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ABSTRACT

For next generation of high energy lithium-ion batts, silicon as anode material is of great istedeie to its higher
specific capacity (3579 mAh/g). However, the voluthange during de-/intercalation of lithium-ionsicaach values up
to 300 % causing particle pulverization, loss @ctilical contact and even delimitation of the cosifgoelectrode from
the current collector. In order to overcome thesmmidacks for silicon anodes we are developing nBweBctrode
architectures. Laser nano-structuring of the curcetiectors is developed for improving the elede@adhesion and laser
micro-structuring of thick film composite electrades applied for generating of freestanding stmeguFreestanding
structures could be attributed to sustain high n@changes during electrochemical cycling and frave the capacity
retention at high C-rates (> 0.5 C). Thick film qmusite Si and Si/graphite anode materials withedét silicon content
were deposited on current collectors by tape-cas&ilm adhesion on structured current collectoas \wmvestigated by
applying the 90 °peel-off test. Electrochemical gdies of cells with structured and unstructuréetteodes were
characterized. The impact of 3D electrode architestregarding cycle stability, capacity retentiowl cell life-time will
be discussed in detail.
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1. INTRODUCTION

For the next generation lithium-ion battery witlghipower and energy density, advanced cathoderadkanaterials are
urgently required. Among different anode materiaicon with high theoretic capacity has been rdgd as one of the
most promising anode materials. Silicon as anog@enigh theoretic capacity of 3579 mAh/g (formatadriiisSis phasg
at room temperate and a moderate potential of O(KiIAZ *) [1]. In addition, lithiated silicon in the eleotyte is more
stable and saver than common lithiated graphiteM&jor challenge for commercializing of silicondeal anode materials
is short lifespan, cycle stability and capacityergton because of huge volume change of about 3G%ng
electrochemical cycling [2, 3]. The most reportadlure mechanisms leading to rapid capacity loss aiacking or
pulverisation of silicon particles during electrechical cycling [4]. Solid electrolyte interphaseE(pis continuously
formed on the electrode surface which is exposelediquid electrolyte. As a results, the elegtteldecomposes and the
thickness of SEI increases which leads to increaspe@dance [5]. In order to stabilize the SEI layf&roroethylene
carbonate (FEC) and vinylene carbonate (VC) areddd the liquid electrolyte [6, 7]. Furthermorejedto volume
contraction the silicon particles will lose theieeric contact with surroundingarticles and the electrode film will
partially show lift-off from current collector.

To overcome the drawbacks of silicon-based anodeeriag 3D freestanding structures are generatedtleotrode
materials by applying ultrafast laser ablation.e=space from 3D patterns can compensate the vatheregge and reduce
the mechanic stress inside of the electrode. Tesitiyate the electrochemical properties, electredésand without 3D
architecture were assembled in cells with Swadadekign and subsequently galvanostatic measurenveneégperformed.
For improving of film adhesion between the electradhterial and the current collector, ultrafasttamtterning was used
to generate nano/micro-sized surface structures.ifidreased active surface area can enhance th@nie@anchoring of
the electrode material towards the current collecto
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1.1 Characterizing of silicon nanoparticles

In order to achieve high specific capacity, crystalsilicon nanopowder (MTI Corporation, USA) with average particle
size of 100 nm was purchased for synthesis of ceitgp@node materials. Before fabricating of elatgrslurry, the

chemical composition of silicon nanoparticles waalgzed by means of inductively coupled plasmacaptemission

spectrometry (ICP-OES). It was shown, that theailinano-powder contains a huge oxygen proportiabout 34 wt%.

TEM-images (fig. 1) indicate that a native oxidgdawas formed on the silicon particles. The foiorabf silicon oxide

can induce a lower specific discharge capacitytheioxide layer can also act as buffering phasardigg an alleviation
of mechanical stresses during electrochemical iegdlL].

