
JAAS

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
8:

19
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exploring age-in
aBundesanstalt für Materialforschung und -p

D-12489 Berlin, Germany. E-mail: Carlos.Ab
bHumboldt Universität zu Berlin, Departme

12489 Berlin, Germany
cDepartment of Energy and Automation Te

Einsteinufer 11, D-10587 Berlin, Germany

Cite this: J. Anal. At. Spectrom., 2025,
40, 3306

Received 6th September 2024
Accepted 4th August 2025

DOI: 10.1039/d4ja00324a

rsc.li/jaas

3306 | J. Anal. At. Spectrom., 2025,
duced lithium isotope
fractionation in lithium-ion batteries using
microwave-induced cold nitrogen plasma mass
spectrometry

Dalia Morcillo, ab Alexander Winckelmann, ab Marcus Oelze, a

Robert Leonhardt, ac Anita Schmidt,a Silke Richter, a Sebastian Recknagel,a

Jochen Vogl, a Ulrich Panne ab and Carlos Abad *a

This study explores Microwave-Inductively Coupled Atmospheric-pressure Plasma Mass Spectrometry

(MICAP-MS) as a cost-effective alternative to Multi-Collector Inductively Coupled Plasma Mass

Spectrometry (MC-ICP-MS) for analyzing lithium isotopic composition in lithium-ion batteries (LIBs). We

investigate the performance of MICAP-MS in measuring Li isotope ratios in new and aged commercial

lithium cobalt oxide (LCO) batteries. Our results show that MICAP-MS, operating under cold plasma

conditions at 800 W with an 8 mm torch position, achieves results metrologically compatible with MC-

ICP-MS, with a precision ranging from 0.6& to 3.4& for d7Li values. MICAP-MS benefits from a dielectric

resonator for uniform plasma, better ion velocity control, and higher energy efficiency. Optimal settings

were identified with dwell times of 10 ms for 6Li and 1 ms for 7Li. The study of LIBs revealed that 6Li

migrates towards the anode over multiple charge–discharge cycles, causing 7Li to accumulate in the

cathode, a fractionation effect that becomes more pronounced with prolonged cycling. MICAP-MS

provides a cost-effective, precise alternative to MC-ICP-MS, with lower operational costs and enhanced

portability, advancing the study of isotopic fractionation and aging in lithium-ion batteries.
1. Introduction

Lithium-ion batteries (LIBs) have revolutionized portable elec-
tronics and electric vehicles since their commercialization in
1991 due to their high energy density, efficiency, and rechar-
geability. However, LIBs are subject to aging, which limits their
lifespan. Understanding the mechanisms behind battery aging
is crucial for improving their performance and longevity.1

An attribute associated with LIB aging is lithium isotope
fractionation, a phenomenon where the ratio of lithium
isotopes (6Li and 7Li) changes over time. This fractionation can
result from structural changes in batteries and may be corre-
lated to efficiency and capacity. It has been observed that the
heavier isotope, 7Li, tends to accumulate in the electrolyte,
while the lighter 6Li migrates towards the anode during charge–
discharge cycles.2–4 This isotopic distribution may serve as
a window of the battery's performance and presents itself as
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a proxy of the aging process; however, this has not been well
studied and established.

Traditionally, lithium isotope amount ratios (hereaer
isotope ratios) have been measured using Thermal Ionization
Mass Spectrometry (TIMS), which offers high accuracy but is
limited by long analysis times and the potential for isotopic
fractionation during measurement.5 Multi-Collector Inductively
Coupled Plasma Mass Spectrometry (MC-ICP-MS) has become
the standardmethod for lithium isotope analysis due to its ability
to simultaneously measure multiple isotopes with high preci-
sion.6,7However, MC-ICP-MS is not without drawbacks, including
sensitivity to matrix effects and the requirement for high-purity
argon gas, which signicantly increases operational costs, as
demonstrated by gas ow rate calculations by You et al.8

A microwave-induced nitrogen plasma ionization source
offers a promising alternative for lithium isotope analysis used in
nitrogen microwave inductively coupled atmospheric-pressure
plasma mass spectrometry (MICAP-MS).9,10 Unlike traditional
ICP sources, MICAP uses nitrogen as the plasma gas, signicantly
reducing costs and eliminating the need for argon.11,12 The
MICAP system employs a dielectric resonator to generate a stable
and homogeneous plasma, which improves ionization efficiency
for many elements and minimizes issues such as secondary
discharges common with traditional ICP sources.13
This journal is © The Royal Society of Chemistry 2025
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A key innovation in our approach is using a single quadru-
pole mass analyzer with MICAP-MS, instead of the more
complex and expensive multi-collector systems typically used
for high-precision isotope analysis. The single quadrupole
setup, traditionally considered less precise for isotope ratio
measurements due to the sequential measurement,14,15 benets
signicantly from the enhanced stability and efficiency of the
MICAP ionization source. The stability of the MICAP plasma
reduces the variability in ionization, leading to more consistent
ion signals and improved measurement precision. A detailed
explanation of the operation of the ion source can be found in
previous research.16

