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Abstract

Aging in lithium-ion batteries (LIBs) degrades the performance and hinders sustainability,
demanding advanced diagnostics for early failure prediction. We investigate lithium isotope
fractionation (LIF) as an innovative probe of degradation in lithium cobalt oxide (LCO) coin
cells aged over 0—700 cycles. High-precision multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) quantified 6’Li variations across key cell stages: non-cycled (0
cycles), newly formed (5 cycles), semi-aged (250 cycles), and fully aged (700 cycles). During
early cycling (< 45 cycles), chemical processes drive 'Li enrichment at the anode (§’Li vs
LSVEC = +12 %o) through solid electrolyte interphase (SEI) formation, while the cathode
depletes in 'Li (6’Li vs LSVEC = — 0.7 %o). Beyond 45 cycles, electric field-induced migration
predominates, promoting °Li intercalation into the anode and increasing the §’Li of the cathode
by 8.1 %0. Mass balance verifies isotope conservation, attributing shifts to lithium redistribution
and trapping. Complementary electrochemical impedance spectroscopy (EIS) and X-ray
absorption spectroscopy and diffraction confirm SEI expansion, cobalt oxidation, lattice
shrinkage, and changes in the electrode structure, corroborating LIF trends. Notably, a 6’Li
inflection at approximately 270 cycles anticipates end-of-life by 70 cycles, surpassing
traditional methods in sensitivity. LIF emerges as a predictive indicator of aging mechanisms,
informing optimized designs for durable LIBs.
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Introduction

Lithium-ion batteries (LIBs) play a central role in the transition toward sustainable energy,
powering electric vehicles, consumer electronics, and grid-scale storage for renewable energy
sources [1]. Their high energy density, long cycle life, and relatively low self-discharge make
them superior to alternatives like lead-acid or nickel-metal hydride batteries [2]. However, LIB
aging leads to capacity fade, increased internal resistance, and safety risks, such as thermal
runaway [3]. Aging stems from multiple interconnected mechanisms, including the formation
and growth of the solid electrolyte interphase (SEI) on the anode [4], lithium plating [5],
electrolyte decomposition, and electrode structural instability [6]. These processes consume
active lithium, impede ion transport, and lead to mechanical failures, such as particle cracking.
In lithium cobalt oxide (LCO) batteries, the focus of this work, cathode degradation involves
cobalt dissolution and lattice distortions [7], while anode issues include SEI thickening and
graphite exfoliation [8]. Globally, battery aging contributes to electronic waste and strain on
resources, with millions of tons of LIBs reaching end-of-life annually [9]. Predicting and
mitigating degradation is crucial for extending battery lifespan, reducing costs, and supporting
circular economies through better recycling.

Lithium isotopes as tracers of battery processes

Lithium exists as two stable isotopes: ’Li (ca. 7.5 % natural abundance) and "Li (ca. 92.5 %),
with an approximately 17 % mass difference [10]. Among the light elements, this represents
one of the largest relative mass disparities after hydrogen. This enables lithium isotope
fractionation (LIF), where isotopes partition unevenly due to mass-dependent effects in physical
and chemical processes [11]. Lithium isotopic fractionation leads to variations in the ’Li/°Li
ratio in natural materials. These differences are commonly expressed using the lithium isotopic
delta scale (6’Li), which is conventionally reported in per mil (%o) against the Li isotopic
standard reference material NIST SRM 8545 or commonly named LSVEC. Geochemistry has
long exploited LIF to reconstruct dynamical environmental systems: for instance, J’Li
variations trace weathering [12], fluid-rock interactions, and mantle evolution [13]. In
seawater, the enrichment of Li occurs because °Li is preferentially incorporated into clay
minerals. Instead, mantle-derived materials show lower ¢’Li values [14], representing the
isotopic signature of Earth's mantle. These applications rely on high-precision measurements
(e.g., via multi-collector inductively coupled plasma mass spectrometry, MC-ICP-MS [15] or
thermal ionization mass spectrometry, TIMS [16]) to quantify isotope budgets.