Figure 1: Energy filtered TEM of a silicon powd&he filter was set at 18V (a) and 24V (b) making use of the plasmon
energy of silicon and silicon dioxide, respectivéty(a) silicon appears bright and silicon dioxajgears dark. Inversed
contrast is given in (b).

1.2 Preparation of electrode material

In order to achieve high specific capacity, crystal silicon nanoparticles (MTI Corporation, USA)tlwan average
particle size of 100 nm were used for synthesisoofiposite anode materials. 3D architectures wemergéed in silicon-
based electrodes by using ultrafast laser ablalia. types of binder were used, carboxymethylcefial (CMC) added
with styrene-butadiene rubber (SBR) (MTI corpomatidSA) and poly(acrylic acid) (PAA) (Aldrich, USAyhe chemical
composition of different composite materials is swamized in Table 1. The silicon anode slurry carsi®f silicon nano-
powder, binder, conductive agent (Timcal Super @8%| Corporation, USA) and distilled water as saitieFor Si/C

composite materials, graphite (Targray Technolaggrhational Inc., USA) was added additionally. ighspeed mixer
(Filmix, Primix, Japan) was applied to disperse anxithe electrode materials and could ensure hemogs distribution
of nano-sized particles. Subsequently, the silicased anode composited electrode materials weteccoa 12 pum thick
copper foil (Targray technology, USA) by using pdeacasting film coater (Model: MSK-AFA-L800-H, MTorporation,

USA). The coated electrodes were dried up by uaihgating lid at ~ 60 °C in ambient air for 1 hou the films were

calendared by using a compact hot rolling pressdiBion 4" Hot Rolling Press/Calender, MTI Corpaaf USA). After

calendaring, the film thickness of Si- and Si/C@e®were adjusted to 25 — 30 um and 50 — 60 ppectsely.



Table 1: composition of various types of silicorséad composite materials.

Binder Silicon Graphite Carbon black Binder Spec. capacity*

(Wi%) (Wi%) (Wi%) (Wi%) (mAn/g)

10 - 70 20 3579

CMC + SBR (1:1) 40 - 40 20 3579
10 70 10 10 727

20 60 10 10 1135

33 - 33 33 3579

PAA
10 70 10 10 727

* related to mass of active materials

1.3 Ultrafast laser processing for 3D electrodes

The used ultrafast fiber laser source (Tangerimeplude Systémes, France) operates at centrallemytl of 1030 nm

with a maximum average laser power of 35 W andsadhle repetition rate in a range of 1 Hz up toR2z2MThe laser
pulse duration can be tuned from 350 fs to 10 gsmBans of second harmonic generation, the vigitddiation with a

wavelength of 515 nm and a pulse duration of 380ds applied for fabrication of freestanding staues on the silicon-
based composite anode materials. Regarding taafilnesion, dot patterns with varying pitch distaweee generated on
copper surface. Due to single laser pulse irramhatiano-sized pores and ripple structures weraddr

1.4 Electrochemical characterization

For electrochemical testing Swagetokells using Li as counter and reference electrami#® a silicon-based working
electrode were assembled with a glass fiber sepaf@~/A Whatman) in an argon-filled glove box. ¥.3olution of
lithium hexafluorophosphate (LiFin ethyle carbonate (EC) amthyl methyl carbonate (EMC) with a weight ratio of
3:7 was used. 5 wt% of fluoroethylene carbonateJ)HE additionally added in order to achieve alstablid-electrolyte
interphase (SEI) on anode surface. Before cellnaisise the electrodes were heated at 1336124 h in vacuum oven.
Galvanostatic measurements were performed usingT20@8) battery cycler (Arbin Instruments, USA) atomo
temperature with a cut-off voltage in the rang®6fl to 2 and 0.01 to 1.5 V for silicon anode atidon/graphite anode
respectively. After five formation cycles, the gadwstatic testing was carried out with increasiag@s from 0.1 C up
to 3C for 10 cycles. Subsequently, the cells wgaded at a rate of 0.2 C for 100 cycles, in oraestudy cycle stability
and capacity retention at room temperature.

