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Lithium ion batteries (LIBs) are the energy storage technology of choice in the context of renewable

energies and electro-mobility. It is imperative to get a thorough understanding of the aging mechanisms

to achieve a prolonged cycle and calendar life. One major drawback of the technology is continuous
capacity fading during operation, which is partly attributed to the loss of active lithium, the object of this
work’s analysis. While lithium ion battery aging is an intensively researched topic, there is still the need to

determine the origin of the lost lithium and the lithium migration into the different cell components over

time. To achieve this goal, different plasma-based mass spectrometric techniques in combination with

isotope analysis are applied to obtain bulk as well as depth-resolved information about lithium ion
movement and distribution of lithium in aged LIB cells. Different aging experiments are performed on
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NCM622/graphite cells with a ®Li-enriched electrolyte with subsequent Li analysis of the cell

components. The results show that the charging rate, as well as the cycle number, has an impact on the
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1 Introduction

The growing demands for renewable energies and the urge of
reducing the human ecological footprint increased the atten-
tion towards LIBs for mobile and stationary use.'” State-of-the-
art LIBs use carbonaceous materials (e.g. graphites, hard carbon
and their composites, such as MesoCarbon MicroBead/hard
carbon (MCMB/HC))* and layered lithium transition metal
oxides (LiMO,; M = Ni, Co, Mn and/or Al) as the negative and
positive electrodes, respectively.** Commercially used cathode
materials are quaternary mixtures - including lithium, nickel,
cobalt, and manganese - in various stoichiometries, referred to
as NCM.” Additionally, an electrolyte is needed to maintain
ionic conductivity between the two electrodes. For this,
a mixture of cyclic and linear carbonates - like ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) - is used,*® in
which a conductive salt, e.g. lithium hexafluorophosphate
(LiPF¢)* is dissolved. However, a major downside of this tech-
nology is that it still suffers from a decreasing performance over
its lifetime of which the cause is still debated in the litera-
ture.>"** Consequently, this decline is referred to as “aging”
effects of the LIB. One of these aging effects is attributed to the
loss of cyclable (“active”) lithium during extended charge/
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SLi/’Li-abundances and that the overall abundances show a rapid mixing of the isotopic species already
after the first charge/discharge cycle for all cell components.

discharge cycling of the LIB either on the negative carbona-
ceous electrode or positive electrode, resulting in a fading
capacity. On the carbonaceous negative electrode, this loss is
induced by the highly reductive potentials (0.025 V vs. Li/Li")
during the charging process leading to the (partial) decompo-
sition of the electrolyte.'” This is especially pronounced during
the first cycle, whereas a passivation layer is formed, the so-
called solid electrolyte interphase (SEI), which prevents the
electrolyte from further decomposition.****>° While most of the
lithium is immobilized (=“lost”) during the first cycle, the SEI
can still grow and change during subsequent cycling, which can
be induced through other aging effects, e.g. transition metal
dissolution from the positive electrode.***

On the cathode side, another interphase forms during
cycling, the cathode/electrolyte interphase (CEI).>*?* However,
the CEI is more than one order of magnitude thinner than the
SEI**?® and is much less understood, but it still attributes to the
capacity fading and loss of active lithium.{Borner, 2016 #378} In
addition to that, there are more reported aging effects that
attribute to the fading capacity of the positive electrodes
including an increasing impedance, irreversible phase changes
of the layered material and the release of oxygen at elevated cut-
off potentials.**>*27->°

Although there is a sophisticated repertoire of electro-
chemical methods for monitoring, the need for additional
analytical methods is indispensable.**** For direct solid anal-
ysis, methods like glow discharge-mass spectrometry (GD-MS),
laser ablation-inductively coupled plasma-mass spectrometry
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(LA-ICP-MS), time of flight-secondary ion mass spectrometry
(TOF-SIMS) and X-ray photoelectron spectroscopy (XPS).>**>
Due to their capabilities of directly measuring the surface
components, they represent promising approaches for
analyzing new materials as well as the degradation of aged cells.
Especially the GD-MS benefits from unique traits such as a fast
analysis time while maintaining a nanometric sputter-rate and
the ability to perform an isotope analysis throughout the profile
of an electrode. Moreover, it is possible to detect a wide range of
concentrations simultaneously, as well as a semi-quantitative
evaluation without the need for standardized matrices.**™*

Nonetheless, the loss of lithium was already reported
extensively in the literature, while the origin is still not fully
clarified. Here, the use of isotope-labeled materials would help
to better understand these losses and tailor future LIB for their
needed desires.'*'%?%¢