In addition to LIF observed in natural processes, the nuclear industry has also provided key
insights into Li isotopic behavior, as it requires highly purified °Li and Li [17]. This demand
has driven the development of numerous isotope-separation techniques, including liquid—liquid
chemical exchange, displacement chromatography, laser-based methods, fractional distillation
and crystallization, thermal diffusion, and electromigration [18]. These technological advances
have deepened our understanding of the electrochemical isotopic effect during deposition and
intercalation processes. This effect arises from differences in activation energy between
isotopes, as described by Marcus theory [19], which states that electron transfer occurs at the



intersection of the potential energy surfaces of the reactants and products. Kavner et al. [20]
extended this framework by showing that differences in zero-point vibrational energies between
®Li and ‘Li alter their potential energy surfaces and activation energies, producing isotope-
dependent charge-transfer rates. Solvation effects further accentuate these differences, as the
solvation environments of each isotope influence the energy required for electron transfer [21].

Inspired by the dynamic processes observed in geochemistry, where lithium isotopes fractionate
kinetically, driven by diffusion and dynamic transport, LIBs (whose operation is governed by
the kinetic migration of Li* ions during charge and discharge) should also display comparable
isotopic effects [22]. This analogy inspires the application of LIF as a novel approach for battery
research. These isotope effects may depend on the cell’s operating mode: in the close-circuit
mode (during charge and discharge), Li* migrates directionally back and forward from the
cathode (LiCoO») to the anode (graphite) through the electrolyte and may form solvated clusters
to maintain charge balance at the electrodes. Under open-circuit conditions, Li* ions naturally
undergo uncoupled self-diffusion [23]. During repeated charge-discharge cycling, the
directional movement of lithium ions may introduce a bias in the migration behavior of ®Li*
and ‘Li*. Such processes can progressively generate a cumulative lithium-isotopic effect,
controlled by ion-transport dynamics and charge-compensation mechanisms at the electrodes.

Early studies by Qi et al. observed LIF in half-cells with lithium metal oxide cathodes and on
silicon and graphite electrodes, which reported the preferential incorporation of SLi into the
graphite anode [24, 25]. Other studies have shown rapid ®Li-’Li exchange under diffusion
conditions [26, 27] and the preferential dissolution of ’Li into the electrolyte compared to °Li,
as well as the influence on the composition of the electrolyte [25, 28, 29]. Recent studies on
commercial batteries have explored the accumulation of “Li in aged electrodes [22]. However,
the presence of additives and binders can mask the isotope effects, and variations in their
formulation hinder comparability among cells. Therefore, it is necessary to first study simplified
model systems with well-defined geometries and no additives. Linking LIF to degradation
stages in such systems could reveal transitions, like from SEI-dominated early loss to field-
driven late trapping.

In this work, we investigate LIF in LCO lab-manufactured cells to map aging. The coin cells
without any additive were cycled 0—700 times across four defined stages: non-cycled (0
cycles), newly formed (5 cycles), semi-aged (250 cycles), and fully aged (700 cycles).
MC-ICP-MS quantifies 6’Li with high precision (0.2 %o); EIS was used to track
electrochemical behavior, providing insight into resistance contributions from SEI growth and
charge-transfer processes [30]. Inductively coupled plasma optical emission spectrometry (ICP-
OES) determined the elemental lithium distribution, while X-ray Near Edge Absorption
Spectroscopy (XANES), Extended X-ray Absorption Fine Structure (EXAFS), and X-Ray
Diffraction (XRD) revealed atomic-scale and crystallographic changes associated with
degradation and characterized the structural evolution of the electrodes throughout aging [31,
32]. By correlating isotopic signatures with degradation patterns, we demonstrate that LIF can
serve as a predictive metric for battery aging.



