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tially resolved post-mortem
analysis of lithium distribution and transition metal
depositions on cycled electrodes via a laser
ablation-inductively coupled plasma-optical
emission spectrometry method

Constantin Lürenbaum,†a Britta Vortmann-Westhoven,†a Marco Evertz,a

Martin Winterab and Sascha Nowak *a

Diminishing the loss of performance of lithium ion batteries (LIBs) is a challenge that is yet to be fulfilled.

Understanding of deterioration processes and mechanisms (i.e., so-called aging) requires analytically

accurate examination of aged cells. Changes in the distribution of lithium or transition metals in the LIB

cells can influence their cycle and calendar life significantly. As electrochemically treated cells and

especially their electrodes do not age homogeneously and the local electrochemistry (e.g. deposition

patterns) is strongly dependent on surface properties, bulk analysis is not a satisfactory investigation

method. Therefore, a surface sensitive method, namely laser ablation-inductively coupled plasma-optical

emission spectrometry (LA-ICP-OES) is presented. LIB cells with lithium metal oxide LiNi1/3Co1/3Mn1/3O2

(NCM111) as cathode material and graphite as anode material are investigated using a 213 nm Nd:YAG laser.
1. Introduction

Electric vehicles, hybrid electric vehicles (xEVs), portable elec-
tronic devices and stationary energy storage systems are the
main applications of high energy, high power and high energy
efficiency lithium-ion batteries (LIBs).1–4 The positive electrode
(cathode) is most commonly comprised of layered lithium
transition metal oxides (LiMO2, M ¼ Ni, Co, Mn) with practical
discharge capacities of 150–220 mA h g�1.5 The negative elec-
trode (anode) is based on carbonaceous materials (mostly
graphite) featuring decent theoretical capacities of
372 mA h g�1.6–11 A separator which is soaked with electrolyte
inhibits direct contact of the electrodes.12 The electrolyte
formulation usually consists of 1 M LiPF6 dissolved in a mixture
of linear and cyclic organic carbonates.13–19 One of the main
challenges for consumer acceptance of LIBs is their limited
cycle and calendar life. Unwanted interactions and inter-
reactions of the cell components are closely related to the
degradation (¼aging) of the battery cell components.20–37 One of
the most renowned aging processes is the formation of the solid
electrolyte interphase (SEI) on the anode surface due to the
reductive operation potentials.38,39 Furthermore, during
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operation of the cell the continuous growth of the SEI consumes
active lithium, thus, leading to a steady capacity loss.40–42

Another aging phenomenon is the transition metal dissolution
(TMD) of the cathode, which can harm the SEI due to transition
metal deposition on the surface, leading to deterioration and
restructuring of the SEI layer.6,22,43–46

Imaging techniques are inevitably needed to examine TMD
and the lithium loss in the eld of LIBs, both in a quantitative
and spatially resolved manner. Common techniques include
scanning electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX) or transmission electron microscopy (TEM) to
discover surfaces and their changes.47–50 Furthermore, Aurbach
et al. introduced atomic force microscopy (AFM) and Chandra-
shekar et al. established 7Li magnetic resonance imaging
(MRI).51,52 Other applied surface analysis techniques are X-ray
photoelectron spectroscopy (XPS) and secondary ion mass spec-
trometry (SIMS).6,37,53,54 However, all these techniques suffer from
their inability to obtain quantitative results, or at least have huge
obstacles to overcome (e.g., SIMS or XPS).37 Additionally, the
limitation to small spot sizes (in the range of mid-mm) display
another disadvantage from a statistical point of view. In
comparison to the above mentionedmethods, laser ablation (LA)
coupled to an elemental analysis technique, such as inductively
coupled plasma (either with mass or optical detection) provides
both a good lateral resolution of several ten micrometer and
a depth resolution which is just above the size of the active
material particles, i.e. below one micrometer. Furthermore, it is
possible to investigate whole electrodes with a diameter of several
RSC Adv., 2020, 10, 7083–7091 | 7083
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Fig. 1 Schematic set-up of the LA-ICP-OES system.
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View Article Online
millimeter or even bigger samples. LA-ICP-MS coupling is a well-
known technique in the eld of geology or clinical tissue analysis,
though, not widely adapted in the battery context.55–60 Despite
being less established than LA-ICP-MS, LA coupled to inductively
coupled plasma-optical emission spectrometry (LA-ICP-OES) has
been applied for microanalysis.61–65

In this work, we show an approach for a complete ablation of
electrochemically aged LIB cells via quantitative imaging anal-
ysis using LA-ICP-OES to spatially resolve the lithium
Fig. 2 Calibration of the LA-ICP-OES system with matrix-matched stan

7084 | RSC Adv., 2020, 10, 7083–7091
distribution on carbonaceous anodes as well as deposition
patterns of the respective transition metals.
2. Experimental
Cell materials

Lithium nickel cobalt manganese oxide (LiNi1/3Co1/3Mn1/3O2,
NCM111) and mesocarbon microbeads (MCMB) graphite elec-
trodes were obtained from Evonik Litarion (Kamenz, Germany).
dards for the elements Li (black), Mn (red), Ni (blue), Co (magenta).