This study investigates the application of MICAP-MS with
a quadrupole single detector for analyzing lithium isotope
fractionation in commercial lithium cobalt oxide (LCO)
batteries. By comparing new and aged batteries, we aim to
understand how lithium isotope ratios change over the lifespan
of a battery. Using MICAP-MS, we strive to achieve acceptable
precision in d7Li measurements, focusing on the isotopic
changes occurring due to prolonged cycling and aging.
2. Experimental section
2.1. Materials and sample preparation

Four commercial pouch cell LIBs composed of lithium cobalt
oxide (LCO) were investigated. The batteries had capacities
ranging from 0.7 mAh to 1.75 mAh and operated within a 2.5 to
4.35 V voltage range. The maximum charging rate was esti-
mated to be 2.1 A. Two of the batteries were aged to study the
differences in the lithium isotope ratio between newly manu-
factured and end-of-life batteries. The aging was performed in
a battery cycler MCT-HD system (Digatron Power Electronics,
Germany) (Fig. 1A). For the charging cycle, a current of 1 A was
used in constant current mode until 4.35 V was reached,
charging at a constant voltage of down to 50 mA. This charging
cycle was followed by the discharge cycle with a current of 1 A
until 2.5 V was reached. The electrochemical impedance of the
resistivity of the battery to current disturbance was performed
with an Interface 5000E potentiostat (Gamry Instruments, USA).
Fig. 1B shows the electrochemical impedance spectra of the
Fig. 1 (A) Measured battery capacity vs. number of charge/discharge cyc
where the x-axis is the real component, and the y-axis is the imaginary

This journal is © The Royal Society of Chemistry 2025
battery aer 0 to 210 cycles. The impedance spectra increase
slightly from 0 to150 cycles corresponding to the formation of
the passivation layers and indicating a normal degradation.
However, aer 150 cycles, a signicant rise in impedance and
ohmic resistance (Z00 = 0) suggests a loss of usable lithium ions.

Once discharged to the cut-off voltage, the batteries were
opened under normal temperature and pressure (NTP) condi-
tions. The anodes were separated from the cathodes and the
separator. In total, two anodes (NEW-A1, NEW-A2) and two
cathodes (NEW-C1, NEW-C2) were obtained from the new
batteries, and two anodes (AGED-A1, AGED-A2) and two cath-
odes (AGED-C1, AGED-C2) from the aged batteries.

Approximately 0.5 g of cathode and anode material of each
battery were separated from the aluminum and copper current
collectors by mechanical scraping using a metal spatula. To
ensure the removal of graphite from the sample, the powdery
cathode and anode materials were placed in platinum crucibles
and calcinated in a muffle furnace at 1100 °C for 1 h. Aer that,
the samples were digested at 150 °C for 2 h with 16mL aqua regia.
For this, HNO3 (Merck, Germany) andHCl (Merck, Germany) were
previously puried by sub-boiling distillation in PFA containers.
High-purity deionized water with a resistivity of 18 MU cm ob-
tained from a Milli-Q system (Merck Millipore, Germany) was
used throughout the experiments. Aer digestion of the active
material, the solution was diluted to 100 mL with deionized water
and used for ICP-OES control analysis (Tables S3 and S4).

To avoid spectral interferences, the sample matrix was
removed. Consequently, lithium was quantitatively separated
from the transition metals by ion-exchange chromatography
(IC) as previously described.17 The IC column, made of poly-
propylene with a length of 20.5 cm and a diameter of 8 mm, was
lled with 3mL of AG-50W-X8 resin (analytical grade, BIO-RAD).
The preparation of the column, based on the Van Hoecke et al.
procedure,18 is detailed in Table S1. A standard solution was
prepared according to the cathode composition to check the
efficiency of the columns. The standard cathode solution, con-
taining 2.5 mg L−1 of Li, 7 mg L−1 of Al, and 20 mg L−1 of Co,
was loaded onto the column with a volume of 2 mL.