Experimental section

Electrodes and cell manufacturing procedures

The coin cell fabrication and assembly were carried out following the next steps, illustrated in
Fig. 1: (1) Mixing: Active materials, conductive additives, and binders are mixed with a solvent
to form a homogeneous slurry. For the cathodes synthesis, a slurry was formulated by
combining 4.4 g LiCoO3, 0.25 g of polyvinylidene difluoride binder (PVDF Cambridge Energy
Solution CES, UK, density ca. 1.76 g cm ), and 0.25 g of conductive carbon (TIMCAL SUPER
C65 Conductive Carbon, Cambridge Energy Solution CES, UK, density = 0.160 g cm™) in 15
mL N-methyl-2-pyrrolidone (NMP Sigma Aldrich, Germany), stirred at speed level 3. Fig. 1
(2) Coating and Drying: The slurry was coated onto aluminum foil (12 pum thickness,
microporous aluminum foil, Cambridge Energy Solution CES, UK) and dried to remove the
solvent. Subsequently, the dried electrodes are compressed to a thickness of 0.4 mm at a target
density of 1.7 g cm—3 to achieve uniform density and optimal porosity (Fig. 1 (3) Calendering).
Then, Fig.1 (4) Cutting: electrode disks (12 mm diameter) were extracted from the coated side
to ensure uniformity across cells. The cathode disks were vacuum-dried for 24 h and transferred
into an argon glove box for Assembly (Fig. 1, 5): Anode, separator, and cathode layers are
stacked together. Electrolyte Filling (Fig. 1, 6): The electrolyte is injected into the cell to ensure
complete wetting. Wetting (Fig. 1, 7): The cell is rested to allow uniform electrolyte penetration
into porous structures. And Forming (Fig.1, 8): Initial charge/discharge cycles are performed to
activate the cell for operation.
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Fig.1. Schematic overview of the lithium-ion battery manufacturing process.

Cell assembly

Full coin cells were assembled as shown in Figure 2, following established lithium-ion battery
fabrication protocols [33]. The cathode active material was high-purity (99 %) LiCoO, (MSE
Supplies, US). The commercial anodes from Cambridge Energy Solution (CES, United
Kingdom) consist of a graphite coating applied onto a copper current collector (=16 um thick)



and provide a nominal specific capacity of 340 Ah g~!. The graphite layer is 74 pm thick and
has an approximate bulk density of 1.55 g cm™. The anodes were punched into 14 mm diameter
disks. A trilayer polypropylene/polyethylene/polypropylene separator (25 pm thickness,
Celgard 2325, CES, UK) was employed.
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Fig. 2. Model for LCO||graphite cell assembly.

All cells used a 1 mol L! LiPFs electrolyte solution (> 99.9 %) dissolved in a 1:1 weight ratio
of ethylene carbonate (EC, Capchem, < 20 ppm H20) and diethyl carbonate (DEC, Capchem,
< 20 ppm H20) (Sigma-Aldrich, Germany).

The coin cells were assembled in an argon-purged glove box (Sylatech, Germany). After
sealing, they were placed in an oven at 40 °C for 24 h to promote proper electrolyte wetting and
homogeneous distribution throughout the electrodes before formation. Table S1 summarizes the
coin cells used for each technique.

Aging and Electrochemical Characterization

Formation cycling was performed over five charge-discharge cycles between 2.5 and 4.2 V. The
charging mode of the cells uses a constant current mode (CC) with a maximum charge current
of 0.05 mA (C/200). Following formation, four cells were cycle aged in a battery cycler
(BTS4000 Neware, China) for 150-700 cycles between 3 and 4.2 V at a constant current (1C) of
160 mA g'. EIS was carried out using a VIONIC potentiostat (Metrohm, Switzerland) using
frequencies in the interval between 10 MHz and 1 Hz at an amplitude (AC) of 10 mV [34]. After
cycle aging, capacity and impedance were measured. The cells were fully discharged to a cut-
off voltage of 2 V, then disassembled at 0 % state of charge under argon in a glove box for post-
mortem analysis of the negative electrodes in a fully delithiated state.

