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Lithium megal is the key anode material for solid-state-batteries as its successful implementation

I

would dra crease their energy and power densities. However, anode contact loss during

stripping |d@ endrites upon plating and subsequent cell failure. Design strategies to mitigate

these issuesa ucial to enable the use of lithium metal anodes. This paper reports the dissolution

kinetics of @omposite anodes made of lithium metal and carbon nanotubes with a garnet-type solid

n

{

electrolyte. jon to an enhancement of the effective diffusion within the anode, its dissolution
is funda y changed from being two-dimensional to three-dimensional. By maintaining contact

with the solid ele@krolyte, the carbon nanotubes facilitate lithium transport to the interface, which

U

yields mor 0 mAh cm™ discharge capacity at 100 pA cm™ without the application of external

stack pr 1 MPa). Conclusions drawn from electrochemical data on the anode microstructure

are validat cryo-FIB-SEM and correlated with the mechanical properties. Micro-indentation,

A
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acoustic analysis and stress-strain testing show that mechanical properties of the anode, like yield
strength and hardness, are adjustable. Overall, it is shown that the mechanical and electrochemical

propertw composite electrodes can be tailored to suit the requirements of a practical cell.

Discharge Capacity

This work [de rates the working principle of composite electrodes consisting of lithium and
carbon nandtu in contact with garnet solid electrolyte LLZO. Detailed analysis with impedance
spectro electron imaging and mechanical testing show, that these composites are superior to

pure lithiu ack pressure is applied during stripping.

)

Introduction

e

Recently, all-sglid-state batteries (ASSB) gained increasing attention as candidates to supersede

lithium-io (LIBs) as energy storage devices, for example, in the power train of electric

[1,2]

vehicles. ile they are deemed to be safer and less flammable than lithium-ion batteries,® their

main pronise is that solid electrolytes (SEs) may enable the use of lithium metal as the anode
material. ! With "%861 mAh g?, lithium shows the highest theoretical capacity® as well as the
lowest reddx potential with -3.04 V vs the standard hydrogen electrode potential,” which makes it

an attractive goal fi@r the next generation of lithium batteries.

However, ation during lithium dissolution (stripping) and later dendrite growth triggered
by the heterogeneous interface hinders their application at high current densities so far.®®

% For every lithium ion stripped from the electrode, a vacancy is “injected” in the metal. If the rate
of vacancy injection, governed by the applied current density, is higher than the rate of vacancy

annihilation by diffusion into the anode bulk,®**3 vacancies accumulate at the interface — as
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originally shown by Janek and Majoni for the stripping of silver metal.™ An accumulation of
vacancies results in pore formation and contact loss, as well as facilitating dendrite formation upon

currentw] To circumvent these issues, either the annihilation of vacancies from the
interface n be accelerated or the local current density needs to be lowered. While the first
mitigation &ceeds by applying stack pressures in the MPa range,®>% it is preferred to
increasesthemaeamey annihilation rate by enhanced diffusion in the metal.

Increasing ﬁm diffusion inside the electrode material to avoid pore formation is possible, e.g.

by alloyinglwith dther metals.”*”! For example, 10 wt.% of magnesium enhances the effective

SC

diffusion coefficient by a factor of three up to 2.3-10™ cm?® s™. However, due to different mechanical

properties lighium is superior to Li-Mg when external pressure in the MPa range is applied. As

pressure needs to be applied in large cell stacks, knowledge of the mechanical properties

of the anode mate@Frial is highly important. Careful modification of the lithium metal anode’s elastic

U

and plastic ies changes the sensitivity of cells to applied stack pressures, opening up a variety

[l

of differen lications with specific pressure requirements.

Instead of ‘ﬁ g the vacancy diffusion rate inside the anode or relying on the plastic flow or

creep, it is al8o'POSsible to lower the local current density by creating a 3D-architecture of the Li|SE-
interfa which several approaches have been reported. % One example is the inner coating

of a porou h carbon nanotubes (CNTs), which then act as a current collector for lithium

M

nucleat inuous plating and stripping of 5.0 mAh cm™ with current densities up to

(18]

2.5 mA cm” based on the geometrical area was reported,™ which is around 5 times that of planar

interfaces.“ever, the preparation of porous electrode configurations is challenging.
Therefore, electrode|SE interface is preferred, especially when considering stacked cell
systems.

