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ABSTRACT

The main goal is to develop an optimized three-disienal (3D) cell design with improved electrocheahiproperties,
which can be correlated to a characteristic lithidistribution along 3D micro-structures at differeState-of-Health
(SoH). 3D elemental mapping was applied for char@hg the whole electrode as function of SoH.was

demonstrated that fs-laser generated 3D archiexiotproves the battery performance regarding tygtiewer and life-

time. It was quantitatively shown by laser-indudeéakdown spectroscopy that 3D architectures acittaactor for

lithium-ions. Furthermore, lateral intrinsic porysvariations were identified to be possible staytpoints for lithium

plating and subsequent cell degradation. Resultsewed from post-mortem studies of cells with laséuctured

electrodes (intrinsic and artificial porosity vdi@a), and unstructured lithium-nickel-manganesbatboxide electrodes
will be presented.

Keywords: Laser-induced breakdown spectroscopy, porosityafalst laser structuring, lithium-ion battery hiiim
nickel manganese cobalt oxide, cathode.

1. INTRODUCTION

Current research focuses on enhancement of enedypawer densities as well as on cost-efficientdpotion of
lithium-ion batteries to fulfill the capability opowering hybrid and electric vehicles for long distes [1-4]. One
innovative approach hereby is the merger of twaebatdesign concepts: (i) the “thick film concepthich provides
high energy densities due to a reduced amountadftive materials [5] and (ii) the “three-dimensib(aD) battery
concept”, which enables high power applications uan improved lithium-ion interfacial kinetic [6Certainly, both
concepts base on an optimized 3D architecture wittefined porosity and a balanced 3D electrodegigmiy on
submicron and micrometer-scale, respectively.

In general, state-of-the-art lithium-ion batteri¢slBs) uses two-dimensional (2D) electrode desigimanar
arrangements) with a film thickness of 50 — 60 |[Due to limitations of achievable film thickness@f LIBs often
require rather large areal footprints for delivgrimcceptable capacity and energy density. Anofhatinig factor that
can become dominant is the current density digiohudepending on the relative distance from #@ference electrode,
which may lead to power losses at high chargingdischarging currents [7]. One promising approawhoivercoming
the “2D” design challenges is the development ofaaded lithium-ion electrode designs (3D battermoapt), e.g.,
modified surface structures, which will promote higurface area, high rate capability, high cyde-time, and less
time-and-cost consuming electrolyte filling [7-10fhe general strategy in a 3D battery concept islgsign cell
architectures, which can maximize power and endegsity yet maintain short ion transport distanée8D matrix of
electrodes is proposed in order to meet short pam$engths and large energy capacity [11].

For evaluation of the new battery concept regardipglication and further optimization of processistgps it is
essential to correlate the 3D architectures (ptroaspect ratio, topography, active surface avéd) electrochemical
performances and chemical data. Particularly tleeipe control of electrode porosity - which canyvan micro- and
nanometer scale — has a great impact on batteryitife [12]. Liquid electrolyte has to penetrat®ithe entire porous
electrode material and lithium-ion diffusion hasb® enabled. Finally, the strength of embossininduralendering is a
critical task, which finally has an impact on efechemical performance with respect to lithium-faigration, electrical
conductivity, particle density and coating adhesimspectively [13, 14]. The investigation of cheatidata can be
achieved by quantitative elemental mapping of thiiree 3D electrode by using laser-induced breakdspectroscopy
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(LIBS). For this type of application, LIBS is a lhat new approach in order to achieve post-mortdorrmation about
chemical degradation of electrodes, from the serfimwvn to the current collector interface. Thislgi@tool has a great
potential to enable advanced fundamental studies3@nelectrode architectures for discovering thenpact on
performance enhancement regarding life-time andaapunder abuse conditions and as a functiodesftemchemical
cycling parameters [15, 16].