Isotope and elemental analysis

For the elemental and isotope analysis, every component of the coin cell (cathode, anode,
separator, and electrolyte) was dissolved. The samples were digested at 150 °C for 2 h with 16
mL of aqua regia. For this, HNO3 (Merck, Germany) and HCl (Merck, Germany) were
previously purified by sub-boiling distillation in PFA containers. High-purity deionized water
with a resistivity of 18 MQ cm obtained from a Milli-Q system (Merck Millipore, Germany)



was used throughout the experiments. After digestion of the active material, the solution was
diluted to 100 mL with deionized water.

To minimize matrix effects from transition metals and other dissolved solids, lithium was
quantitatively isolated from the sample matrix using ion exchange chromatography (IC)
following the procedure described in previous work [22, 35]. The IC column, constructed from
polypropylene (20.5 cm length X 8 mm diameter), was packed with 3 mL of AG-50W-X8 resin
(analytical grade, BIO-RAD, US). Column preparation, following the method of Van Hoecke
et al. [36] has been carried out as in previous work [22]. For lithium content determination and
isotope amount ratio analysis (hereafter isotope ratio), the non-cycled, new-5, semi-aged (250
cycles), and fully aged (700 cycles) coin cells were selected.

Lithium concentrations in the samples were measured by ICP-OES using an Agilent 5110
instrument equipped with an automatic SPS 4 sampler (Agilent Technologies Australia Pty Ltd,
Australia). Calibration was performed over a range of 50-500 pg L' Li at 670.783 nm in axial
mode, employing certified single-element Li standards (Certipur ®) or a multi-element ICP
standard solution (ICP Multi-Element Standard Solution 1V, Certipur ®), depending on the
sample matrix. Operating parameters are summarized in Table S3.

Lithium isotope ratios were determined using a Neptune Plus MC-ICP-MS (Thermo Fisher
Scientific, Germany) operated in low mass resolution mode. The instrument was fitted with
aluminum sampler and skimmer cones to minimize lithium memory effect. Detailed instrument
parameters are summarized in Table S4. Samples and standards were diluted to a lithium
concentration of 100 ug L' in 2 % HNOs, and intensities were matched within +5 %. The typical
repeatability of LSVEC and IRMN-016 lithium isotope ratio measurements was around 0.2 %o.
Each sample was measured in triplicates. A 2 % (v/v) HNOs3 blank solution was measured before
and after every sample and standard, and the average blank intensity was subtracted from all
measurements. The observed drift between consecutive bracketing standards in the "Li/’Li ratio
ranged from 0.1 to 0.2 %eo.

All lithium isotope compositions are reported as 6’Li values relative to NIST SRM 8545
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The separation factor (S), also known as isotopic fractionation factor (a), is reported as the ratio
of isotopic ratios between two phases or components [37]:

87Li = 87/%Liysypc = -1

S = (LiffLi) / (LifLD), (1)

where ("Li/®Li)1 corresponds to "Li/®Li isotopic ratios in phase 1 or the solution, and ("Li/Li)2
in phase 2 corresponds to the component or host. When S > 1, SLi preferentially enters the host;
however, for S < 1, “Li preferentially enters the host.



Structural analysis

X-ray absorption spectroscopy (XAS) measurements were performed at the BAMline [38]
located at BESSY-II storage ring operated by Helmholtz Centre Berlin (HZB). The incident
energy was tuned by a double crystal monochromator in a Si(111) arrangement (delivering an
intrinsic resolution of deltaE/E=2x10"*). The energy range scanned comprised in total 1000 eV,
starting at -200 eV below the Co K-edge (7709 eV) and ending at 800eV above the edge in a
continuous mode, and equidistant 0.5 eV energy steps. The measurements were performed in
transmission mode. The signal from the samples is extracted from the ratio between a first and
a second ionization chambers (lo, I1), following the known Lamber-Beer-law, where the ratio
of I1/10 provides the mass absorption coefficient, varying exponentially with the energy of the
incident beam; in this case a reference foil was measured in also in transmission with a
transmission with a third ionization chamber (I3).