In this work, the lithium migration through the cell and the
changes during cycling by means of different plasma-based
mass spectrometric techniques in combination with isotope
analysis are explored by using a °Li-enriched electrolyte. The cell
system is based on a NCM622/MCMB(HC) Li ion full cell
operated at nominal voltages of 4.2 V using a EMC/EC (1 : 1 by
weight) based carbonate mixture as electrolyte solvent. This
method in combination with the mass spectrometric analytical
techniques opens up manifold possibilities because the two
main isotopes of lithium - °Li and “Li - have different abun-
dances depending on the component and changes of these
abundances can be measured after cycling. On the one hand,
bulk information are obtained for the anode, cathode, and
electrolyte using ICP-MS. On the other hand, depth profile
analysis is applied to gather sophisticated information about
the depth-resolved isotopic abundances of lithium to get
a better understanding of the decomposition mechanisms.

2 Materials and methods
2.1 Electrolyte preparation

For the performed aging experiments an electrolyte system
consisting of a 1 M solution of °LiPFs (95 atom% °Li, 98%
chemical purity (CP), Sigma Aldrich) in a mixture of ethylene
carbonate/ethyl methyl carbonate (EC/EMC, 50/50 (wt/wt), 22 pL
L~ (measured) H,0, 99.9%, Solvionic) was prepared in an inert
argon atmosphere (<0.1 puL L™" H,0, <0.1 uL L™ O,). After
dissolving the salt in the solvent, the mixture was stirred at
room temperature using a magnetic stirrer at 450 rpm for 12 h.
Additionally, a commercially available electrolyte with the
natural isotopic abundance of lithium and the same mixture of
carbonates (EC/EMC, 50/50 (wt/wt), LP 50, Selectilyte®, BASF)
was used as a reference system to compare the electrochemical
performance.

2.2 Cell assembly and cycling procedure

The charge/discharge aging experiments in this work were
performed using a CR 2032 coin cell setup with electrode areas
of 1.13 cm? for both anode and cathode. In addition to that, the
cell chemistry consisted of MCMB/HC (MTI Corp.) and
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LiNi, ¢C0.2Mn, ,0, (“NCM622”, Toda Kogyo Corp.) anode and
cathode, respectively, as well as the electrolytes mentioned in
Section 2.1. Both electrode types were manufactured with a pilot
plant in-house and had an active mass of 10.98 mg and
14.25 mg for anode and cathode. Moreover, the cell preparation
was performed in a water-free atmosphere by separating the
positive and negative electrode using a separator consisting of
one layer each of Celgard 2500 (Celgard LLC) and Freudenberg
2190 (Freudenberg SE) soaked with 100 pL electrolyte.

The constant current cycling investigations were performed
using a Maccor battery test system (Maccor series 4000, Maccor
Inc.) and varying charging rates (C-rates) of C/5 (32 mA g ') and
C/10 (16 mA g~ ') (charges per hour) for the formation steps and
C/1 (160 mA g ") for the following cycles. Combining the
formation and the subsequent cycles, procedures between 1 and
13 cycles were applied. Above that, storage tests for two weeks at
room temperature were performed between the lower and
upper cut-off voltage of 3.0 V and 4.3 V.

2.3 Sample preparation

After charge/discharge cycling, the coin cells were dis-
assembled, the electrodes washed four times using 0.5 mL
dimethyl carbonate (DMC, =99%, Sigma-Aldrich) followed by
a drying procedure under reduced pressure at 60 °C. The
separators were centrifuged at 8500 rpm using a Galaxy 5D
(VWR LLC) to collect parts of the electrolyte for further analyses.

For the ICP-MS measurements of the aged electrodes, the
samples were dissolved. This was done by microwave-assisted
acid digestion using a Multiwave Pro (Anton Paar GmbH). Pol-
ytetrafluoroethylene (PTFE) liner were filled each with 3 mL
nitric acid (65 vol%, Suprapur®, Merck KGaA) and hydrochloric
acid (32 vol%, Suprapur®, Merck KGaA) followed by a 7 min
power ramp to 1400 W, a hold period of 42 min and a cool down
step until 55 °C was reached. Afterward, the samples were
diluted using deionized water (2 pug L' TOC, 25 MQ, MilliQ,
Merck KGaA).

2.4 ICP-MS parameters

For all measurements, an Agilent 7900 ICP-MS (Agilent Tech-
nologies Inc.) was used. The main parameters were 1550 W for
the RF power, 15.00 L min~*, 2.48 L min~ " and 2.00 L min " for
the plasma, auxiliary and nebulizer gas flow, respectively. The
sampling depth was set to 8 mm. Moreover, a MicroMist®
nebulizer and a double-pass Scott-type quartz spray chamber
were used.