1.5 90° peel-off adhesion test

90° peel-off tests were applied in order to evauhe tensile strength between the composite apaiid the current
collector. For this purpose an adhesion testerceéewias used, which is embedded in an universah¢estachine (10T,
UTS, Germany). The electrode materials were stot¢ké adhesive tape on the substrate. Using a miechalamp, the
end of the electrode film was fixed to a mechanieating machine load cell. Tensile force is ogenperpendicular to
the peeled electrode films. During the measurembatsubstrate was moving with a testing speed6frbm/min. The
force needed to separate the electrode materialtine current collector was measured. The tens#agthy is calculated
from the measured tensile force F related to thithad of sample, which is equal to equation (1):

y=F/d @

Silicon/graphite (20 wt%:60 wt%) anode material waposited on the glossy and laser structured cdpibén order to
investigate the influence of current collector aoef topography on film adhesion.



2. RESULTS AND DISCUSSION

2.1 Formation of laser-assisted surface structures

After coating process, the freestanding structuwvese generated with a pitch distance of 100 um. (Eigin order to
achieve maximum aspect ratio and reduce the loastive material, a lower laser fluence of 0.44n3/was used and the
laser processing was repeated until the materiate ablated down to copper current collector. Naineelt formation
could be observed after laser processing.

a) b) c)

Figure 2: SEM-images of silicon-based compositedarmaterials: a) silicon anode (binder; CMC and SBIR),
silicon/graphite anode (binder: CMC and SBR), c) ailigraphite anode (binder: PAA). Laser fluence4Q@&m?2

2.2 Electrochemical characterization

In order to investigate electrochemical performawoéestructured and unstructured anode material/agastatic
measurements with different C-rates were performeding formation step, a C-rate of C/20 was appla 5 full-cycles.
Subsequently, the discharge time from the lastecgod the formation current were used to calctleggractical C-rate,
which is needed to fully charge and discharge #lés ¢n 1 hour in practice. Afterwards, all cellene cycled with
increasing C-rate (C/10, C/5, C/2, C, 2C, 3C) andlliy the charge/discharge current was reduce@/&in order to
investigate the electrochemical degradation andagpretention.

* Silicon anode

Specific discharge capacity of silicon anode witffedent silicon content as function of cycle numieshown in figure

3. For structured and unstructured cells with 4@ansilicon, similar specific capacity of about 285@&h/g during first

lithiation was achieved. During this first cyclbetsolid electrolyte interface (SEI) film was forinen the silicon electrode
surface. The specific discharge capacity of thewith unstructured electrode fades quickly withire first few cycles

(during formation step). With increasing C-ratesatiarge capacity decreases successively. A dracagtacity drop was
observed if the C-rate was increased to 1C and-Bt@lly, the C-rate was decreased to C/5 and itabserved, that the
specific discharge capacity could not gain the &dom the beginning of electrochemical testingisTis due to

degradation processes during cycling at high C-tateomparison to the cell with unstructured elede, the cell with

structured electrode containing freestanding stirest shows an improved electrochemical performaamee higher

capacity, although the specific discharge capabityps with increasing C-rate. However, a dischaagecity larger than
1000 mAh/g could be reached at 3C and a signifigatdécreased degradation at the end of the galtaimsesting at

reduced C-rate (C/5) was detected.
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Figure 3: Specific discharge capacity as functibaysle number of structured and unstructured dallsand SEM image of
silicon anode (b) (Si: 40%, binder CMC+SBR) after 19¢€les.

