slower. In delithiated cathodes, isolated regions with higher lithium concen-
trations mainly appear near the edges and cracks in particles (Figure 2f,h). An increase in
lithium ion concentration near the particle edge in delithiated cathodes can be explained by
the formation of the potential barriers along the particle/electrolyte interface, preventing
lithium extraction [40]. This can be indirectly confirmed by the inspection of the local diffu-
sion coefficients, verifying the existence of the <10 nm thick layer in this region (Figure 4f,
inset). The existence of a thin inactive layer with lower diffusion coefficients is more appar-
ent for the fresh cathodes compared to the aged ones, where ion concentration is distributed
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more randomly across the particle. The confined areas with a higher ion concentration
(comparable to the one in the lithiated cathodes) in the particles of the delithiated aged
cathodes indicate isolated regions of the cathode that are excluded from the subsequent
lithiation/ delithiation process.
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Figure 4. (a—c) Topography and (d—f) lithium ion concentration in the fresh Lig ¢MnyOy. At (f) inset:
variation in diffusion coefficient near the particle border.

The kinetics of lithiation also depends on the particle size, which has been revealed by
the analysis of fresh delithiated cathodes (Figure 4). Small (less than 1 um) particles typically
reveal the apparent formation of the lithiated core and delithiated shell (Figure 4e,f). At
the same time, in bigger particles, lithium ions become more homogeneously distributed.
Nevertheless, formation of the confined lithiated regions inside individual large particles
and, as discussed above, lithium ion segregation near the core of the particle was observed
(Figure 4e,f).

4. Discussion

Currently, two basic models of lithiation kinetics are widely accepted: (1) the radial
core-shell model (Figure 5a—c) and (2) the mosaic model (Figure 5d—f). In the frame of the
radial core-shell model, the delithiation starts from the edges of the cathode particles due to
the electromigration of the lithium ions into the electrolyte [41]. Lithium ions from the center
of the particle (core) must diffuse through the thick delithiated layer (shell) in order to be
extracted from the particle (Figure 5a,b). The process of delithiation is current-limited, and
the value of the current is determined by the surface area of the lithiated phase in the particle.
The process becomes diffusion-limited when the electromigration rate of lithium ions
transported across the interface is no longer able to sustain the current. The gradual decrease
in the maximal achievable current density decelerates and finally stops the extraction of the
lithium ions from the particle core, which results in the formation of an inactive lithiated
core in the center of the particle after completing the battery charge (Figure 5b). Another
possible origin of the lithiated “core” formation is in the reduction in the electronic current
flow in the delithiated phase [42,43], which also limits the maximal ionic current for keeping
charge neutrality inside the particle [43]. The next lithiation cycle during battery discharge
starts as well from the edges of the particle, but the lithiation front does not reach the
residual lithiated core and it remains enclosed by the thin delithiated layer (Figure 5c). In
the next cycles, this area becomes excluded from the lithiation/delithiation paths, which
leads to overall capacitance reduction. The origin of the incomplete re-lithiation of the
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batteries is not apparent and may have a random character or be a result of the stress relief
between the lithiated and delithiated part of the particle, discussed later in the manuscript.

Radial “core-shell” model
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delithiation lithiation
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lithiation ® @ Strained regions

“Viscous fingers” model

Figure 5. Kinetic models of lithiation/delithiation: (a—c) radial “core-shell” model [41,43], (d—f)
“mosaic” model [43], (g-k) “viscous fingers” model.

An alternative model, the so-called “mosaic model”, was proposed by Andersen and
Thomas [44]. According to this model, delithiation starts from several sites inside the
particle (Figure 5d), which leads to the formation of the spatially separated regions of
residual inactive lithiated phase (Figure 5e), a “mosaic”, excluded from the subsequent
lithiation/ delithiation cycles, similarly to what happens in the radial model (Figure 5f).
A principal drawback of the mosaic model is the absence of any physical argument for
starting the delithiation from several centers inside the particles, while the gradient of the
lithium ion concentration is maximal near the electrolyte—particle interface.

Our results demonstrate that the radial model adequately describes lithiation kinetics
in relatively small particles (less than 1 pm), while when several lithiated areas appear
in large particles, the lithiation kinetics better corresponds to the mosaic model. At the
same time, lithium-rich regions were forming not only at the particle edges in delithiated
cathodes but also in the material bulk. We propose an alternative model for the description
of lithium ion kinetics in large micrometer-scale particles in the LMO-based cathodes
(Figure 5g-k). Significant heterogeneity is inherent in commercially available cathodes,
which is discussed in Section 1. Heterogeneity is supposed to be caused by a disturbance
of the electrical contacts [16] or stress relief in the particles caused by the “over-lithiation”
in the local overpotentials, twinned boundaries [6], or defects. The contact disruption
can be suggested to be responsible for the formation of the non-homogeneous lithiation
at the particles” edges. Our earlier studies of the cathodes by confocal Raman microscopy
confirmed the appearance of the regions of the inactive Mn3Oy phase in fresh delithiated
cathodes [12]. The formation of the surface inactive layer revealed by ESM manifests the
formation of electrode electrolyte interphase (EEI), which can influence the electrical contact
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between the particles and the electrolyte. The passive layer at the particle surface hampers
lithium extraction during lithiation and stimulates the formation of the lithium-rich regions
near the particle edges (Figure 2f h).