Additionall§, CNTs can enhance the effective diffusion inside the metal electrode. Not only are

g

lithium ioq condrted within the walls of CNTs, but also lithium atom diffusion inside CNTs has
been demonstrated.”® When lithiated, CNTs are mixed ionic-electronic conductors (MIECs) and form
a stable interface With lithium.'*?* However, while well-engineered carbonaceous felts, membranes

or meshes wettedgby lithium show a great improvement in anode performance,”?” the lithium

transpo anism and transport properties in these composites remain elusive.

In this work, we investigate the anodic dissolution and pore formation of composite anodes
consisting of lithium metal and CNTs. It was possible to combine two approaches by (1) generating a

CNT scaffold to obtain a MIEC three-dimensional interface without the need for specially structured
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garnet solid electrolyte and (2) accelerating lithium atom diffusion by mixing lithium metal with
CNTs. With this heterogeneous solid-state composite, it was possible to strip more than 20 mAh cm™

of lithi i the need for high applied external pressure and also tune the mechanical

{

properties aterial, paving the way for the optimization of lithium electrodes.

P
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Results and Discussion

Composite terization

The herein composites were prepared by dispersing 10 wt% - 30 wt% of multi-walled
CNTs inqu!lllum metal at 350 °C and cooling of the resulting mixture to ambient temperature.

During the rocess, a distinct transition between non-wetting and wetting of the tubes in

liquid Iithi@s. After the transition, the mixture appeared homogeneous and shiny to the
naked eye igure S1). The measurement of the geometric density of the solidified mixtures
shows a slwase from around 0.54 g cm™ for pure lithium to around 0.58 g cm™ for Li-CNT30

(Figure 1a). Durini handling of the solidified composite, a decrease of ductility and increase in

hardness comparef@ with pure lithium metal was evident.

X-ray diffrﬂRD) measurements prove that both the CNTs and lithium metal keep their

respective ructures, which indicates the chemical stability of the mixture. Both lithium and

CNTs sho and pronounced reflections which match with literature (Figure 1b)."”?® From
the reflect 6.1°, 52.0° and 64.9°, marked in grey, it is evident that the lithium crystal

structu ct after preparing the composite electrode material and the lattice parameters
have not cha ither. This is reasonable, as no alloy is formed between the materials, which

[17]

would ter the lattice.
'D? T T T T T T T T T
a) b) I (002) — MW-CNT
fl — Li-CMT30
II | {100} | Li bco
| ! ] 004
E 08 — I% i (004)
...?] o m I\‘-\_\_\_\_/ﬂ"'\_\_\_\__\___ o |
2 (gt E
[ | =N
E 05} 1 o
\
I L | o
=) T S
geometric estimation mﬂ I I ';‘_'"“"
0.4 : : T
0 10 20 30 20 30 40 S50 60 TO 80
Li-CNT, / wt%% 28/°
Figure 1&/ of the composite in dependence of the CNT content. The dashed line acts as a

guide to the eye. b) The XRD pattern of the composite electrode Li-CNT30 is compared to that of pure

CNTs and the reflection card of bcc lithium metal. The background increasing with small 28 angles
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originates from the use of Kapton® foil for air-tight sample preparation and is not indicative of the
sample structure. A non-identified impurity phase (presumably from reaction with atmosphere) also
shows GMt 30°, marked with a diamond. The indexing of the CNT reflections is explained in
Figure S1c egarding the (00l) and (d00) planes with an example CNT with 3 layers and a
chirality o

I I
The pure GNT powder shows broad reflections around 25.6°, 43.4° and 53.4°, which correspond to

the (002), (004) planes. As the indexing is based on the hexagonal graphite structure, (002)

and (004)freflectlons correspond to an interplane and (100) to an intraplane distance.?”*%

Additionally, a slight asymmetry of the reflections to higher 29 angles is observed for pure CNTs,

[29,31]

which usu tes non-ideal stacking in turbostratic graphite layers.