This journal is © The Royal Society of Chemistry 2020
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Table 1 LOD/LOQ in wt% with relative standard deviations for LA-
ICP-OES examination for transition metals depositions on electrodes

Li460 nm Ni341 nm Co227 nm Mn258 nm

LOD (wt%) 0.03 0.08 0.13 0.08
LOQ (wt%) 0.16 0.28 0.44 0.27
rStdv (%) 1.7 3.2 3.2 4.0
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The separator Celgard® 2500 was obtained from Celgard (North
Carolina, USA). Battery grade electrolyte LP30 SelectiLyte™
(1 mol L�1 LiPF6 in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1 : 1, w/w)) and DMC SelectiLyte™ were
purchased from BASF (Ludwigshafen, Germany). The pouch bag
foil was ordered from SOLE Caldo di G. Ciocci (Tivoli, RM, Italy).
Argon (purity 4.8) was obtained from Westfalen Gas (Münster,
Germany).
Fig. 3 Images of the graphitic anodes: (a) pristine anode, (b) cycled ano
ablation process. (d) Zoomed-in image of the impurity after ablation.

This journal is © The Royal Society of Chemistry 2020
Matrix-matched standards

Matrix-matched standards were prepared using MCMB graphite/
hard carbon composite (MTI Corporation, USA/SGL Group Mei-
tingen, Germany) as carbonaceous source for the negative elec-
trode and increasing contents of NCM111 (Custom Cells
Hamburg, Germany) as source for cobalt, nickel, manganese and
lithium. For the preparation of the matrix-matched standards the
procedure described by Evertz et al.was adapted in this work.66 The
slurries were prepared using polyvinylidene diuoride (PVdF, Sol-
vay Solexis Tavaux, France) as binder dissolved in N-methyl-2-
pyrrolidone (NMP, 99.5%, Acros Organics). Furthermore, conduc-
tive carbon (SuperP®, 99.7%, Imerys) was added to the slurry.
Cell preparation and cycling conditions

For charge/discharge aging investigations, the cells were
assembled using NCM111 as positive electrode
de A, (c) cycled anode B, area of interest (highlighted in red) after the

RSC Adv., 2020, 10, 7083–7091 | 7085
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(2.22 mA h cm�2, 93% active material, A ¼ 9.0 cm2) and MCMB
as negative electrode (2.86 mA h cm�2, 91% active material, A ¼
10.9 cm2). As separator, Celgard® 2500 soaked with 160 mL LP30
electrolyte were used. Aer a rest step of 24 h, the cells were
cycled at 40 �C using a Maccor Series 4000 battery tester (Tulsa,
USA). The cycling procedure consisted of a constant current/
constant voltage (CCCV) charge step followed by a constant
current (CC) discharge. Aer ve formation cycles with charge
and discharge rates of C/10 (15 mA g�1), 100 cycles were per-
formed with a charge rate of 1C (150 mA g�1) in a cell voltage
window from 2.5 V to 4.2 V and a constant voltage step until the
current came below C/20 (7.5 mA g�1). Aer cycling, the pouch
bag cells were opened in an argon-lled glove box (H2O <
0.1 ppm and O2 < 0.1 ppm) to prevent contact with air and
moisture. The MCMB electrodes were rinsed with 2 mL of DMC
and dried overnight in an argon atmosphere.
LA-ICP-OES conditions

The LSX-213 laser ablation system from Teledyne CETAC
(Omaha, NE, USA) was coupled to an ICP-OES instrument
including a lateral plasma viewing from Spectro Analytical
Instruments (Spectro ARCOS ICP-OES, Kleve, Germany). The LA
system was controlled by the soware DigiLaz III (version 3.2.3,
Teledyne CETAC, Omaha, NE, USA). The soware Smart Analyzer
Vision (version 5.01.0927, Spectro Analytical Instruments, Kleve,
Germany) controlled the ICP-OES system (Fig. 1). The
Fig. 4 Lithium distribution of the completely ablated pristine anode.