To determine the range of the mobile phase for lithium, 15
fractions with 2 mL of eluate each and an extra fraction with the
les. (B) Impedance response of the aged battery over the aging cycles,
component.
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remaining eluate were collected and lled up to 10 mL with 2%
nitric acid (HNO3). Fig. T1, in SI, shows how the eluted lithium
appears between fractions 4 and 11 separated from Co and Al.
The IC process was subsequently applied to the battery samples
(Table S2). The sample preparation process is represented in
Fig. 2. Each isotope-ratio replicate consumed only z2 ng Li
(0.20 mL of a 10 mg per L eluate), i.e., <0.00001% of thez25 mg
Li dissolved from a 0.50 g cathode sample and <0.0001% of the
z2 mg Li dissolved from a 0.50 g anode sample. For this type of
LCO battery material, calcination at 1100 °C does not introduce
measurable lithium isotope fractionation, as lithium remains in
stable, low-volatility oxide forms (e.g., LiCoO2) with vapor
pressure well below levels that would induce volatilization or
Rayleigh distillation.19
2.2. ICP-optical emission spectrometry measurements

Before measurements using MC-ICP-MS and MICAP-MS, the Li
concentrations of the samples were determined by ICP-optical
emission spectrometry (OES) using an Agilent 5110 ICP-OES
equipped with an automatic sampling system SPS 4 (Agilent
Technologies Australia Pty Ltd, Australia). Calibration was per-
formed from 50 to 500 mg per L Li at a wavelength of 670.783 nm
in axial mode using certied single-element stock solutions, a Li
ICP Standard (Certipur®), or an ICP multi-element standard
solution (ICP multi-element standard solution IV Certipur®),
depending on the sample matrix. The instrument parameters
are provided in Table S3.
Table 1 Instrumental parameters for Li isotope analysis using MICAP-
MS

MICAP-MS

Plasma power 800 W
Nebulizer gas ow 1.35 L per min N2

Auxiliary gas ow 1.8 L per min N2

Plasma gas ow 11 L per min N2

Sampling depth 5 mm/8 mm
Sampling cone Pt 1.1 mm
Skimmer cone Ni 0.5 mm
Dwell time 0.1 s
Sample time 345 s
Dwell time 7Li/6Li 1 : 10
Point/peak 1
2.3. Instrumental conditions and validation of MICAP-MS

A PlasmaQuant MS Elite quadrupole mass spectrometer (Ana-
lytik Jena GmbH, Germany) modied with an inductive micro-
wave plasma source was used for all experiments. Nitrogen (N2

purity $99.999%, Linde AG, Germany) was used as a nebulizer,
auxiliary, and plasma gas. A peristaltic pump was used to
transport the liquid samples to a concentric nebulizer (Micro-
Mist, USA) combined with a cooled double-pass spray chamber
at 3 °C. A 2.45 GHz microwave is generated from a microwave
oven magnetron and coupled to a dielectric resonator ring to
sustain the plasma.16

The optimum time to achieve a stable 7Li/6Li ratio signal was
120 s. The parameters of the ion optics (lens andmirror voltages)
were adjusted to obtain high sensitivity based on recent
Fig. 2 Battery sample preparation for Mass Spectrometry (MS) analysis w

3308 | J. Anal. At. Spectrom., 2025, 40, 3306–3316
research.11 Finally, the effect of the skimmer bias was also opti-
mized, obtaining a stronger lithium signal at 3 V skimmer bias.

Instrumental parameters like plasma power, dwell time,
sample time, data acquisition, and skimmer bias were tested to
achieve a more stable lithium signal. Table 1 presents the
detailed parameters for lithium isotope analysis.

Two samples were selected for quality control using MC-ICP-
MS: lithium carbonate (Fluka, Germany) and lithium uoride
(Merk, Germany), and two certied reference materials (CRMs):
NIST SRM® 8545 (NIST, USA), usually referred to as LSVEC,
which denes the lithium delta scale and, by denition, has
a d7Li value of 0&, and a second certied lithium carbonate
IRMM-016 (European Commission JRC, Belgium).