2. EXPERIMENTAL

2.1 Adjustment of Porosity Variations in Li(Ni 13Mn13C01/3)O2 Thick Films

The manufacturing procedure of lithium nickel mamege cobalt oxide (Li(NIMNCo¥O(NMC), Ni:Mn:Co = 1:1:1)
cathodes used in this work is described elsewhEsg For investigating the impact on porosity véoias within the
electrodes, two different methods were used fog#reration of three-dimensional (3D) architectfégure 1). Figure 1(a)
shows a schematic diagram of a femtosecond lasetisted NMC thick film, which offers micro-capitiastructures with a
channel width of 600 um. The micro-capillary staes were generated by removing the composite ialatewn to the
current collector. By using ultrafast laser radiafian artificial porosity could be generated betweach micro-structure.
During processing, the 3D micro-capillary structureere generated by using a micromachining lasekstation (PS450-
TO, Optec s.a., Belgium) equipped with an ultrafdestr laser (Tangerine, Amplitude Systémes, Fraritiee process was
performed under ambient air by using a pulse damaif 380 femtoseconds (fs). Furthermore, a waggteof 515 nm and a
repetition rate of 500 kHz were applied. The ldssam was guided through a beam expander (3-fottparaverage power
of 1.45 W was measured at the electrode surfaceortiparison to laser ablation, figure 1(b) demernstr the processing
steps of compression molding, which can be alsd fmegeneration of 3D micro-structures within #lectrode. Here, an
embossing tool was impressed into the material amtefined film thickness (100 pm) was reachederfelaxation, the 3D
electrodes offer porosities in the range of 3435 %.
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Figure 1: Schematic diagram of processing stepshrgeneration of 3D micro-structures: (a) fsagteucturing of NMC thick film
electrodes and (b) generation of 3D architectuyesntibossing.



2.2 Electrochemical Characterization of Three-Dimensioal NMC Electrodes

For battery testing, NMC electrodes were cut biager into circular disks with 12 mm in diameteubSequently, all
cathodes were heated in a vacuum oven (VT 6025n0Iich&CIENTIFIC, Germany) at 130 °C for 24 h. Addlikilly, the
cells were assembled in an argon-filled glove ha8master sp, M. Braun Inertgas-Systeme Gmbk K 0.1 ppm and ©

< 0.1 ppm) using the Swagefokell design. The principle set-up of the electesultal cell is described elsewhere [16].
Galvanostatic measurements of NMC electrodes watiogity variations in the range of 34 % - 55 % weegformed by
using a BT2000 battery cycler (Arbin InstrumentS§A). In a first approach, a formation step werdguered for both types
of electrodes (laser structured and embossed)CHages for charging and discharging were set 18 Gihich correlates to
10 hours for charging and discharging. Totallye¢hcycles were applied. In a second approach, elie were further
electrochemically cycled at C-rates in the rangeC{#f and 2C (table 1). After electrochemical tegtithe cells were
disassembled, washed in DMC (two times 30 minutéesh DMC) and finally investigated by LIBS.

Table 1: Electrochemical testing procedure for Sx@i§ cells with laser structured and embossed NMC tfiickelectrodes.

Cell Assembly Electrochemical Formation | Galvanostatic measurements LIBS measurements
Laser structured C-rate f:hargin.g: C/10 C-rate charging: 2C Elemental mapping
NMC electrodes C-rate discharging: C/10 C-rate discharging: 2C and

Cycles: 3 Cycles: 50 elemental depth-profiling
Embossed C-rate charging: C/10 C-rate charging: C/2 Elemental mapping
C-rate discharging: C/10 C-rate discharging: 1C and
NMC electrodes .
Cycles: 3 Cycles: 154 elemental depth-profiling

2.3 Laser-Induced Breakdown Spectroscopy (LIBS)

The experimental setup of LIBS (SNO13, Secopta yiital GmbH, Germany) used in this study is desdriddsewhere [15].
Briefly, a pulsed passive mode-locked diode pungmid state Nd:YAG laser was used for the generaifa laser-induced
plasma at the sample surface. The nanosecondolaseates at a wavelength of 1064 nm with a maxirpulse energy of
3 mJ. The repetition rate can be varied in theeasfgl Hz up to 100 Hz and a laser power densitgtofut 25 GW/ckh

could be finally achieved at the sample surfacer@zTurner spectrometer equipped with a ruledrggaif 1200 grooves /
mm blazed at 250 nm was coupled with a back-thintteatge-coupled detector (CCD) including an eledtrghutter

function (Hamamatsu S11155) in order to detectdibpersed light from the laser-induced plasma. C® had a pixel
width of 14pm and covers spectral ranges of 229 nm - 498 nnd@&ahm - 792 nm.

3. RESULTS AND DISCUSSION

3.1 LIBS Investigation of Lithium Distribution in Laser Structured and Embossed NMC Thick Films

For the characterization of lithium distribution taser structured and embossed electrode surfat®S, was applied
post-mortem (after battery tests). As depictedgare 2 and 3, two different methods were usedHergeneration of 3D
micro-structures, laser structuring and embosstigure 2(a) shows an electrode design, which wasufaatured by fs-
laser radiation. Micro-capillary structures werenfied with a channel width of 600 um. The thickneksach fs-laser
structured electrode was measured to 100 um aondosify of 34 % could be calculated. Additionalllye pitch distance
was set to 1200 pm. In comparison to laser ablaioralternative classic “non-laser structuringhtestogy was applied
(figure 3(a)). Embossing was carried out for thenfation of different geometrical patterns on thecebde. Finally,
porosity patterns could be realized containing lamd high porosity regions with porosity values3dfo and 55%,
respectively.
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Figure 2: Ultrafast laser structuring of LigdMn13C01/3)O2 thick film electrodes: (a) schematic diagram afSmage (top-view)
of an NMC cathode with micro-cappillary structuregdth: 600um, height: 100um), and (b) LIBS elemental mapping
(lithium) of a fs-laser structured NMC thick film.IBS was performed after electrochemical cycling y8les at C/10 —
C/10, 50 cycles at 2C - 2C). The elemental mappingesent the lithium concentration x ind(Ni1sMn13Coy3)Oo.