7086 | RSC Adv., 2020, 10, 7083–7091
investigations were carried out with a laser energy of 25% (�1
mJ), a frequency of 10 Hz, a scan rate of 50 mm s�1 and a spot size
of 150 mm with a line spacing of 150 mm. Argon was used as the
carrier gas. The transient measurements were carried out with
a standard Fassel-type torch with an inner diameter of 1.8 mm.
Furthermore, an RF power of 1050 W, a total argon ow of 14.2
L min�1 (nebulizer gas: 0.7 L min�1, auxiliary gas: 1.5 L min�1

and cooling gas: 12.0 L min�1), a frequency of 10 Hz and an
integration interval of 100 ms were applied. The selected wave-
lengths were 460.289 nm for lithium, 341.476 nm for nickel,
257.611 nm for manganese and 228.616 nm for cobalt. The
transient data was analyzed using the program Origin 9.1.
3. Results and discussion

In Fig. 2, the results for the calibration of the matrix-matched
standards are depicted. For all recorded emission lines, the
correlation coefficient is higher than 0.99, showing the appli-
cability of the standards. Instead of the most intensive Li
emission line of 670.870 nm, the emission line at 460.289 nm
with a lower intensity was selected as the obtained signal for
670.870 nm was already above the working range of the
detector. For the determination of the detection limit and limit
of quantication (LOD and LOQ), ve lines of a standard
material were ablated. By using the average intensity of ve
ablated lines of standard material, the inuence of variation in
This journal is © The Royal Society of Chemistry 2020
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the ablation depths is minimized. Based on the 3- and 10-sigma
criteria, the LOD and LOQ were calculated (Table 1):

The highest lithium concentration of 3 wt% is calculated
with NCM111, thus the highest standard for Ni is 8.6 wt%, for
Co 8.7 wt% and for Mn 8.1 wt%, respectively. Charge/discharge
aged electrodes were investigated by ablating the whole surface
area of the electrodes (33 mm � 33 mm, 1089 mm2). The
preparation of standards, in the sense of matrix matched, is
limited to a reasonable amount of NCM. The highest amount of
NCM for graphitic anodes was set to 3 wt%.

Some of the results are subject of extrapolation as the
measured signals are above the calibration and no matrix-
matched standards are accessible for such high concentra-
tions. Therefore, the calibration is extrapolated based on the
assumption of a linear relationship between wt% and signal
intensity.

Three pouch-bag cells were assembled, two were cycled at
40 �C, one was applied for reference. Aer disassembly, the
anodes were analyzed (pristine anode, cycled anode A and B, see
Fig. 3). An image of the pristine anode is given in Fig. 3a,
showing a smooth surface with no defects. In comparison, the
optical assessment of the cycled anode A shows a blank copper
Fig. 5 Quantitative results of the ablated graphitic anode A; concentratio

This journal is © The Royal Society of Chemistry 2020
current collector at the edges (Fig. 3b). Aer cycling and during
the disassembly of the anode from the pouch-bag cell, the active
material had aked off at the edges, probably due to increased
brittleness of the electrode aer aging as the graphite anode
material underwent volume changes of up to z10% in each
cycle.67 Anode B exhibits brighter spots in the images (see Fig. 3c
(red cycle) and Fig. 3d (enhanced view)). This can possibly be
attributed to either lithium plating (metallic lithium deposi-
tion) induced by local inhomogeneities (i.e. higher local
currents) or by an induced short circuit due to dendrite growth
leading to direct contact of the electrodes. These are regions of
interest for subsequent investigations.

An elemental mapping of the lithium content of the pristine
anode quantied via LA-ICP-OES is shown in Fig. 4. No lithium
signal and no transition metal signals could be detected; the
intensities are below the respective LODs (0.03 wt%,�8000 cps)
of the developed method.

Focusing on the depositions of the analytes of interest, Fig. 5
shows the results of an ablation of electrochemically aged
carbonaceous anodes. Lithium (Fig. 5a) is distributed homo-
genously on the surface of the electrode, however, an accumu-
lation of lithium can be detected in the rst 25 ablation lines.
n is depicted in wt%; (a) lithium, (b) nickel, (c) cobalt and (d) manganese.