The lithium isotopic compositions (d7Li), reported in permille
(&) deviations from LSVEC, were measured by MC-ICP-MS, as
dened in eqn (1). The solutions were measured using standard-
sample bracketing with LSVEC, and a blank measurement was
taken before each standard and each sample. The solutions were
prepared as previously described,17 and detailed sample infor-
mation is provided in Table S5. To match a 6Li signal of 95 000
counts per second (c per s) and a 7Li signal of 1 200 000 c per s
a lithium concentration solution of 10 mg L−1 was used.

d7Li ¼ d7=6LiLSVEC ¼

0
BBB@
R

�
7Li
6Li

�
sample

R

�
7Li
6Li

�
LSVEC

1
CCCA� 1 (1)
ith matrix extraction.

This journal is © The Royal Society of Chemistry 2025
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2.4. MC-ICP-MS measurements

Measurements of d7Li values for the set of validation samples
were carried out using a Neptune Plus MC-ICP-MS instrument
(Thermo Fisher Scientic, Bremen, Germany) in standard cong-
uration. The corresponding instrument parameters can be found
in our previous work,16 except that the battery samples in this study
were measured using Al cones instead of Ni cones. By using
a lithium mass fraction of about 0.5 mg kg−1, an average signal
intensity of 12 V was obtained for lithium, and the typical
repeatability for lithium isotope ratio measurements was about
0.1&. The samples were diluted with nitric acid (w(HNO3) = 20 g
kg−1). Each sample was measured at least two to three times with
40 cycles. The representative dri between two consecutive
bracketing standards in the 7Li/6Li ratio was 0.1–0.2&.

3. Results and discussion

To achieve the detection of a robust signal for lithium isotope
with precision comparable to ICP-MS (#0.6& by single
collector triple quadrupole ICP-MS20) and to study the sensi-
tivity and mass bias for lithium isotope analysis, the conditions
for MICAP-MS have been tested. The selection of the parameters
focused on three criteria: achieving a higher Li signal for both
isotopes, maintaining plasma stability, and ensuring the
isotope ratio is closer to the natural value of the 7Li/6Li ratio,
which would suggest lower mass bias from the equipment.

3.1. Selection of instrumental conditions

The quadrupole-based ICP-MS instruments are limited to dwell
times in the millisecond range and have a data acquisition
Fig. 3 Bias betweenmeasured and reference values for setting condition
data acquisition points (C) and sweep time (D).

This journal is © The Royal Society of Chemistry 2025
overhead that negatively affects data quality.21 In contrast to the
MC-ICP-MS, whose multicollector allows a simultaneous ion
measurement, MICAP-MS performs a sequential detection of
the ions generated in the plasma. In the worst-case scenario,
sequential detection could measure the rst isotope at the
highest intensity and the second isotope at the lowest intensity
in an assumed sinus-like uctuation of the intensity. This
difference can lead to signicant variations in ion intensity
being directly transferred to the isotope ratio, negatively
affecting the accuracy of the measurement. To minimize this
drawback of sequential detection, an optimal measurement
time adjustment is crucial to achieving a stable signal.22

The bias between measured and reference values was
investigated using LSVEC with a lithium concentration of 10 mg
L−1 to set dwell time, data acquisition points, and sample time.
The results are shown in Fig. 3 and more detailed in Table S6.

Firstly, dwell times for both Li isotopes ranging from 100,
1000, 10 000 to 100 000 ms were tested for a total data acquisi-
tion time (sweep time) of 250 s (Fig. 3A). The instrument
selected 70 scans for 100 ms dwell time, 50 scans for 1000 ms, 18
scans for 10 000 ms, and 10 scans for 100 000 ms (Table S6). The
number of scans decreases as dwell time increases to maintain
a constant sweep time. This is because, for quadrupole-based
MS, the sweep time is equal to the sum of dwell and settling
times (the time that a mass spectrometer (MS) pauses aer
nishing a cycle until it begins the next cycle).23 The most
precise result was obtained with a dwell time of 10 000 ms for an
instrumental isotope fractionation of −0.74. While shorter
dwell times are in theory ideal for minimizing the effects of the
sequential detector, the signal might not have enough time to
s of dwell time for both isotopes in (A), dwell time for the 7Li/6Li ratio (B),

J. Anal. At. Spectrom., 2025, 40, 3306–3316 | 3309

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ja00324a


JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
8:

19
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
accumulate sufficiently at these shorter dwell times, leading to
a lower signal-to-noise ratio.

To determine the optimal sweep time, sweep times of 250 s,
345 s, and 450 s were tested with a xed dwell time of 10 000 ms,
resulting in scans of 18, 70, and 100, respectively (Fig. 3D). The
lowest standard deviation was observed with a sweep time of 345 s.
For lithium isotope analysis, sweep time is most efficient with an
increased number of scans (over 70 scans/replicate). A sweep time
of 250 s may be insufficient to detect each isotope. Increasing the
sweep time to 345 s while maintaining the same dwell time
Fig. 4 Comparison of the lithium signal for a plasma energy setting
range from 1500 W to 600 W.