XAS data evaluation and treatment were performed by using the ATHENA program from the
DEMETER package [39].

X-ray diffraction (XRD) analyses were performed on LixCoO; cathode powders using a Bruker
D8 Advance diffractometer with a Cu Ko source (A = 1.5406 A) operating at 40 kV and 40 mA.
Diffractograms were collected in Bragg-Brentano geometry over 26 = 10°-80°, with a step size
of 0.02° and counting for 1 s per step. The powders were scraped from the current collector,
finely ground, and pressed into low-background holders to minimize the effects of preferred
orientation. All measurements were conducted at room temperature under ambient conditions.

Structural characterization using XANES/EXAFS and XRD was carried out on a pristine coin
cell and on coin cells cycled at 150, 250, and 500. An unassembled cathode disk served as the
reference sample (referred to as “non-cycled”). The description of each coin cell and the
analytical techniques applied are summarized in Table S5.

Results and Discussion

Electrochemical and morphological signatures of aging

Battery aging manifests through interconnected electrochemical, morphological, and structural
changes, which we correlate with LIF to elucidate mechanisms. Capacity decreased non-
linearly over the number of charge/discharge cycles (Fig. 3). An initial 10 % drop during the
first 45 cycles suggests the presence of cumulative internal processes that affect performance
over time. These may include the formation and growth of the SEI, loss of active lithium, and
electrolyte decomposition [40]. This phase is followed by a relatively stable mid-life period,
and then an accelerated decay after 300 cycles, falling below 80 % at cycle 340, which
corresponds to end-of-life according to the United States Advanced Battery Consortium criteria
[41, 42], indicating an acceleration of the degradation of active materials [43] at high states of
charge (SoC).
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Fig. 3. Measured cell capacity vs. number of charge/discharge cycles.

EIS through Nyquist plots (Fig. 4) reflects the early growth of SEI resistance (yellow region in
Fig. 4B), a predominance of charge-transfer resistance at mid-life, and hindered lithium-ion
diffusion, as evidenced by larger semicircles and higher impedance, indicating progressive cell

degradation.
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Figure 4. A) Nyquist diagrams of a coin cell at different aging cycles. B) Circuit representation model of EIS.



Lithium redistribution and mass balance

Elemental analysis by ICP-OES revealed lithium redistribution across all cell components.
Lithium originating from the cathode in non-cycled cells gradually migrates into the electrolyte,
separator, and anode (Fig. 5A). The initial lithium source supplied by the cathode is
progressively redistributed among the cell's components, with a significant fraction ending up
in the anode-side electrolyte and separator of new batteries. In the early cycles of an
LCO/graphite cell, part of the lithium originating from the LiCoO> cathode becomes
irreversibly trapped on the anode side due to the formation of the SEI layer [44], thereby
immobilizing a portion of the electrochemically active lithium. Total lithium content remained
approximately 0.5-0.6 mg per cell (Fig. 5B).
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Fig. 5 Lithium distribution in LCO cell components at different life stages measured by ICP-OES. A) 3D bar chart
showing Lithium concentration in the anode, cathode, electrolyte, and separator for a new cell, a middle-life cell,
and an end-of-life cell, and B) the pie chart of Li mass in mg.

In a battery, the total lithium mass is conserved, but it is redistributed among the components.
To verify the closed-system behavior, we applied mass balance principles. For the new stage (5
cycles), the cathode Li mass is approximately 0.35 mg, the anode mass is approximately
0.15 mg, and the separator mass is approximately 0.05 mg (total mass 0.55 mg). Weighted
average 6'Li = (Mcathode X Jcathode T Maathode elec. X Ocathode elec. + Manode X Ganode T Manode elec. X Janode
elec T Mgeparator X Oseparator) / MaSStotal = 5.9 %o, Within measurement uncertainty (0.3 %o) and
accounting for unmeasured electrolyte contributions. Similar calculations for mid-life yield 5.6
%0 and end-of-life 5.5 %o, attributable to minor parasitic losses or sampling variability. This
conservation supports interpreting 6'Li shifts as internal fractionation rather than external
artifacts.