The reflection pa}rn of the composite shows that the CNT reflections both decrease in intensity

and shift t 21 angles. This indicates changes of the CNT structure. When calculating the CNT

wall distaSe via tlhe (002) reflection using the Bragg formula, an increase from 3.57 A for the

pristine st 3 A in the composite is observed. The increased distance corresponds well to the

layer distamhiated graphite. We therefore assume that the CNTs are lithiated during the

mixing proCBss@@nd thus, also widened.®>* Likewise, lithiation of graphite coatings on solid

electrol 1a liquid lithium was previously shown by Shao et al.®¥ and is expected to occur at
defects, ho t the end of the carbon nanotubes, which was shown for other graphitic
structu

Additional! the (002) reflection observed for the pristine CNT powder is broader than in the

composite, asga_shoulder at lower 28 angles originates from the distance between different,

separated @ When CNTs are incorporated into the lithium matrix this effect diminishes. In
general, the XRD results show that the CNTs are lithiated in the composite and that the lithium

matrix retdins its crystal structure. To assess the electrochemical properties of the composites,

impedanc:ests wre carried out and shown in the next section.
ElectrocheBalysis of Impedance and Lithium Stripping

To analyze the dissolution and impedance of Li-CNT composite electrodes, Liq|LLZO|Li-CNT cells

where the ideally reversible counter electrode (Liy) shows negligible interfacial
impedance, affd@thus, acts as a combined reference and counter electrode.®®”! Therefore, any
observed interfacial impedance and changes thereof solely originate from the Li-CNT|LLZO-

interface. Using this method, the maximum current density is limited to around 200 pA cm™, as the

This article is protected by copyright. All rights reserved.
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Liqy anode is not resistant to dendrites at higher current densities. Foils of lithium for the preparation
of the Liy electrode and the Li-CNT composite were both prepared by mechanically flattening a
chunk Werial, which was freed before from any passivation with a ceramic knife. In
contrast to igh pressure utilized for Liy (400 MPa) the herein prepared composite anode was
initially pre@we pellet using a small hand pressing tool (~ 30 MPa).

I

The impedance data of Liy|LLZO|Li-CNT40 at 25 °C are shown in Figure 2a in the Nyquist

representa gside an equivalent circuit used for fitting. LLZO bulk and grain boundary

contributi ntified at high (4 MHz) and middle (50 kHz) frequencies, respectively.[8'37] At low

frequencies (1 kHz), a small interfacial contribution is observed. Hence, our equivalent circuit

consists o ieg§combination of three parallel R-Q elements, where R and Q represent a resistor

and non-i city (constant-phase element). All obtained fit parameters are displayed in
Table S1. The a frequencies and capacitances of the processes match well to data in the
B8l nly 27 Q cm?, the impedance for the Li-CNT40|LLZO interface is relatively low.

literature.
This is remarkable as neither elevated temperature nor large pressures were utilized for the
attachmenmgCNMO electrode. Furthermore, the active contact area between lithium in the

compositefan might even be lower than geometrically estimated due to the lower area

fractio ithi t the interface.
Figure 2b s Arrhenius-plot of the three fitted impedance components. Note that the grain
bounda face processes are difficult to deconvolute as the interfacial resistance is small

and the frequency ranges overlap. The linear fits of the graphs show that these are all temperature

activated Ls. The activation energies for bulk (Exgux=0.32€V), grain boundary
(Eage = 0.4d interfacial transport (Ep=0.37eV) fit well to previously reported
results.®" R 8 reasonable that the Li-CNT|LLZO interface has a similar activation barrier as the
Li| LLZO f
e

<

charge transfer occurs at the direct contact areas between lithium and LLZO.

This article is protected by copyright. All rights reserved.
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Figure 2. a) V\m of a Lijq| LLZO| Li-CNT40 cell together with the equivalent circuit for fitting. b) Arrhenius plot of

impedance d bulk, grain boundary (GB) and interface (Int) processes as function of temperature.

U

The asses lithium dissolution is possible by long-term stripping experiments, which are

performed id| LLZO|Li-CNT cells as a function of CNT weight fraction and current density.