Fig. 5 Analysis of plasma signal intensity and isotopic ratio for 7Li and 6L
intensity for 7Li and 6Li, respectively. (C) Illustrates the 7Li/6Li ratio, and (

3310 | J. Anal. At. Spectrom., 2025, 40, 3306–3316
signicantly improves the accuracy. However, it still does not
provide enough time to accumulate the less abundant isotope, 6Li.
The ratio 7Li/6Li shows an increasing tendency with increasing
sweep time (Fig. 3D). This effect may be explained by the total
measurement time. A slight increase (<0.4&) in the 7Li/6Li ratio
with longer sweep time (Fig. 3D) is attributed to residual count-
rate-dependent artifacts,14,24 primarily incomplete dead-time
correction and space-charge defocusing, which subtly favor the
more abundant 7Li during extended integrations. At the selected
345 s sweep time, the projected bias is <0.05&, well below the
method's ± 0.6& external precision and thus negligible.

The dwell time on the isotopic ratio 7Li/6Li was then selected,
keeping the previous dwell time of 10 000 ms constant for 6Li,
while the dwell time of 7Li was modied for 1 : 1 and 1 : 10
7Li/6Li ratios. The 1 : 10 ratio resulted in the most reliable dwell
time (Fig. 3B). These parameters allow a measurement time per
isotope much lower than the period of the oscillation/noise T,
avoiding a negative inuence on the isotope ratio precision.

Finally, the number of points per peak of data acquisition
was tested. The most precise result (Fig. 3C) was obtained with
the acquisition of 1 point per peak, for which 94 scan replica-
tions were used. Increasing the number of points per peak while
maintaining a xed sweep time reduces the total number of
scans, limiting statistical averaging of signal uctuations and
thereby increasing bias and uncertainty, as observed in our tests
(Table S6). This trade-off is well-documented in quadrupole
ICP-MS for isotope ratio measurements.25,26
i under hot plasma conditions (1500 W). (A and B) Represent the signal
D) shows the standard deviation of 10 measurements per location.

This journal is © The Royal Society of Chemistry 2025
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In conclusion, the results of the detailed parametric study
(indicated in Table S6 with a grey band): dwell time of 10 000 ms
for 6Li and 1000 ms for 7Li, sweep time of 345 s, and 1 point per
peak in the data acquisition allow measurements of lithium
isotopes with intensities close to each other and short
measurement times. This means that the disadvantages of
sequential quadrupole detection are limited under these
conditions. This fact and the stability of the nitrogen source
plasma of the MICAP-MS provide a stable signal, improving the
precision of the isotope ratio.
3.2. Effect of plasma power

Atmospheric plasma torches in MICAP-MS generate plasma at
very high temperatures under atmospheric pressure.16 However,
higher plasma temperatures do not always result in more effi-
cient ionization and extraction of analytes. For ICP-MS, cold
plasma conditions lead to a higher signal for light and easily
ionizable elements such as lithium, sodium, and potassium.27

In this section, different plasma power settings from 1500 W to
600 W were investigated.

As shown in Fig. 4, cold plasma conditions at 800 W forward
power were considered optimal. The signal intensity for both
isotopes is higher than using other power settings, and their
isotope ratio is more stable and closer to the natural 7Li/6Li ratio
value of 12.7.
Fig. 6 Analysis of plasma signal intensity and isotopic ratio for 7Li and 6L
intensity for 7Li and 6Li respectively. (C) Illustrates the 7Li/6Li ratio, and (D

This journal is © The Royal Society of Chemistry 2025
The enhancement of lithium intensity observed with cold
plasma (800 W) can be attributed to the optimal plasma
temperature, which promotes lithium ionization.20 This is
particularly signicant considering lithium's relatively low
ionization energy, which stands at 5.4 eV.

A higher plasma energy level would facilitate the ionization of
doubly charged ions derived from isobaric interferences like 12C2+

and 14N2+, generatingmore interferences in the lithium signal and
lower ionization efficiency (see Fig. T2 for mass scans of a blank
solution measured at different plasma power levels). Therefore, by
using low-energy plasma conditions, interference from these
doubly charged ions can be minimized. This allows a more accu-
rate and precise measurement of lithium isotope ratios.