2.5 GD-SF-MS measurements

An Element™ GD Plus (Thermo Fischer Scientific Inc.) sector
field system was used in a pulsed DC operation mode with two
different methods to obtain comparable sputter-rates for both
sample types (anode and cathode). The method for the anodes
was already reported in the literature.*” This method was
adapted for the cathodes regarding the pulse conditions which
was changed to 40 ps for the pulse duration and 1 kHz for the
pulse frequency.

This journal is © The Royal Society of Chemistry 2019
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2.6 Determination of lithium fractions

In this work, eqn (1) is introduced and converted into eqn (2) in
order to transform the measured °Li-abundances into a separa-
tion of two different lithium fractions, the electrolytic and the
cathodic fraction, depending on the calculated origin of the
lithium.

Wo =x x 95% + (1 — x) x 7.59% 1)
_ y(’/o - 759%}
- 87.41% 2)

In these equations, y% represents the measured °Li-
abundance of the component, x stands for the electrolytic and
(1 — x) for the cathodic lithium fractions. The percentages 95%
and 7.59% in the equations are the enriched and natural
abundance of °Li, respectively.

3 Results and discussion

In the following the results of stored, formed and short-time
aged cells are presented and discussed, whereas, no differenti-
ation between metallic (plating) or ionic (degradation products)
lithium on the electrode was made.

3.1 Benchmark measurements

Benchmark measurements were performed to determine the
accuracy of determining the lithium-abundances in pristine
components. Hence, NMC622, an enriched electrolyte, as well
as the reference electrolyte were measured and compared with
the natural abundance®® and the manufacturer's data from the
enriched salt, which is seen in Fig. 1 and Table 1.

As depicted in Fig. 1 and Table 1 the abundances are
matching well with the theoretical values, however, the devia-
tions, especially for the cathode and the enriched electrolyte
part, are significant. However, due to the differences between
the natural and enriched abundances, small changes in the
isotope ratios can still be resolved and qualitative analyses can
be performed with these techniques.

100
80
60
40

20

Isotope Abundance / %

Electrolyte (Ref.)

Cathode

(L .

Enriched Electrolyte

Fig. 1 Determined isotope abundances for the different pristine
materials including the two used electrolytes, a cathode, (N = 3).

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Table1 Measured values for the isotopic abundances of ®Li and ’Li for
the pristine cathode, the enriched (°LiPFg as conducting salt) and
reference electrolyte ("LiPFg as conducting salt), (N = 3)

Component ®Li-abundance Li-abundance

5.79% £ 0.05%
8.40% £ 0.17%
93.25% =+ 2.12%

94.21% + 0.71%
91.60% =+ 2.33%
6.75% =+ 0.33%

Electrolyte (ref.)
Cathode
Enriched electrolyte

3.2 ICP-MS measurements of aged LIB cells

In Table 2, the lithium ratios for the °Li isotope for anode,
cathode, and electrolyte are shown after a two-week storage test,
one formation step at C/5 (32 mA g~') and 13 cycles at C/5 and
C/10 (16 mA g ') for the formation and a C-rate of C/1
(160 mA g ') for the subsequent cycles.

The results show that the storage tests had only a minor
influence on the measured isotope ratios. There was no lithium
detectable on the digested anodes which could be explained due
to the applied washing and drying processes removing most of
the electrolyte in the wetted pores, as well as, no potential was
applied to the tested cells that could cause a decomposition of
the electrolyte followed by the formation of an SEI and CEL
Additionally, small changes of the °Li-abundances were detec-
ted for the electrolyte and the cathode in comparison to the
benchmark measurements.

However, this trend changes after the first charge/discharge
cycle, where the abundances of the bulk materials showed
a significant alteration compared to the benchmark. In detail,
the °Li abundance of the cathode rose to 31.04% from 8.40%
and decreased from 93.25% to 49.56% for the electrolyte.
Moreover, the first measurable °Li-abundance on the anode
started at 43.67%. Considering all these data, there is a strong
tendency towards the assumption that the electrolyte plays an
active role in the intercalation and de-intercalation processes in
lithium ion batteries because these measurements showed that
lithium from the electrolyte gets incorporated into the structure
of the cathode and vice versa yet after the first formation step.