I3

Electrodes ipped until contact loss to the SE was observed, which is indicated by a steep

increase i and interfacial resistance (i.e. lithium depletion).®*”*”! Figure 3a shows the

d

voltage profile en stripping with 100 pA cm™ for Li and Li-CNT-composites. The displayed

interfa es are extracted via galvanostatic electrochemical impedance spectroscopy

(GEIS) accor: the fit procedure exemplified in Figure 2. The underlying evolution of the

M

corresp ist and Bode plots is exemplarily shown for Liiq| LLZO | Li-CNT40 in Figure S2 and

Figure S3. As seen therein, bulk and grain boundary resistance contributions remain constant

[

throughou periments, which confirms that the Liy counter electrode is stable and no
dendrites ing through the ceramic. Thus, for the fitting process, both bulk and grain
boundary @e contributions were fixed to a constant value (determined from impedance
measurem e beginning).

Auth
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Figure 3. ge profiles during stripping of lithium, Li-CNT10, Li-CNT20, Li-CNT30 and Li-CNT40 at a current density of
100 pA cm™“ (top). The corresponding evolution of the interfacial resistance is shown underneath. b) Impedance spectra

at 0.75 V (marked with stars in a) for lithium and Li-CNT30. Fitting was carried out similar to the impedance data shown

in Figure 2.

While the

ectrode reaches the 2 V cutoff (i.e. depletion) condition after only 1.2 mAh cm™

(12 hours o Pping), the composites delay the depletion by a factor of 20 to around 25 mAh cm™
for Li—CNTs. This is the highest reported stripping capacity to date for an all-solid-state system.
Albeit t ensity is still quite low, the estimated target of 5 mAh cm™ by Albertus et al. and

{

Randau . reby exceeded.”* Moreover, most of the stripping capacity in this experiment is

available only aft@j severe polarization and interfacial degradation already took place, which is not

ul

easily reve or pure lithium, the ratio of available capacity prior to degradation compared to

the over city is higher. Interestingly, the available capacity increases up to 30 wt% of CNTs

il

being disp lithium but decreases for Li-CNT40. Above a certain threshold, CNTs dispersed in
lithium may not homogeneously be distributed anymore. Also, less lithium is present in the sample

with higher CNT content.

This article is protected by copyright. All rights reserved.
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Not only is a severe increase in stripping capacity observed for the Li-CNT composites, yet the overall
voltage profile changes as well. While pure lithium shows a flat and stable plateau followed by a
steep irMoltage when contact is lost, changes of the electrode potential Eye for the
composites re gradual. For the composites, there is an inflection point at around 1 mAh cm™
where the&es. Interestingly, this corresponds well to the point where pure lithium loses

the contacimtemthenSE. Thereafter, the voltage and interface resistance gradually increase until the

1

cutoff volt i ched.

Both the tline ty.Mof the inflection point and the time t.. when full contact loss is reached can in
principle be u to calculate the effective diffusion coefficient via Sand’s equation.t”***

Therefore, §Figlire 84 shows the stripping profiles of a Li-CNT30 electrode with 50 pAcm™ -

200 pA ca haracteristic inflection point occurs earlier during stripping with higher current

density. Calculati;the effective diffusion coefficient with tgq then yields Degs ini= (1.3 £0.3) - 10"

cm? s Thi can be understood as the effective Li diffusion coefficient of the composite
chich

electrode, is nearly double that of pure lithium with D ;=(0.8+0.1)- 10" em?st,
Therefore, ence of the CNTs clearly improves Li diffusion in the anode. However, as the
stripping med ges at the inflection point, from direct stripping at the LLZO surface to stripping

in the i twork, the conditions are no longer fulfilled to properly interpret the time until
full contact is in the manner of the Sands equation.
Change g are also visible in the impedance spectra acquired at 0.75V during testing,

depicted in Figure 3b. The impedance deviates from a semicircle below 30 Hz for Li-CNT30. This

indicates hf the constriction effect at the interface and therefore a difference in pore

morpholo r conclusions can be drawn from the Bode plot depicted in Figure S2. After an
initial eme of the interface (constriction) resistance during stripping, its apex frequency
remains ro stant at around 2-3 kHz for Li-CNT40. In the case of pure lithium electrodes, this
frequeﬂigher frequencies at the end of the stripping process.® However, Li-CNT and Li-