Additionally, cold plasma energy creates a more focused ion
stream, resulting in less isotopic fractionation of 7Li and 6Li.
Together with the intrinsically stable nitrogen plasma source,
this setup provides sub-percent signal RSD, supporting the per-
mille range external precision achieved with our bracketing
protocol. The coil-less dielectric-resonator design, as detailed by
Jevtic et al.,13 has demonstrated sub-percent stability in inde-
pendent studies,9,28 reinforcing the reproducibility reported here.
3.3. Effect of torch position

Nonuniformities in the plasma can impact the quality of sample
ionization. Areas of the plasma with higher electron density
absorb more power than areas with lower electron density,
i under cold plasma conditions (800 W). (A and B) Represent the signal
) shows the standard deviation of the measurements.
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Fig. 7 d7Li values of reference material IRMM-016 during 6 days of
measurements.
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resulting in different ionization levels in these regions and
these variations can cause plasma instability. The effect of the
torch position was studied to nd themost stable plasma region
for lithium isotopes. The sample depth in the plasma was
modied from 5 to 12 mm, and the horizontal torch position
varied from −3 to 3 mm. For this purpose, 10 replicates were
scanned along the horizontal position for each sample depth.
The contour plots (Fig. 5 and 6) show the spatial distribution of
plasma properties at two different plasma energies of 1500 W
(hot plasma) and 800 W (cold plasma), respectively.

Fig. 5A and B suggest that the area of the highest signal of 7Li
and 6Li can be detected at the smallest sample depth of 5 mm.
The Li signal steeply decreases in all directions. This may
indicate a strong electrostatic repulsion of the light Li+ ions
from the more abundant ion species present in the hot plasma,
namely N+, O+, N2

+, NO+, etc.
In Fig. 5C, a high 7Li/6Li ratio is observed at the middle

position near the lowest depth of the sample, where the value
signicantly deviates from the natural value of 12.17. The ratio
decreases towards the outer side and with increasing sample
depth, indicating both a stronger electrostatic repulsion for the
lighter 6Li, leading to isotopic fractionation within the plasma,
and strong interference from doubly charged nitrogen.

The small area with a low standard deviation of the ratio, as
shown in Fig. 5D, overlaps with the area of highest intensity
(Fig. 5C) at this torch position. However, in this zone, a higher
isotopic fractionation is found.

In conclusion, for the 1500 W plasma power conditions,
there are regions within the plasma where the ionization of 7Li
and 6Li differs signicantly, making it difficult to obtain
consistent and accurate isotopic measurements.

Fig. 6A and B show a large area at the torch position with
a higher Li signal for both isotopes in cold plasma power
conditions. Within the position range, these gures indicate that
the most stable plasma region is at an 8 mm sample depth and
a horizontal torch position of 0 mm for both lithium isotopes.
The cold plasma condition produces a more focused ion cloud
with less electrostatic repulsion. This stability may be produced
by a more efficient energy transfer from the plasma source at this
depth, increasing the ionization of both 7Li and 6Li.

Fig. 6C shows the closest to the natural 7Li/6Li ratio in a large
central area at a sample depth of 5mm to 9mm. Thismay indicate
the absence of isotopic fractionation in this zone and a very low
background of doubly charged nitrogen and carbon. This only
affects the ratio at the horizontal ends, where the Li signal is low.
Table 2 d7Li of reference materials LSVEC, IRMM-016 and quality contr

Name

MICAP

d7Li vs. LSVEC/& 2SD U

LSVEC 0.10 1.40 2.29
Li2CO3 15.01 1.07 2.30
LiF 293.53 2.53 2.59
IRMM-016 0.65 1.99 2.32

a Uncertainties are reported as the standard deviation of the mean, with

3312 | J. Anal. At. Spectrom., 2025, 40, 3306–3316
Mapping along the different torch positions, Fig. 6D reveals
a large central area with the lowest standard deviation for the
isotope ratio, matching the area of the highest Li signal and less
isotope fractionation. This uniformity leads to greater plasma
stability, crucial for achieving precise isotopic analysis and con-
rming that cold plasma power conditions at 8 mm sample depth
provide a uniform and homogeneous plasma environment.

3.4. Quality control

Table 2 compares the results from the method validation using
MC-ICP-MS and MICAP. The MICAP achieved a precision
between 1& and 2.5& for d7Li. The metrological compatibility
of MICAP data is calculated concerning the d7Li values from
MC-ICP-MS, by applying the En value.29 Values are considered
metrologically compatible when En < 1.

To study the repeatability of this method, the IRMM-016 was
measured against LSVEC by applying standard-sample brack-
eting over 6 days. The mean IRMM-016 d7Li value over 6 days
was 0.65 with a precision of 1.99&. The repeatability results are
shown in Fig. 7.