Furthermore, after ten cycles using a rate of C/5, the °Li-
abundances did not show significant changes compared to
cells cycled for one formation step. Especially for the anode, the
differences were only 1.35%. This implied that the formed SEI
during the first cycle is effective, hence, not much additional
lithium from cathode or electrolyte is lost during subsequent
cycling. The °Li-abundance on the cathode rose to 37.31% and
decreased to 43.42% in the electrolyte, which could be
explained by the increased probability of °Li-ions intercalation
into the lattice structure due to prolonged cycling (intercalation
and de-intercalation).

By using a lower C-rate during the formation, the °Li-
abundance lowers especially on the anode to 36.13% and
increased to 50.20% for the electrolyte, explained by longer
diffusion times — 10 hours compared to 5 hours - of lithium
from the cathode towards the anode, hence, leading to the
formation of the anode SEI that contains higher lithium
fractions.

RSC Adv., 2019, 9, 12055-12062 | 12057
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Table2 Totalamounts of ®7Liin the pristine materials according to their respective masses and concentrations from Sections 2.1 and 2.2 as well
as the ®Li-abundances of the different aged components of discharged cells after several cycling procedures and storage tests, (N = 3)

Formation C/5 Formation C/10

Total amount +10 +10
Component of °Li/’Li/mg Storage (2 weeks)/% 1 Form. step/% cycles/% cycles/%
Anode <LOD <LOD 43.67 + 1.04 45.02 +1.91 36.13 + 1.60
Cathode 0.079/0.866 6.77 £ 0.30 31.04 £ 0.85 37.31 £ 2.01 35.61 £ 0.35
Electrolyte 0.567/0.041 91.09 £ 0.55 49.56 + 0.64 43.42 £+ 2.30 50.20 £ 1.57

3.3 Depth profile analysis using GD-SF-MS

For depth-resolved insights into the distribution and composi-
tion of lithium on the anode and cathode, respectively, GD-SF-
MS measurements were performed for cells aged under the
same conditions as described in Section 2.2. The °Li-
abundances for all anodes, as well as the reference cell, are
shown in Fig. 2, except the storage test because no measurable
change in the lithium abundance was detected.

Fig. 2 shows similar trends as already discussed for Table 2
regarding the bulk isotope abundances. However, this tech-
nique has the additional benefit of revealing the distribution
throughout the profile of the electrode and in this case an
agglomeration in the first minutes of the measurement of °Li
was detected to a certain degree for all cells using the enriched
electrolyte.

In detail, the overall abundance of °Li is the highest after the
first formation step and atop on that, the °Li-abundance started
at 57.45% and has a plateau-value of 43.88%. This is in good
correlation with the findings from ICP-MS bulk measurements
and the difference of the ratio is less than 0.2% compared to the
bulk material. Using the same C-rate for the formation but

70 ,
—— 1 Formation Step
-10 Cycles + Formation @ C/5
60 4 —— 10 Cycles + Formation @ C/10

— Reference Electrolyte

204

®Li-Abundance / %

104/~~~ -~

O 1 L] L] 1 L]
0 5 10 15 20 25 30

Time / min

Fig. 2 Depth profiles of four different discharged anodes aged under
different cycling procedures including one formation step with the
enriched and reference electrolyte and ten cycles with different C-
rates during formation. The storage test is missing due to no significant
amount of lithium being detectable.
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adding ten more charge/discharge cycles leads to an average °Li-
abundance of 41.11% during the plateau from 6 minutes
onward. Comparing this decrease of the abundances with the
increase in Table 2, shows a difference between the two
measuring methods, but may be explained to the fact that
different cells had to be used for the measurements and the
deviations could be caused due to the cycling of the cells.

On top of that, the differences for the C-rate C/5 and C/10 are
in a comparable extent, with the cell formed with C/10 having
a lower overall ®Li-abundance of 35.03% at the plateau, leading
to comparable findings as described in Section 3.2 that the
slower C-rate during the formation promoted the incorporation
of “Li (cathodic) into the SEI of the discharged anodes.

In Fig. 2, a general trend is apparent in the first 5 minutes of
each measurement in the form of an agglomeration of lithium
on the surface of the anodes which may be due to lithium from
the electrolyte that deposits directly after applying a voltage
because of the direct contact with the negative electrode. While
the data in Fig. 2 presented only qualitative considerations, it is
also of utmost importance to compare the lithium signals semi-
quantitatively. For this, the concentrations of the °Li and “Li
isotopes were determined using the ion beam ratios (IBRs) with
C, Li, and Cu as matrix elements and compared in Fig. 3 for
three different cells (a) cycled for one formation step with a C-
rate of C/5, (b) cycled for three formation steps at C/5 and ten
subsequent cycles at C/1, and (c) cycled with the reference
electrolyte for one formation step with a C-rate of C/5.