On the other hand, our measurements revealed many lithiated areas inside delithiated
particles. Measurements by the confocal Raman spectroscopy also show areas with the
widening of the Ajg band, which is supposed to reflect the inhomogeneity of the stress
distribution inside the particles [12,14] (see Appendix A). The existence of the stress is
confirmed by the massive cracking of the particles during cycling (Figure 2a,c,e,g). Thus,
the lithiation occurs not only in the presence of the lithium ion concentration gradient in
the vicinity of the particle edges, but also in the presence of the local gradients of lithium
ion concentration inside the bulk, caused by the inhomogeneous distribution of the elastic
fields. Initial instability of the reaction front from the inhomogeneity of the contacts and
local heterogeneity of the particles themselves—residual mechanical stresses, twinned
boundaries, and defects—can trigger the further non-uniform motion of the reaction front.
Local acceleration and deceleration of the lithium extraction rate inside the particle evoke a
distortion of the moving LixMn;O4/LiMn,O4 chemical reaction front (Figure 5h,i). Such a
behavior can be described in the frame of the classical model of “viscous fingers” originating
from the studies of fluid dynamics [45] and other critical phenomena at the liquid-liquid
and liquid—solid interfaces with non-linear dynamics. Nevertheless, there are examples
of critical phenomena with non-linear dynamics on the “solid—solid” interface, where a
break of the phase boundary shape stability is observed: formation of dendrites in all-solid
lithium batteries [46], glass crystallization [47], formation of ferroelectric and ferromagnetic
domains [48-50] with irregular-shape domain walls. Among the mentioned systems,
the lithiation of the materials is the most similar to ferroelectric domain growth, where
viscosity and irregularity of the domain walls are consequences of the charge dynamics
and electrostatic interaction [51,52]. One more fact to confirm the “viscous finger” model
of lithiation/delithiation is recently published in situ TEM measurements of the LiMn;O4
lithiation to Li;Mn,Oy state, which shows the irregular shape of the lithiation front and
even the formation of individual fingers [6]. The mechanical compensation of the elastic
fields resulted to the twinning in the active particles, which in turn created a diversity
of the diffusion coefficient [6]. The velocity of the lithiation front motion in this research
was closed both to a characteristic velocity of the viscoelastic solids [53] and domain wall
dynamics in ferroelastics—ferroelectrics [54].

In the “viscous finger” model, the phase boundary (interface between lithiated and
delithiated LMO) propagates spatially nonuniformly with different local rates, which
leads to the loss of its stability (Figure 5h,i) and the formation of regions with residual
lithiated phase (Figure 5k). The resulting distribution of the lithium ion concentration
originating from the discussed model is in full accordance with the mosaic model but
has a solid physical basis. The transformation of the lithiation kinetics from the “viscous
fingers” model to the radial “core—shell” model can be explained by the reduction in the
compositional and structural heterogeneity in the small-size particles. Certainly, suggested
phenomenological model is fully qualitative and needs more detailed study, e.g., with in
situ experiments and modeling, which is highly desirable but out of the scope of the current
report.

A capacitance fade caused by the formation of the isolated regions in the particles
during lithiation—delithiation cycle can be overcome by reduction of the particles’ size. The
reduced particle size would help to suppress the formation of multiple cores—residual
lithiated regions. An additional surface coating of the particles protecting from manganese
dissolution or doping by ions, stabilizing the structure of LMO, can be used to improve
electrical contact [55]. This would be essential for reducing the ion segregation near the sur-
face and the homogenization of the lithiation process. From this point, the implementation
of the nanostructured cathodes (nanorods, nanoparticles, etc.) appears attractive for the
further development of the material.
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5. Conclusions

Lithiation kinetics were studied in commercial LMO-based battery materials using
electrochemical strain microscopy. The distribution of the lithium ions in the active particles
was visualized depending on the cathode “state of charge”, “state of health”, and an average
grain size. The relatively small particles (less than 1 pm) were found to be delithiated
following well-known radial “core-shell” model, while larger-scale particles possess a
number of lithiation sites and some of them in the particle volume. The formation of
the “mosaic” distribution of the lithiated area followed by the respective stress relief was
described on the basis of the “viscous fingers” model invoked for the lithiation kinetics of
LMO cathodes, which expands our understanding of the intercalation process and enables
further control of the capacity fade in LMO.
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Appendix A. Correlative ESM and Confocal Raman Microscopy (CRM) Measurements

The details of ESM measurements can be found in Section 2. ESM and CRM mea-
surements were performed separately on the same particle detected by optical microscopy.
CRM measurements were performed using the confocal Raman microscope (Alpha 300 AR,
WiTec GmbH, Ulm, Germany). A 488 nm laser was used for the measurements, which was
focused through a %100 objective. The reflected light was analyzed using 1800 grids/mm
grating. Scanning was performed using the piezoelectrically driven stage. Raman spectra
were accumulated over 25 s. All collected spectra were normalized by the area and fitted
using the superposition of Lorentzian. The distribution of full width at half maximum of
the Ay Raman peak inside the particle was plotted in the pseudo-color scale (Figure Alc).
More details about CRM measurements and analysis can be found elsewhere [12].

Figure Al. Correlative ESM and CRM measurements performed on the active particle of fresh
Lig ¢MnyOj. (a) Topography, (b) lithium ion concentration, and (c) FWHM of Alg Raman peak.
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