Isotope fractionation patterns

To assess the onset and evolution of LIF during galvanostatic cycling, Figure 6 correlates cell
capacity, from formation (5 cycles) to 700 cycles, with the variation of ¢’Li values in the anode,
cathode, and separator. The ¢’Li values of the non-cycled electrolyte and LCO (dashed lines)
serve as reference baselines for comparison.

&’Li evolution delineated two stages. At first, during formation/early cycles (< 45), an isotopic
effect is observed between the electrodes, in which the cathode shows negative ¢’Li values to
—9.7 %o, indicating °Li enrichment, while the anode is enriched in "Li to +12 %o. This behavior
suggests rapid isotopic exchange and diffusion of ‘Li from the cathode into the electrolyte
during the initial charge/discharge cycles, consistent with previous results of Nowak et al. [26]
and Berthault et al. [27].

After 45 cycles, this trend reversed. The cathode ¢'Li increased to —1.6%o by mid-life, 6’Li in
the anode declined by 1.8%o, indicating °Li preferential intercalation into graphite for longer
cycle aged cells.
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Fig. 6. Fitted 6’Li values for cell components correlated to capacity over different states of cycles. Errors are
omitted for simplicity; see Table S2 for detailed information.

Our results show that lithium-ion cells exhibit measurable lithium isotope fractionation from
the moment they are assembled. The 6’Li gradient between the cathode (8.1%o), electrolyte
(10.6%o), and initially Li-free anode, combined with the demonstrated preference of 'Li to be
dissolved in the electrolyte [25], promotes 'Li transfer from the cathode to the electrolyte and
subsequently to the anode. The S > 1 between electrolyte and cathode (mainly in new cells)
shows that Li released from LCO is enriched in 'Li (Table 1). During this early stage, where
ions are fully dissociated and diffuse under self-diffusion conditions [18], electrolyte wetting
and interfacial equilibration induce a spontaneous isotope exchange that enriches the cathode
in SLi (negative ¢'Li values). This redistribution might indicate that initial isotope signatures
are driven by chemically controlled processes and interfacial self-exchange rather than by
directed ion migration.
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Table 1. Separation factors between the anodic and cathodic half-cells.

Separation factors S
New Cell Electrolyte / Anode 0.998
Electrolyte / Cathode 1.021
. . Electrolyte / Anode 0.999
Middle-life Electrolyte / Cathode 1.011
. Electrolyte / Anode 0.999
End-life Electrolyte / Cathode 1.011

Once electrochemical operation begins, during the cell formation stage (the first five cycles),
when a low charge rate (C/20) is applied, isotopic fractionation becomes more pronounced and
directional. During the initial cycles, 'Li is preferentially incorporated into the products forming
the SEI (Eq. 2 and 3), whereas SLi remains predominantly within the layered LCO structure.

Charge
LiCoO, —— x’Li* + Li;_,Co0, + xe~ (2)

71t _ Charge .
x 'LiT + xe” + electrolyte —— 'Li — SEI  (3)

The formation of the SEI is estimated to consume active Li by either reaction, diffusion, or
migration [45], shifting the equilibrium toward SEI product formation. Considering the greater
tendency of "Li to dissolve in the electrolyte, along with its propensity to form stronger bonds
compared to °Li, (according to the framework of Marcus electron transfer theory [20] and
Kramer’s model) it is expected that "Li could preferentially participate in interfacial processes
at the electrode—electrolyte boundary, reacting more strongly than °Li. This isotopic asymmetry
coincides with the early capacity loss and provides a distinctive signature of SEI formation.

Once 'Li has been consumed in the formation of the "Li-enriched SEI, a change in the 6’Li
trend 1s observed in both the cathode and the anode, indicating the peak of the SEI expansion
(after approximately 45 cycles, as indicated in Fig. 6).