Fig. 3(c) shows a low bulk concentration of 0.53 mg g~ ' for
the total amount of lithium. The measurements were stopped
before a complete depth profile through the active material was
achieved. The reasoning is the constitution of the sample itself
because the porous nature of the anodes leads to the detach-
ment of parts of the carbonaceous material, revealing spots of
the copper current collector which changes the sputter-rates
and measured intensities and leads consequently to wrong
results. Therefore, the measurements were stopped after 30
minutes as the intensities were almost constant.

The comparison of the two cells in Fig. 3(a) and (b) reveal on
the one hand that the total lithium content in the bulk material
is 1.39 mg g~ for (a) and 1.41 mg g~ * for (b) if the averages of
the combined contents of the °Li and “Li isotopes between 6
and 30 minutes are added together. This means that almost the
same amount of lithium is lost after one formation step, as well
as after the longer cycling procedure. However, during the first 5
minutes of sputtering-equals a depth of 2-3 um - the °Li signals
are almost identical regarding the peak-, as well as plateau-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 IBRs for the ®Li and ’Li signals of differently aged, discharged anodes. (a) one formation step with C/5; (b) three formation steps with C/5
plus ten additional cycles with C/1; (c) one formation step with C/5 and the reference electrolyte cycled using the same procedure as the

enriched cells for one formation step.

values. But, the amount of “Li on the surface of the anode,
increased dramatically during the longer cycling procedure.
While the highest measured concentration after one formation
step is 1.53 wt%, it increased to 2.31 wt% after ten cycles, which
equals an increase of 50.98% of the total lithium amount.
Subsequently, this led to the assumption that lithium is accu-
mulated predominantly on the surface of the anodes during
prolonged charge/discharge cycling.

As concluded in Fig. 4, both methods show the same trends
for anode and cathode, while the deviation for the cathode is
significantly higher.

From Fig. 4(a) a trend is apparent that the ®Li-abundance is
slightly declining after the first formation step. The cathodes in
Fig. 4(b) shows an opposite trend with an increase in the
abundance, but deviations between the two analytical methods
are over 10% of the lithium abundance for the first formation
step, while the abundances for the pristine electrodes have
a good fit towards each other.

3.4 Determining the lithium migration

In the following section, the lithium migration through the
whole cell by converting the previous results with eqn (1) and (2)

Anode Cathode Electrolyte
=) . b m
1004 @) HlicP-vs 1005 b) I cP-Ms 1007 ©) ICP-MS
B GD-SF-MS I GD-SF-MS GD-SF-MS
801 80+ 80
3 \3 3 3
8 e04 g 60 8 601
© © ©
o © o
= (=4 =
3 401 3 404 3 404
< < <
& & &
20 204 204

Pristine 1st Formation 10 Cycles Pristine

1st Formation

10 Cycles Pristine 1st Formation 10 Cycles

Fig.4 Trends showed after cycling for the discharged anode, cathode, and electrolyte for the ICP-MS, as well as the GD-SF-MS measurements.
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Table 3 ©Li-abundances from Table 2 transformed into the electrolytic and cathodic fractions for the different components and aging

conditions
Anode Cathode Electrolyte
Electrolytic Cathodic Electrolytic Cathodic Electrolytic Cathodic
Storage <LOD <LOD 0.00 1.00 0.96 0.04
1 form 0.41 0.59 0.27 0.73 0.48 0.52
10 Cy. C/5 0.43 0.57 0.34 0.66 0.41 0.59
10 Cy. C/10 0.33 0.67 0.32 0.68 0.49 0.51
0.7 — 0.7 e
a) — electro!ytlc_ L|_th|um b) — electro!ytlc_ Ll_thlum
~—— cathodic Lithium ~—— cathodic Lithium
S 3
© 0.6 1 © 0.6
~ ~
%) »
c =
8] Re]
§ 0.5 § 0.5
T (T
2 L
5 &
o 041 ° 0.4 -M"’WMMAW
2 L
0.3 T T T y 0.3 T T T T
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Time / min

O 5 10 15 20 25 30
Time / min

Fig.5 Lithium abundances from Fig. 2(a) and (b) transformed into the electrolytic and cathodic fractions for the different components and aging

conditions.

is presented. These results are depicted in Table 3 and Fig. 5
showing the lithium fractions from the two different lithium
sources, in the following referred to as “electrolytic” and
“cathodic” lithium.