Mg botl*Hw the aforementioned frequency shift,!””! which is still elusive. The shift to higher

frequencie d for pure lithium electrodes may be explained by Joule heating of the few
contact sp due to current focusing through these.***! However, the contact spots after
stripping Lix oys are more homogeneously distributed,'””” which should reduce the effect of
Joule he llowing this explanation, the contact spots after stripping Li-CNT electrodes should

also be distributed more homogeneously as for Li-Mg when compared to lithium.

This article is protected by copyright. All rights reserved.
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To evaluate the CNT influence on dendrite resilience, experiments on stripping and plating were
carried out. Therefore, 0.2mAhcm? were cycled in a Li-CNT30|LLZO:Ta|Li-CNT30 cell with
increasiMﬂensities (starting at 100 pA cm? and increasing by 100 pA cm™ each step). As
seen in Fig the cell experiences a short-circuit at around 600 pA cm™, which is in line with
previous r&\ilar cell designs employing pure lithium as the anode material."®*" Thus, no
clear effecnomstiesiendrite resilience is observed using this test protocol.

Overall, thm the overpotential-capacity curve during stripping Li-CNT electrodes and their
different loW-frequiency impedance are still elusive based on the electrochemical experiments alone.
To analyze the stripping and resulting pore formation in more detail, top-view and cross-sectional

images obf@i by scanning electron microscopy are discussed in the next section.

SC

Differences of porg formation in lithium and lithium-CNT composites

Ul

To unders kink during stripping and resulting pore formation when using composite

electrodes,&their morphology was imaged using electron microscopy. Figure 4 shows a schematic

G

he stripping process with lithium and a composite. Shown alongside are top and

sed-ion-beam scanning electron microscopy (FIB-SEM) images taken before and

after d urred during stripping. After depletion (contact loss, CL), the electrodes easily

detach from , Which is not the case in the pristine state. Therefore, the surface visible in the

top-vie he face of the electrode, which previously was in contact with the LLZO.

Author M

This article is protected by copyright. All rights reserved.
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(a) Li (d) Li-CNT40 after CL "~
. JA T S

20 pm
(b) Li-CNT40

20 pm

(e) Li ) Li,a%er CL

2 ym

(f) Li-CNT40

2 um
Figure 4. aimages of the pristine state of a) lithium and b) Li-CNT40. Top-view SEM images of c) lithium and
d) Li-CNT! ng, as indicated in the scheme of the voltage profiles in the middle of the figure. Cross-sectional

images obtained via cryo-FIB-SEM are depicted for lithium and Li-CNT40 in pristine state in e) and f) as well as in g) and

h) after stripSg, respectively.

The appea@‘ the as-prepared lithium and composite foils in the SEM images shown in

ery similar. Both foils show a smooth surface with some bright lines, which most

Figure 4a a
likely origi the mechanical preparation. The cross-sectional images in Figure 4e and f show
that onf electrodes are free of pores. However, magnified images shown in
Figure Swplay slight differences. It seems like curtaining and rippling, which occur during
FIB—preparj] lead to a more severe stair formation for the composite electrode. Rippling is

frequently for carbon materials.”>" Furthermore, the top of the stairs shows a brighter

contrast for posite electrode, which hints at an accumulation of CNTs due to rippling and
FIB-pre

After stripping had been performed until depletion, the surface morphologies of both electrodes

deviate from each other. For pure lithium, large pores in the range of 5—15 um are visible in the

This article is protected by copyright. All rights reserved.
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top-view image in Figure 4c, which correspond well to the typical morphology resulting in contact
loss as observed in previous experiments.”! On the contrary, the morphology of the stripped

composWe displayed in Figure 4d rather shows smaller, deeper valleys in the material
instead of t the surface. This larger pore volume is expected as around 20 mAh cm™ or
0.8 mm?3 was stripped with this electrode. Figure S6d displays a higher magnification

image ofi apsimmilammli-CNT30 electrode after stripping, showing that large parts of the surface only

[

consist of fiber-like network. This is the residual CNT framework exposed after lithium was

nearly co teMRstripped from the composite.