For post-mortem identification of chemical inhompoggies, LIBS measurements were applied with adatesolution
of 100um. Both types of electrodes were completetly seddayer-by-layer using a measurement area of 13xri
mm covering the entire electrode surface. The mistance of each laser pulse was set to 100 pichvelorresponds to
131 x 131 = 17131 measurement locations. The fithdistribution was investigated as function of &tat-Health
(table 1). For both types of electrodes, tida8/er was selected for the following discussion.

In a first approach, laser structured electrodebh wihomogeneous porosity of 34 % were investigpted-mortem by
LIBS. For this purpose, the electrochemical cedit teras stopped after 50 cycles. The cell was disalsled and
analyzed by LIBS in order to determine the lithiudistribution at high power conditions (C-rate for
charging / discharging = 2C / 2C). Along y-directidsee figure 2(b)) the averaged lithium conceimatx was
calculated and plotted as function of x-directidmis value covers a range from x=0.75 up to 0.98e Tithium
concentration is significantly increased along ¢beatour of the laser generated line structureicatthg an increase of
lithium mobility during battery operation at higlhoywer conditions. The local change of Li concentratk clearly
indicates that fs-laser generated micro-capillainuctures provide new Li-diffusion pathways alorue tstructure
sidewalls, i,e, the microstructures act as araetdr for lithium-ions at high C-rates. Finally, b®ost in battery
performance regarding battery power could be obthifrurthermore, the artificial porosity inducedfbytaser ablation
act as electrolyte reservoir during electrochenmigaling and has a positive impact on cell life-¢im
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Figure 3: Generation of porosity pattern by embugsfa) schematic diagram of embossed LifNin12Co1/3)O2 thick film electrode
with different type of porosity, LP 34 % and HP @5 and (b) post mortem LIBS elemental mapping (lithj of an
embossed NMC thick film electrode. The lithium disfition was measured after electrochemical cyqlghgycles at C/10 -
C/10, 154 cycles at C/2 - 1C). The elemental mappiegesent the lithium distribution X inx(Ni1/sMn13C01/3)Ox2.

In a second approach, an embossed NMC electrodehaaacterized post-mortem by LIBS in order to tdfgrchemical

inhomogeneities on electrode surfaces with varyogosities. After cycle number 154 (table 1) a $apeaous cell
failure could be observed. The electrode screehingIBS clearly indicates a change in lithium distition for low-

and high porosity regions. Porosity variations l¢éadlifferent lithium mobilities and electrical ¢ents, which in turn
will force the chemically driven aging process dgribattery operation. A well-defined porosity isitqucrucial for

electrochemical cyclability [12, 13], especiallior NMC thick films operating at high chargingcadischarging
currents. Furthermore, the cell failure was obvigusduced by local lithium plating which could letected post-
mortem in an area between low and high porosity §hown here).

4. CONCLUSIONS

In this work, the impact of intrinsic and laser geated artificial electrode porosity on chemicaj@elation and battery
lifetime was reported. For detecting an optimizddl &ectrode architecture, laser-induced breakdopgctsoscopy
(LIBS) was introduced as a powerful analytical itamd was applied post-mortem (after battery tedstsyjuantitative
characterization of laser generated and classtoattared (embossed) thick film electrodes. Elementapping and
elemental depth-profiling were established in otdegnable a rapid screening of the chemical coitippof the entire
3D electrodes (surface and bulk), which in turnvites a rapid feedback control between electrocb@&npierformance
and 3D microstructures. Mechanical structuring sastembossing was studied as an alternative nen-sicturing
technology. It could be clearly demonstrated tmabessing leads to an inhomogeneity in material itignshich in turn
has an impact on the porosity distribution. It vsaswn by LIBS that for embossed electrode surfagdsan intrinsic
porosity variation a local change in lithium dibtrtion is obtained. This is due to a change inidith mobility as
function of electrode porosity. A change in lithiunobility results in a dramatic chemically-drivegirsg process during
battery operation. In comparison to embossing, itvative fs-laser patterning technology provides artificial
porosity which was proven to have a positive imgatbattery performance and battery life-time. #svehown that the
lithium distribution significantly increased alorthe contour of each micro-capillary structure, esgly at high
charging / discharging currents. New diffusion patkis were generated which becomes activated for tadgtery power
operation.
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