3.5. Battery analysis

Aer the selection of optimal conditions and method valida-
tion, the battery samples were measured using cold plasma
MICAP-MS. Table 3 compares the MICAP and MC-ICP-MS
ol samples LiF and Li2CO3
a

MC-ICP-MS

Enn d7Li vs. LSVEC/& 2SD U

15 0.00 0.12 0.47 0.07
6 15.34 0.36 0.55 0.29
4 294.82 0.54 0.89 0.50

15 0.07 0.70 0.57 0.28

a coverage factor of k = 2, corresponding to a condence level of 95%.

This journal is © The Royal Society of Chemistry 2025
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Table 3 d7Li of anodes and cathodes from 2 new and 2 aged LCO commercial batteries, and LSVEC using MICAP compared to MC-ICP-MSa

Name

MC-ICP-MS MICAP

End7Li vs. LSVEC/& 2SD U
d7Li
vs. LSVEC/& 2SD U

New battery 1 NEW-A1 23.49 0.02 0.57 23.28 3.00 2.71 0.07
NEW-C1 4.32 0.07 0.57 5.40 3.38 3.29 0.32

New battery 2 NEW-A2 16.74 0.21 0.64 17.50 0.92 2.32 0.81
NEW-C2 4.84 0.02 0.56 4.6 1.67 2.46 0.15

Aged battery 1 AGED-A1 24.80 0.03 0.57 25.49 1.53 2.43 0.45
AGED-C1 7.15 0.05 0.56 7.32 0.69 2.30 0.26

Aged battery 2 AGED-A2 22.35 0.02 0.57 23.07 1.27 2.38 0.56
AGED-C2 6.80 0.28 0.69 7.61 1.68 2.46 0.47

a Uncertainties are reported as the standard deviation of the mean (n = 4), with a coverage factor of k = 2, corresponding to a condence level of
95%.
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results and their associated uncertainties. Values are consid-
ered metrologically compatible when En < 1. The results show
metrological compatibility for all battery samples. The
measurements of the samples were reproducible over 2 days
according to the validation standard.30

Fig. 8 shows the d7Li values between newly manufactured
and aged anodes. The experimental data supports the tendency
of 7Li accumulation in the aged cathodes and suggests a lack of
disparity in isotopic composition between anodes and cath-
odes. While the box plots for the battery anodes (Fig. 8A) show
a slight enrichment of 7Li in the anode, where the solid elec-
trolyte interface (SEI) could play the role of an ion exchange
resin for Li+ ions,31 the box plots for cathodes of the aged
batteries show a higher enrichment of 7Li which starts to
become signicant (Fig. 8B). To obtain statistically relevant
data, however, a larger number of new and aged batteries needs
to be analyzed.

Due to their mass difference, lithium isotopes 6Li and 7Li
can exhibit different behaviors during electrochemical
processes.32 This is known as the isotope effect, where lighter
isotopes tend to move and react slightly faster than heavier
ones due to their lower mass and higher mobility.33

LIBs are based on intercalation systems on the LiCoO2

structure of the cathode and the graphite structure of the
Fig. 8 d7Li values for new and aged anodes (A) and new and aged catho

This journal is © The Royal Society of Chemistry 2025
anode. During the lithium-ion battery's charging and di-
scharging cycles, lithium ions move between the anode and
the cathode through the electrolyte. Over time, due to the
isotope effect, 6Li, being lighter, will tend to diffuse slightly
faster than 7Li. This differential movement can gradually
accumulate the heavier isotope 7Li in different areas of the
battery. As the battery ages and undergoes many charge/
discharge cycles, the continuous and slightly preferential
intercalation of 6Li at the anode causes a relatively larger
amount of 7Li to end up at the cathode. This process is slow
and cumulative, so it is only noticeable in older batteries.
Over many cycles, these small differences add up, leading to
the observed accumulation of 7Li in the cathode.

Several investigations have demonstrated evidence of
lithium accumulation in different battery locations: at the
anode/current collector and cathode/electrolyte interfaces of
all-solid-state lithium,34 and at the anode/electrolyte interface
during the formation of the solid electrolyte interface (SEI).35

Additionally, deviations in stack geometry and the electrical
connection of electrodes have been shown to affect the
homogeneity of lithium distribution within the active mate-
rials of each electrode.36 These cases of non-homogeneous
lithium distribution could be related to the deposition of
one of the isotopes in specic parts of the battery.
des (B).
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In addition, investigations on lithium isotopies in
batteries demonstrated the preference for 7Li to dissolve in
the electrolyte.3 However, the possible causes of isotopic
fractionation in batteries have not yet been dened.