RSC Adv., 2020, 10, 7083–7091 | 7087
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Fig. 6 Quantitative LA-ICP-OES results of the ablated graphitic anode B; data is depicted in wt%; (a) lithium, (b) manganese, (c) cobalt and (d)
nickel.
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This may be attributed to a locally increased current density as
the current collector tabs are located on this side of the elec-
trode. Additionally, the aking of the active material from the
current collector can be another reason for this accumulation
7088 | RSC Adv., 2020, 10, 7083–7091
(cf. Fig. 3). The average concentration of the lithium depositions
is in the range of 2.5 wt% except for higher concentration near
the current collector tabs. However, due to the necessary
extrapolation of the calibration curve, no linear correlation can
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Charge and discharge capacities versus cycle numbers of cell A (anode A) and voltage profile of the defective cell B (anode B).
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be guaranteed, which may lead to inaccurate quantication
results. All results represent the rst mm of the electrode
thickness and thus are closely related to the analysis of the
protective SEI layer.

The quantitative analysis for the transition metals is shown
in Fig. 5b–d and yielded concentrations in the range between
0.1 wt% and 0.5 wt%. These values are signicantly higher, as
previously reported in literature.43,44 Cobalt deposition is sup-
pressed which is in agreement with the literature.40 Further-
more, manganese deposition is promoted on the carbonaceous
anodes compared to the nickel and cobalt deposition. Evertz
et al. showed this behavior for NCM111 electrodes treated in
a similar way and concluded that the manganese ion movement
in the electrostatic eld is predominant which was explained by
a stagnating concentration of manganese in electrolyte solu-
tions aer a specic electrochemically aging duration.43,44

In Fig. 5b, the nickel concentration is the highest at the
current collector tabs; again, this can be explained by high local
current densities.

The spatially resolved illustration of the lithium distribution
on the anode B is presented in Fig. 6a. The electrochemical data
of cell B (Fig. 7) indicates a failure of the cell at z40 min of
charging in the formation step; all subsequent cycles were
performed within one hour. In order to examine the reason for
this cycling behavior, the cell was analyzed analog to anode A. In
contrast to Fig. 5a, the lithium distribution in Fig. 6a differs
signicantly as no spatial homogeneity can be detected. More-
over, Fig. 6a shows two regions of interest – the central region of
the anode B (200–500 s, lines 45–75) as well as at the lower edge
of the electrode (60–520 s, lines 94–96). The increased Li
contents could be an indicator for Li plating. However, further
examinations, using other techniques (e.g. solid state NMR or
scanning electronmicroscopy) are necessary in order to conrm
this assumption. The observations on the optical images (cf.
Fig. 3c and d) are matching the regions in the LA-ICP-OES image
(Fig. 6a). Focusing on the transition metal deposition on the
anode of cell B, a similar deposition pattern for all TMs can be
This journal is © The Royal Society of Chemistry 2020
detected despite the high lithium deposition. The deposited
amounts of nickel and cobalt are lower than those of manga-
nese, however, the depositions of nickel and cobalt are
distributed homogenously over the whole surface of the anode.
Nevertheless, compared to the depositions on anode A the
concentrations are lower. This could be explained by the shorter
duration of the electrochemical aging. Manganese shows an
inhomogeneous deposition, which is visualized in Fig. 6b (black
peaks), however, the overall amount of manganese deposition is
lower than for anode A (cf. Fig. 5d). Furthermore, the edges of
the corresponding cathode and current collector tabs are
resolved nicely in this spatially resolved image (Fig. 6b). Overall,
with these analytical ndings it is possible to make a statement
about the lithium and TM distribution on graphitic anodes.
4. Conclusions

In this work, the spatially-resolved quantitative analysis of
lithium, nickel, cobalt and manganese on cycled anodes by LA-
ICP-OES was successfully applied for the post-mortem exami-
nation of LIB electrodes. The quantication was performed by
using self-prepared matrix-matched standards; correlation
coefficients higher than r2 ¼ 0.99 could be achieved with
reasonably low standard deviations. The investigation of elec-
trochemically treated carbonaceous anodes revealed a homoge-
neous lithium distribution on electrochemically aged
electrodes. The measured TM contents are signicantly higher
than previously reported. This can likely be explained by
measurement inaccuracies, as no correction for varying abla-
tion yields or fractionation effects (such as transport efficien-
cies) was applied. In order to improve the precision of this
method, possible internal standards need to be evaluated and
applied.

Furthermore, the amounts and distribution of transition
metal deposition could be analyzed using the LA-ICP-OES setup,
and revealing homogenous distribution of all three investigated
transition metals (manganese, cobalt and nickel). Additionally,
RSC Adv., 2020, 10, 7083–7091 | 7089
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the pronounced manganese deposition on carbonaceous
anodes could be conrmed in accordance to literature.45

Moreover, the local deposition of lithium in a defective LIB cell
could be visualized.

In principle, this method can be applied for the study of
other transition metal-based cathodes. For the analysis of other
graphitic anodes, specically adjusted matrix matched stan-
dards and adjusted parameters for the LA are required.
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