After battery test, the Swagefkell with unstructured electrode was dissembledi\@ashed in DMC solution for 1 h.
Post-mortem-analysis was applied, in order to itigate mechanical degradation of the electrode. $&Mye (figure 3b)
show that electrode material was delaminated fieencurrent collectors and crack formation occunedhe electrode
surface. These processes are responsible for plaeitadrop observed during cell testing (figure. 3a

« Silicon/ graphite anode

In the silicon/graphite anode, silicon is embedidethe matrix of graphite in order to find an apmiate compromise
regarding volume change, capacity and cycle lifetjj. Figure 4 shows the specific discharge capdar cells with un-

[structured electrodes, which were fabricated with different types of binder. Similar to cells viinstructured silicon
anode, the major issue of cells with unstructuicbs/graphite anode is the dramatic capacityrigdit high C-rates (>
1C). An improved capacity retention and increageetiic capacity, especially for higher C-rates) te obtained for
cells with structured electrodes. These cells sfsw an excellent long/term cycling stability imgoarison to cells with
unstructured electrodes. Anyway, the graphite ambmjged with Si (10 wt%) can deliver significant gy specific

capacities in comparison to conventional graphitdas.
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Figure 4: Specific discharge capacity as functibayale number for structured and unstructuredscatiplying CMC+SBR
and PAA as binder.

Due to laser generated free space, volume changagdnsertion and extraction of lithium-ions wer@mpensated and
thus mechanical stress inside of electrode wascesturhese factors contribute to an improved cépaetention and



battery performance. Furthermore, laser modifieds8Dctures can reduce the lithium-ion diffusiothgangth from bulk
materials across the active surface to the elgtéraind vice versa and therefore the increasddition transport kinetic
leads to an improved capacity retention at higkateés [9].

In this work, theoretic specific capacity of 357@lmig was not achieved which might be due to thai@ant amount of
oxygen content [1] and also micro-sized agglomenatf silicon particles might induce a drop in azipa[10]. Thick
oxide shell on the silicon surface can preventailifrom expanding, but it limits also the lith@iiprocess.

2.3 Measurement of adhesion strength

Due to repeated volume expansion/contraction dupirjonged cycles, the electrode film was delangiddrom the
current collector (Fig. 3b). An improvement of fiedhesion is required in order to avoid capacityfg. For this propose,
dot patterns (Fig. 5b) with various pitch dista(2® pm and 50 pm) were generated. Figure 5a depetensile strength
of the composite layer on the laser structured eogprfaces as function of pitch distance compéoeithe untreated
surface (“reference”). In comparison to the refeegrihe film adhesion could not be increased byyapp dots patterns
which is due to an insufficient intrinsic film siility or a weak mechanical strength among bindat particles. This is
called “cohesion failure” inside the coating [8]oWever, after tensile strength measurement, afsignt increased
amount of graphite particles, which remain on #set modified current collector foil was observed@¢@mparison to the
reference (Fig. 5a). In order to further investigttie influence of flm adhesion on surface stmeguthe amount of
residual particles on the current collectors weraluated and calculated by contrast analysis ofSlaBM images. The
contrast analysis of SEM images is based on tlferdiit brightness of components and materials@substrate. Graphite
particles and exposed copper surface were repeskémtred and green color, respectively (Fig. 6).bJthe surface
percentage of residual graphite particles andah@u were calculated. Hereby, the structured aircellector with a dot
period of 50 um reveals the largest amount of tedidraphite particles. Dot patterns with nano-gigere structures act
as anchor for improving mechanical adhesion towardsirrent collector. Additionally, the surface gentage of residual
graphite particles could serve as an index on atialg the adhesive force between Cu foil and affibte
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Figure 5: (a) tensile strength of Si/graphite anfildes and amount of graphite particles (surfacecpstage) after 90° peel-
off test as function of surface pattern (dot pasewith different pitch distance and reference) @)dight microscopy
image of laser induced dot structure (pitch dista®®© pum, electrode: Si/C, binder: CMC+SBR).



Figure 6: SEM images (a ¢) and corresponding cehimaages (b,d) of reference (a,b) and laser siredt(c,d) copper foils
after 90° peel-off tests (pitch distance 50 um).