In Table 3 two tendencies can be observed. First, all anodes
show the trend that more than half of the deposited lithium
originated from the cathode and the cells cycled at C/5 during
the formation have almost the same electrolytic lithium
fractions. A significantly lower fraction was achieved using C/
10 during formation. Thus, the origin of the decomposed
lithium is dependent on the charging rate, precisely, slower
rates favor the deposition of cathodic lithium on the anode.
Moreover, roughly two-thirds of the total lithium originated
from the cathode for the cells cycled with C/10 during
formation, assuring the presumption that a slower C-rate
leads to a higher cathodic lithium fraction. The second
trend was noticed for the cathode. In detail, a correlation
between the electrolytic lithium fraction and the cycle
number is shown in the data, leading to a higher fraction of Li
after longer cycling procedures independent of the applied C-
rates. For the electrolyte, no clear trend could be detected so
far, which could be explained due to the surplus of electrolyte
in coin cells compared to other cell setups such as cylindrical
18 650 cells.

By converting the concentration-dependent depth profiles in
the same way as it was done for Table 3, the differences between
the formation process in Fig. 5(a) and the longer cycling
procedure in Fig. 5(b) gets even more apparent. While Fig. 5(b)

12060 | RSC Adv., 2019, 9, 12055-12062

shows an almost constant distribution of the electrolytic and
cathodic lithium through the whole sputtered profile, a strong
accumulation of electrolytic lithium on the surface of the
measured anode in Fig. 5(a) was detected. Furthermore, this
agrees with the previously discussed results from Fig. 3 where
an agglomeration of “Li on prolonged cycled anodes was
detected.

The transformed results from the ICP-MS and GD-SF-MS
measurements elucidate the importance of the applied
isotope analysis with regard to migration and decomposition
processes in LIBs, revealing that the electrolytic lithium plays
a most active part in the migration. In detail, a fast mixing of
cathodic and electrolytic lithium is happening during the first
charge/discharge cycle. Moreover, it is also shown that a higher
amount of lithium from the electrolyte is decomposed on the
surface of the negative electrode, which could not be deter-
mined without the use of isotopic-labeled components.

4 Conclusion

The combination of different elemental analysis methods with
an isotope analysis was presented and proved to be strong
techniques for a fundamental implementation of plasma-based
mass-spectrometric techniques and qualitative depth-resolved
isotope analysis to determine the migration of lithium
through the lithium ion battery cells during cycling. It was
possible to determine the changes of the °Li-abundances during
cycling and to qualitatively compare the findings of the ICP-MS

This journal is © The Royal Society of Chemistry 2019
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measurements with depth profile analyses using GD-SF-MS
system. The measurement of two-week storage tests lead to
only minor changes of the °Li-abundances, but due to the small
changes of the abundances and the general deviation of the
measuring method, these changes are still in the margin of
error of the method and could be repeated with longer storage
times or with analytical techniques such as a multi-collector-
ICP-MS (MC-ICP-MS) to improve the accuracy of the results.*
Both methods show the same trends for the measured abun-
dances, while significantly higher deviations were observed for
the cathodes measured using the GD system, leading to the
exclusion of depth profiles in this work. Generally, the anodes
show a slight decline of the °Li-abundance from the first cycle
onwards. For the cathodes, the opposite trend is shown with
a steady increase of the abundances due to °Li-ions that could
be inserted into the layered structure during each discharge
step. The measurements of the electrolyte revealed a strong
decline of the enriched lithium abundance after the first cycle of
41.53% followed by a decline of 6.14% between this and cycle
13.

Since the mixing of the two different isotopic species
happened to the biggest extent already after the first charge/
discharge cycle and only slight changes could be observed
after 13 cycles, further cycling experiments with longer cycling
procedures were neglected in this work. Still, an influence of the
different charge/discharge conditions could be determined with
more cathodic lithium being incorporated into the SEI of the
anode when a slower charging rate was applied during the
formation which increased the time period in which the
isotopic species could be mixed.