As cycling progresses, the dominant isotopic fractionation mechanism shifts. Gradually, 6'Li
increases in the cathode to around —1.6 %o by mid-life. The progressive thickening of the SEI
and the associated decrease in lithium mobility may reduce the electrochemical demand for "Li
at the anode. Simultaneously, the mass difference between the isotopes becomes relevant under
kinetic conditions, since the battery charging and discharging processes are carried out after
formation at a higher rate (C-rate). The external electric field promotes the formation of
solvated ion clusters, and ’Li, owing to its lower zero-point vibrational energy, forms more
stable solvation complexes with electrolyte anions than °Li. As a result, the lower mobility of
’Li makes it tend to accumulate in the cathode upon repeated cycling. In contrast, the fraction
of dissociated ®Li remains more mobile and migrates preferentially toward the graphite during
the charging process, where it intercalates and becomes progressively enriched. This mass-
dependent transport regime explains the reversal of §’Li observed after ~50 cycles: °Li is
enriched at the anode while “Li accumulates in the cathode.
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In this work, "Li enrichment at the cathode persisted from the completion of SEI growth (=45
cycles) until mid-life (=220 cycles), after which 6’Li values gradually stabilized. The isotopic
plateau in the mid-life marks the transition to later-stage degradation processes, indicating that
the isotopic system approaches equilibrium as the cell nears the end of its functional lifespan.

Capacity-0’Li correlation (Fig. 7) showed isotope inflection at = 270 cycles, preceding end-of-
life by approximately 70 cycles, suggesting LIF's predictive power.
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Fig. 7. Correlation of LIF and cells capacity fading during cells cycle aging.

During the first life cycle, a dominant isotopic effect is characterized by the preferential
accumulation of the heavier isotope, ’Li, in the anode/electrolyte, resulting in an enrichment of
SLi in the cathode. Approximately 70 cycles before the end of the cell's life, a second, more
subtle LIF event occurs, dominated by the migration of the lighter isotope, °Li, towards the
anode and the heavier "Li, towards the cathode. This change in trend, relative to the first LIF,
serves as a predictive indicator that the effective cell life is close to its end. Consequently, LIF
offers a potential diagnostic tool for assessing performance and predicting the aging of batteries.
However, precise lithium isotopic analysis in cells remains challenging due to the stringent
detection limits required (around 1 %o) to accurately quantify these small variations.

Structural evolution in aged electrodes

XANES and EXAFS spectroscopy were used to examine the structural changes that could be
linked to LIF in the LiCoO» cathode. The XANES spectra (Fig. 8A) for cells cycled 0, 150,
250, and 500 times, disassembled at a comparable state of charge (=2 V), exhibit the
characteristic Co features (a, b, s, and p), present across all samples, indicating that the overall
coordination environment is largely preserved. Nevertheless, variations appear with cycling:
peak “a” shifts to higher energies and decreases in intensity, whereas peak “b” becomes more
intense. The progressive attenuation of the shoulder ‘s’ and the shift of the absorption edge
towards 7725 eV indicate an increase in oxidation Co** — Co*" during deintercalation. The
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persistent pre-edge feature at 7710 eV reflects deviations from symmetric coordination,
consistent with local structural distortions induced during cycling.

EXAFS analysis (Fig. 8B) reveals corresponding changes in Co—O bond lengths and
coordination environments, indicating a gradual weakening of the local structure with aging.
These modifications align with mechanically driven degradation mechanisms, such as crack
formation and SEI growth, which could be associated with lithium depletion.

Together, the XANES and EXAFS results demonstrate increasing atomic-scale distortion and
disorder in cycled LCO cathodes. These structural alterations complement the isotopic and
electrochemical data and support a correlation between lithium isotope fractionation, local
structural distortion, and performance degradation in LiCoO; cells.
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Fig. 8. (A) XANES spectra of LCO cell for 0, 150, 250, and 500 cycles and enhanced view for the pre-peak. (B)
EXAFS Spectra.