SC

Cross-sectional images were additionally taken for lithium and Li-CNT40, respectively, as depicted in
Figure 4g apd change in bulk morphology was observed for pure lithium when compared to
the pristin in Figure 4e and Figure S6a. This indicates that the stripping process for pure

lithium only takeg¥place at the direct interface to LLZO. However, cross-sectional images of the

3

stripped Li- epict a large gap and smaller closed pores in the 100 — 500 nm range fitting to

1

the top-vi micrographs. Another micrograph shows these pores at higher magnifications in
Figure Séc. this range were neither present in stripped lithium electrodes nor in pristine

compositesias yed in Figure 4f. This confirms that closed porosity is generated only during the

d

strippin Li-CNT electrodes. Overall, the depicted (FIB)-SEM images show clear differences
in dissolution, s indicated by electrochemical analysis. In the following, we propose a stripping

mecha e composites based on the obtained results.

iVl

It was shown in Figure 3 that stripping is quite similar for lithium and Li-CNT up to the point, where

[

pure lithiu severe polarization due to formed pores at the interface, i.e. due to current

constrictio remaining contact spots. The kink in the voltage profile for Li-CNT electrodes,

O

which indi t the stripping mechanism changes, occurs at quite the same time. This suggests

that lithiu e composite is at first dissolved during stripping at the direct interface to the SE.

n

At the ti he kink appears, this direct interface is depleted. From that point on, the carbon

L

nanotu contact mediator, maintaining contact to the SE and acting as a 3D distributed
anode scagther effect at play could be the increased ionic conductivity of contact spots due

to Joule heati which may be one explanation for the improved stripping after the kink.

The diffy Q@ n pore geometry also influences the low-frequency impedance shown in Figure 2b.
As the pore g etry is different, the contribution of surface diffusion of lithium atoms, which
typically occurs in that frequency range, is different for lithium and the composites. This results in

the more flattened semicircle for Li-CNT30. Note that stripping experiments were additionally

This article is protected by copyright. All rights reserved.
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carried out with Li-VGCF (vapor grown carbon fibers) composite electrodes. With VGCF, Figure S7

shows no improvement compared to lithium. We believe that this highlights the favorable role of

transpowgraphitic walls of the CNTs.

Due to th

d stripping both through and at the walls of the CNTs, lithium is dissolved also
inside the BUIK ¢ electrode and not only at the interface, leading to closed porosity as seen in

. - _ . . . . . . . .
Figure 4. Ts proposed stripping mechanism is schematically depicted in Figure 5.

ct as a contact mediator. (right) Note that the pores and CNTs are not scaled 1:1 with respect to

their true size.

While the h change to 3-dimensional stripping for the composite electrodes leads to a higher

anode uti

ixing lithium with additives inevitably leads to a decrease in the anode’s
theoretical capacity. As these effects counteract each other, there exists an optimum in the
compositidlt of the composite electrode, which is around 30 wt% of CNTs according to the stripping

profiles Figure 3a. The theoretical specific capacity of Li-CNT30 then amounts to around

1

2819 m ich 60 % could be stripped with 100 uA cm™. This value well surpasses alternative

electrode concept®, such as porous garnet SE infiltrated with lithium metal.?”

Ul

Mechanics of osite Anodes and Influence on Electrode Kinetics

Incorpora rs into a ductile matrix can lead to very strong changes in the mechanical

A

properties.[52'53] For example, Fu et al. specify that for fibers to have an impact on the strength when

randomly distributed in a matrix, a critical fiber length

This article is protected by copyright. All rights reserved.
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or - d (3)
2T,

Cc

must be exgeededgd>>" Herein, o; and d denote the fiber tensile strength and diameter, respectively,

whereas 1, depotes the shear yield strength of the matrix, if lower than the bonding strength

between t @

128 nm by a factor of 40. This suggests that CNTs have a large impact on the composite anode elastic
H