Moreover, by determining the fractions between lithium
from the electrolyte and the cathode, so-called electrolytic and
cathodic lithium fractions, it could be shown that the trends
and tendencies are different for the three measured cell
components. For the anodes, the fractions are particularly
influenced by the charging rate during the formation because
they show only minor differences if the same charging rate is
applied but change between 13.6% and 17.5% for the cathodic
fraction by bisecting the C-rate. The fractions for the cathode
are influenced by the number of charge/discharge cycles leading
to a higher electrolytic lithium fraction after a higher number of
cycles. For the electrolyte, no clear trend is apparent which
could be explained due to the surplus of electrolyte in coin cells
in comparison to other cell setups. Above that, the GD depth
profiles reveal that a strong accumulation of electrolytic lithium
is detected on the surface of the anode after the first formation
step. With a longer cycling procedure, this trend fades away and
leads to almost constant lithium fractions throughout the
electrode. This may be due to lithium from the electrolyte that
decomposes directly after applying a voltage because of the
direct contact with the negative electrode. All these findings
considered, the conversion method, described in Section 2.6 to
transfer the °Li-abundances into the respective lithium frac-
tions, is a strong technique to gather insights into the migration
and distribution of lithium during cycling of LIB cells. As
a follow-up to this work, these measurements should be

This journal is © The Royal Society of Chemistry 2019
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extended using a SIMS system to gather additional information
about the isotopic distribution on a particular scale.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

The authors wish to thank the Federal Ministry for Economic
Affairs and Energy for funding this work in the project ‘Go3’
(03ETE002D).

References

1 R. Schmuch, R. Wagner, G. Horpel, T. Placke and M. Winter,
Nat. Energy, 2018, 3, 267-278.

2 T. Placke, R. Kloepsch, S. Diihnen and M. Winter, J. Solid
State Electrochem., 2017, 1-26.

3 M. Winter and J. O. Besenhard, Handb. Battery Mater., 1999,
383-418.

4 M. S. Whittingham, Chem. Rev., 2004, 104, 4271-4302.

5 Y. P. Wu, E. Rahm and R. Holze, J. Power Sources, 2003, 114,
228-236.

6 R. Wagner, N. Preschitschek, S. Passerini, J. Leker and
M. Winter, J. Appl. Electrochem., 2013, 43, 481-496.

7 J. W. Fergus, J. Power Sources, 2010, 195, 939-954.

8 R. W. R. R. W. Schmitz, P. Murmann, R. W. R. R. W. Schmitz,
R. Miiller, L. Kriamer, J. Kasnatscheew, P. Isken, P. Niehoff,
S. Nowak, G.-V. G.-V. Réschenthaler, et al., Prog. Solid State
Chem., 2014, 42, 65-84.

9 1. Cekic-Laskovic, N. von Aspern, L. Imholt, S. Kaymaksiz,
K. Oldiges, B. R. Rad and M. Winter, Top. Curr. Chem.,
2017, 375, 1-64.

10 S. F. Lux, I. T. Lucas, E. Pollak, S. Passerini, M. Winter and
R. Kostecki, Electrochem. Commun., 2012, 14, 47-50.

11 S. Goriparti, E. Miele, F. De Angelis, E. Di Fabrizio, R. Proietti
Zaccaria and C. Capiglia, J. Power Sources, 2014, 257, 421~
443.

12 M. Hu, X. Pang and Z. Zhou, J. Power Sources, 2013, 237, 229~
242.

13 P. Meister, H. Jia, J. Li, R. Kloepsch, M. Winter and T. Placke,
Chem. Mater., 2016, 28, 7203-7217.

14 S. J. An, ]J. Li, C. Daniel, D. Mohanty, S. Nagpure and
D. L. Wood, Carbon, 2016, 105, 52-76.

15 K. Xu, Chem. Rev., 2014, 114, 11503-11618.

16 M. B. Pinson and M. Z. Bazant, J. Electrochem. Soc., 2013,
243-250.

17 J. Vetter, P. Novak, M. R. Wagner, C. Veit, K. C. Moller,
J. O. Besenhard, M. Winter, M. Wohlfahrt-Mehrens,
C. Vogler and A. Hammouche, J. Power Sources, 2005, 147,
269-281.

18 P. Verma, P. Maire and P. Novak, Electrochim. Acta, 2010, 55,
6332-6341.

19 E. Peled, J. Electrochem. Soc., 1979, 126, 2047.

20 M. Winter, Z. Phys. Chem., 2009, 223, 1395-1406.

RSC Adv., 2019, 9, 12055-12062 | 12061


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra02312g

Open Access Article. Published on 16 April 2019. Downloaded on 1/25/2026 9:51:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

21 N. P. W. Pieczonka, Z. Liu, P. Lu, K. L. Olson, J. Moote,
B. R. Powell and J.-H. Kim, J. Phys. Chem. C, 2013, 117,
15947-15957.