3. CONCLUSIONS

In this study, various types of silicon-based cosijgomaterials were fabricated. Freestanding siraston the electrodes
without melt formation were realized by ultrafessér ablation. Galvanostatic measurements of wéttsun-/structured
electrodes were performed with increasing C-rateedectrochemical performance and degradationeoélictrodes were
evaluated. All cells with structured electrodesvglmproved specific discharge capacity and capaetigntion, especially
at high C-rate capacity retention. Post-mortem aislreveals that unstructured electrode matedalaminated from
current collector foil due to huge volume changerdpelectrochemical cycling, which led to sign#itt capacity fading.
Dot patterns with nano-sized pore structures weregated on the copper foil in order to overcorok & film adhesion
between active materials and current collectorigtBness contrast analysis of copper current caifoil after 90°peel-
off testing indicates an enhanced amount of remgipiarticles. This means that laser generated s@notures act as
anchor for active materials and enable an enhagleettical contact between the particles and theenticollector.

ACKNOWLEDGMENTS

We are grateful to our colleagues Zhenhua An, Glh&ietdorf, and Stefan Pfleging for their techhassistance during laser
material processing, SEM, and tensile strength aneagents. This project has received funding froenEbropean Union’s
Horizon 2020 research and innovation programmenthdéMarie Sklodowska-Curie grant agreement nd984. In addition,
the support for laser materials processing by thdskuihe Nano Micro Facility (http://www.knmf.kida/) a Helmholtz
research infrastructure at KIT, is gratefully ackfexiged.



[1]
[2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

Ashuri, M., He, Q., and Shaw, L. L., “Silicos a potential anode material for Li-ion batteries:
where size, geometry and structure matter,” Nares@¢l), 74-103 (2016).

Obrovac, M. N., and Krause, L. J., “Reversibieling of crystalline silicon powder,” Journal
of the Electrochemical Society54(2), A103-A108 (2007).

Ma, D. L., Cao, Z. Y., and Hu, A. M., “Si-Basddhode Materials for Li-lon Batteries: A Mini
Review,” Nano-Micro Letters6(4), 347-358 (2014).

Zhang, W. J., “A review of the electrochemigarformance of alloy anodes for lithium-ion
batteries,” Journal of Power Sourc&986(1), 13-24 (2011).

Yoon, T., Nguyen, C. C., Seo, D. M., and Lucht,L., “Capacity Fading Mechanisms of
Silicon Nanoparticle Negative Electrodes for Litmiulon Batteries,” Journal of the
Electrochemical Sociefy162(12), A2325-A2330 (2015).

Young, B. T., Heskett, D. R., Nguyen, C. C.eNM. Y., Woicik, J. C., and Lucht, B. L., “Hard
X-ray Photoelectron Spectroscopy (HAXPES) Investigaof the Silicon Solid Electrolyte
Interphase (SEI) in Lithium-lon Batteries,” Acs Agal Materials & Interfaces/(36), 20004-
20011 (2015).

Nguyen, C. C., and Lucht, B. L., “Comparativeu®y of Fluoroethylene Carbonate and
Vinylene Carbonate for Silicon Anodes in Lithium nloBatteries,” Journal of the
Electrochemical Sociefy161(12), A1933-A1938 (2014).

Haselrieder, W., Westphal, B., Bockholt, H.eber, A., Hoft, S., and Kwade, A., “Measuring
the coating adhesion strength of electrodes foiulih-ion batteries,” International Journal of
Adhesion and Adhesive60, 1-8 (2015).

Mangang, M., Seifert, H. J., and Pfleging, Winfluence of laser pulse duration on the
electrochemical performance of laser structureceBi®4 composite electrodes,” Journal of
Power Sources304, 24-32 (2016).

McDowell, M. T., Ryu, I, Lee, S. W., Wang, ®1., Nix, W. D., and Cui, Y., “Studying the
Kinetics of Crystalline Silicon Nanoparticle Litian with In Situ Transmission Electron
Microscopy,” Advanced Material24(45), 6034-6041 (2012).