XRD analysis was conducted to track the structural evolution of the LCO cathode during
cycling and to identify phase transformations associated with long-term degradation (Fig. 9).
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The pristine material exhibits a single-phase pattern indicative of fully lithiated Li(CoO,). After
150 cycles, three LixCoO» phases emerge (Li(Co0O3), Lio.75(C002), and Lig 5(C00>)) indicating
heterogeneous lithiation states.
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Fig. 9. XRD spectra of LCO cathode material from the positive electrodes of cells cycle aged for 0, 150, 250, and
500 cycles.

The progressive shift of diffraction peaks toward lower 26 values indicates a reduction in
interlayer spacing, consistent with the stabilization of increasingly delithiated phases. Although
all cells were opened at similar voltages (=2 V), the cathodes settled into different lithiation
states depending on their aging history. The coexistence of Li(Co0Oz), Lio.75(C00O2), and
Lio.5(Co0Oz2) in moderately cycled electrodes agrees with the typical 4.2-2.9 V operating window
of LCO, where approximately half of the lithium is reversibly extracted and reinserted. In
contrast, the predominance of Lio.5(Co0O2) in highly aged cathodes suggests that the material
becomes trapped in a strongly delithiated state, consistent with structural degradation and loss
of reversible capacity.

While the increasing fraction of Lios(CoQ>) aligns with long-term delithiation and capacity
fade, alternative degradation pathways, such as the formation of Co304 or CoO [46], cation
mixing, or surface reactions during disassembly, may also contribute to the evolving diffraction
signatures. Combined with XANES and EXAFS observations of local distortions, these XRD
results indicate a gradual collapse of the layered cathode framework, driven by accumulated
defects, mechanical stress, and irreversible lattice distortions. Such structural evolution may
ultimately influence lithium mobility and isotopic behavior within the cathode.

Conclusion and Outlook

Implications for battery aging and future diagnostics

The detected patterns under the chosen experimental conditions suggest that aging is a phased
process, with chemical dominance occurring early and electrochemical dominance later. While
LIF and EIS probe comparable degradation stages, LIF seems to anticipate transitions, provide
a warning of cell capacity loss. outperforming EIS. In the investigated system, based on LCO
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positive material, mitigating the observed early "Li loss via electrolyte additives or coatings
could help delay SEI growth. Structural stabilization of the cathode against distortion might
reduce LIF. Extending this study to other cathode chemistries, such as lithium nickel manganese
cobalt oxides (NMC), or different components such as a solid-state electrolyte, as well as to
batteries with different charge ratios and during cell formation, might further clarify the role of
LIF in battery aging and could provide designs that resist field-induced segregation. For this
purpose, non-destructive techniques, such as ’Li nuclear magnetic resonance (NMR) for in-
operando ¢’Li evaluation, enabling real-time monitoring, can be of help in advancing
prognostics and sustainability.

Our study suggests that LIF may serve as a sensitive indicator of degradation in lithium cobalt
oxide batteries. It was observed that in early cycling stages, chemical processes such as SEI
formation preferentially consume ‘Li at the anode, enriching it there while depleting the
cathode. As aging progresses, field-driven migration takes over, favoring the accumulation of
SLi into the anode and ’Li at the cathode. Fractionation is shown to correlate with cell capacity
fade, with SEI growth occurring first, followed by structural fatigue. XANES/EXAFS/ reveal
structural distortion and bond weakening in aged cathodes, aiding ’Li buildup via lattice
contraction.

These results advance understanding of battery aging at the isotopic level, bridging atomic-
scale events to macroscopic electrochemical performance. LIF reveals changes in battery
behavior around 70 cycles before the end of life, suggesting that it could complement traditional
diagnostic tools with early predictive insight. For practical use, integrated LIF monitoring could
guide material design, such as by electrolytes that minimize early Li loss or cathodes that resist
structural fatigue. Future work should extend to other battery chemistries, such as layered metal
oxides like NMC and olivine structures like LiFePO4, and develop non-destructive isotope
sensing for real-time health assessment to understand the generalization of the observed
fractionation and its applicability as a diagnostic tool in LIBs research.
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