An accumulation of the heavier isotope 7Li at the cathode
could be due to a hindrance caused by intercalation in the
cathode's layered structure. This Li intercalation hindrance in
the LCO structure could be due to signicant changes in the
crystalline surface and electronic structures of LiCoO2 cath-
odes aer long-term battery storage27 or to an active formation
of the cathode-electrolyte interphase (CEI).37

4. Conclusions

The proposed technique provided results comparable with MC-
ICP-MS for lithium isotope analysis with precision from 0.6& to
3.4&. In MICAP-MS, similar to ICP-MS, the instrumental
isotope fractionation depends on plasma conditions. However,
the fractionation in MICAP-MS is smaller and more stable
compared to ICP-MS. While the repeatability of d7Li measure-
ments with MC-ICP-MS is 4 to 10 times better, and the
measurement uncertainty is 3 to 5 times lower, MICAP-MS is
still highly suitable for screening lithium d-values due to its
cost-effectiveness, sustainability, and operational simplicity
compared to MC-ICP-MS.

Despite employing different ionization sources and mass
analyzers, both MC-ICP-MS and MICAP-MS offer high precision
for lithium isotope analysis in commercial batteries. However,
the traditional coil used in the plasma generator of MC-ICP-MS
has some coil-related limitations, such as an expensive and
unportable cooling system, corrosion of the coil surface, and
electrical potential differences between the coil turns. MICAP,
however, employs a dielectric resonator ring coupled to a 2.45
GHz microwave eld for a plasma generator.16 A dielectric
resonator ensures a more uniform plasma, better ion velocity
control, and higher energy efficiency.

Operating the MICAP-MS under cold plasma conditions at
800 W and selecting a sampling depth torch position of 8 mm
offer signicant advantages in ionization efficiency, signal
intensity, analytical performance, and plasma stability
compared to hot plasma conditions. These benets are essen-
tial for achieving accurate and reliable lithium isotopic analysis.
The precision achieved with MICAP-MS is sufficient for moni-
toring lithium isotope fractionation in lithium-ion batteries
during aging and cycling processes. Additionally, this level of
precision is well-suited for broader applications, such as envi-
ronmental studies and industrial monitoring, where high-
throughput and cost-effective isotope analysis are required.
The improved signal stability and intensity observed under
optimized plasma conditions reect the efficient ionization
capability of MICAP-MS. Quantitative metrics, such as the
useful ion yield, could further characterize its performance and
will be an important focus for future studies.

For the selected setting conditions of the instrument, the
dwell times of 10 000 ms for 6Li and 1000 ms for 7Li strike
a balance between accumulating enough signal for a high signal-
to-noise ratio and minimizing the short-term plasma
3314 | J. Anal. At. Spectrom., 2025, 40, 3306–3316
uctuations. The 1 : 10 ratio for the 7Li/6Li dwell time allows the
mass detector to balance the lower abundance of 6Li (7.493%) vs.
7Li (92.507%) by accumulating the 6Li isotope for a longer time.
This balance results in the most precise d7Li measurements, as
evidenced by the highest precision and reproducibility.

Analyzing new and aged batteries for their d7Li values reveals
lithium isotope fractionation due to prolonged cycling, with
a fractionation range of +8.0& for the anode and +3.0& for the
cathode. This effect arises from the preferential migration of
the lighter lithium isotope 6Li towards the anode, causing the
heavier isotope 7Li to accumulate in the cathode as the battery
ages. The fractionation becomes increasingly apparent with
repeated charge–discharge cycles. Previous research has docu-
mented lithium isotopic fractionation at the cathode–electro-
lyte interface during lithium release, associated with battery
charging reactions.2,3 However, these earlier studies focused on
half-cells rather than full batteries. In contrast, our work
examines real batteries, capturing the interaction between the
anode and cathode, providing a more comprehensive under-
standing of lithium isotope behavior during cycling.

The potential accumulation of 7Li at the cathode of aged
batteries warrants further investigation to understand the under-
lying causes of this phenomenon. Future studies could explore in
situ and spatial resolved analysis under inert atmospheric condi-
tions to avoid lithium oxidation, along with a systematic investi-
gation of different aging states in LIBs to obtain further
information on the exact onset of isotopic fractionation.

Applying MICAP-MS for lithium isotope analysis in LIBs
provides a cost-effective and precise method for studying age-
induced isotopic fractionation. This technique holds signicant
potential for improving our understanding of battery aging and
guiding the development of more durable and efficient LIBs.
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