22 M. Evertz, F. Horsthemke, J. Kasnatscheew, M. Borner,
M. Winter and S. Nowak, J. Power Sources, 2016, 329, 364-
371.

23 H. Duncan, Y. Abu-Lebdeh and I. J. Davidson, J. Electrochem.
Soc., 2010, 157, A528.

24 Y. Qian, P. Niehoff, M. Borner, M. Griitzke, X. Monnighoff,
P. Behrends, S. Nowak, M. Winter and F. M. Schappacher,
J. Power Sources, 2016, 329, 31-40.

25 M. Borner, F. Horsthemke, F. Kollmer, S. Haseloff,
A. Friesen, P. Niehoff, S. Nowak, M. Winter and
F. M. Schappacher, J. Power Sources, 2016, 335, 45-55.

26 J. Kasnatscheew, M. Evertz, B. Streipert, R. Wagner,
S. Nowak, I. Cekic Laskovic and M. Winter, J. Phys. Chem.
C, 2017, 121, 1521-1529.

27 W. Li, B. Song and A. Manthiram, Chem. Soc. Rev., 2017, 46,
3006-3059.

28 J. Kasnatscheew, M. Evertz, B. Streipert, R. Wagner,
R. Klopsch, B. Vortmann, H. Hahn, S. Nowak,
M. Amereller, A. C. Gentschev, et al.,, Phys. Chem. Chem.
Phys., 2016, 18, 3956.

29 M. Evertz, J. Kasnatscheew, M. Winter and S. Nowak, Anal.
Bioanal. Chem., 2019, 411, 277-285.

30 S. Nowak and M. Winter, Acc. Chem. Res., 2018, 51, 265-272.

31 S. Nowak and M. Winter, J. Anal. At. Spectrom., 2017, 32,
1833-1847.

32 B. Vortmann-Westhoven, C. Liirenbaum, M. Winter and
S. Nowak, Electrophoresis, 2017, 38, 540-546.

33 B. Vortmann-Westhoven, M. Diehl, M. Winter and S. Nowak,
Chromatographia, 2018, 81, 995-1002.

12062 | RSC Adv., 2019, 9, 12055-12062

View Article Online

Paper

34 M. Evertz, C. Lirenbaum, B. Vortmann, M. Winter and
S. Nowak, Spectrochim. Acta, Part B, 2015, 112, 34-39.

35 J. Pisonero, B. Fernandez and D. Giinther, J. Anal At
Spectrom., 2009, 24, 1145.

36 V. Hoffmann, M. Kasik, P. K. Robinson and C. Venzago, Anal.
Bioanal. Chem., 2005, 381, 173-188.

37 A. Bengtson, Spectrochim. Acta, 1994, 411-429.

38 C. Dellen, H.-G. Gehrke, S. Moller, C.-L. Tsai, U. Breuer,
S. Uhlenbruck, O. Guillon, M. Finsterbusch and M. Bram,
J. Power Sources, 2016, 321, 241-247.

39 P. Niehoff, S. Passerini and M. Winter, Langmuir, 2013, 29,
5806-5816.

40 T. Schwieters, M. Evertz, A. Fengler, M. Borner, T. Dagger,
Y. Stenzel, P. Harte, M. Winter and S. Nowak, J. Power
Sources, 2018, 380, 194-201.

41 T. Schwieters, M. Evertz, M. Mense, M. Winter and S. Nowak,
J. Power Sources, 2017, 356, 47-55.

42 P. Harte, M. Evertz, T. Schwieters, M. Diehl, M. Winter and
S. Nowak, Anal. Bioanal. Chem., 2019, 411, 581-589.

43 H. Takahara, M. Shikano and H. Kobayashi, J. Power Sources,
2013, 244, 252-258.

44 H. Takahara, A. Kojyo, K. Kodama, T. Nakamura, K. Shono,
Y. Kobayashi, M. Shikano and H. Kobayashi, J. Anal. At.
Spectrom., 2014, 29, 95-104.

45 R. Escobar Galindo, R. Gago, E. Forniés, A. Mufioz-Martin,
A. Climent Font and J. M. Albella, Spectrochim. Acta, Part B,
2006, 61(5), 545-553.

46 B. Vortmann-Westhoven, M. Winter and S. Nowak, J. Power
Sources, 2017, 346, 63-70.

47 M. Evertz, T. Schwieters, M. Borner, M. Winter and S. Nowak,
J. Anal. At. Spectrom., 2017, 32, 1862-1867.

48 E. Zolfonoun, J. Anal. At. Spectrom., 2015, 30, 2003-2009.

49 L. Yang, Mass Spectrom. Rev., 2009, 28, 990-1011.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra02312g

	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li

	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li

	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li
	Deciphering the lithium ion movement in lithium ion batteries: determination of the isotopic abundances of 6Li and 7Li