. With around 5 um, the herein used CNTs in lithium exceed the calculated /. of

and plasti!ﬁroperties, as already assumed from the changes in ductility noticed during sample

preparation
In anotheue, the elastic modulus of matrices is strongly increased by the reinforcing

integratiorfiof gonstituents with relatively high elastic modulus, e.g. by adding carbon fibers to an

epoxy matrix to form carbon-reinforced composites.[ss] The orientation and volume fraction of the

reinforcing (highef) elastic modulus) constituent is important in determining whether or not a

composite has isotropic or anisotropic mechanical properties. The goal of the present study was to

homogene!usly disperse CNTs, thus effectively resulting in isotropic properties. However, it is

possible that the homogeneity of CNT distribution decreases above a certain volume fraction of
CNTs as Was ested by the unexpected deviation in electrochemical performance when

increasing from 30 wt% to 40 wt% CNT.

To investigate lastic and elastic properties of the composites, compressive and tensile stress-
strain t rried out on prepared pellets and foils, respectively. These measurements were
conducted with a strain rate of 10° mm s™ in accordance with Masias et al.®®*”! Results are depicted

in Figure G&Ed Fiﬁure 6b.

The stress

rves obtained during compression show a decrease in yield strength of flow
stress with asing CNT content. In general, the stress required to increase strain increases with
increasing train. However, the data in Figure 6a are engineering strain and do not consider the
increas rea. It appears that the characteristic yield inflection point in Figure 6a is found
at highm for higher amounts of CNTs. However, the initial shift in strain of the

measurement :oiti—CNBO, compared to the Li-CNT10 and Li-CNT20, seems to be out of the

expected “This likely is the result of inhomogeneity within the composites at higher CNT
fractions ition, after the initial shift in strain, the Li-CNT30 composite has approximately the
same stre in slope as the Li-CNT20, thus indicating that point of diminishing return for the

stiffness is achieved between 20 wt% and 30 wt% CNT. We refrain from including mechanical testing

data on Li-CNT40, as large specimens of Li-CNT40 needed for e.g. stress-strain measurements, are

This article is protected by copyright. All rights reserved.
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too heterogeneous to afford conclusive results for mechanical testing, even though it was possible

to obtain reproducible electrochemical performance with such a large fraction of CNTs.

During tenllle !es!ing, a trend is observed with increasing CNT content that is similar to that of

compressig @ g. The most obvious differences between the composites and pure lithium are

strength d, Which get increasingly more pronounced with higher CNT contents (up to 5 MPa

I
for Li—CNT}). Likely, these are caused by an effect similar to molecular chain alignment in polymers

(58]

during ten g or fiber alignment in carbon-fiber reinforced composites,”™ which arises due

ly oriented CNTs in the metal matrix lining up with deformation. Such an
alignment usually strengthens fiber-in-matrix composites.[52'59] However, according to Masias et al.,
nnot be extracted from stress-strain measurements of lithium metal, as plastic
deformati s with the elastic regime, which results in a large underestimation of the elastic

modulus.”® Cree likely affects the results as well, which is indicated by the high homologous

temperatur, of lithium at room temperature.
Additionall¥f, 6c depicts the low strain-regime during tensile testing, which shows that the first

inflection mhese graphs occurs at a later stage for higher CNT contents. These inflection
e

points are | ted as the yield strength or flow stress.”®*® The estimated yield strength o, is

summa n Figure 6d and increases with higher CNT content. Note that the yield strength for

pure lithiu iterature values,”®

which are included as orange data points. Also shown are the
Vickers v in Figure 6e and estimated elastic moduli E in Figure 6f. The latter was obtained

from acoustic measurements, please see Figure S8 for more information.

| -
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e
e
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Figure 6. al Compressive stress-strain results for composite pellets. b) Tensile stress-strain tests for

composite foils (150 um) with the orange inset enlarged in c). Results are also shown for d) the yield

strength o, e) the

of the

ickers hardness Hy, and f) the elastic modulus E. The inset in d) shows an example

al tensile tests and the inset in e) shows an indentation mark typically observed after

testing of Hy. ure values are presented as orange data points.

Like the general stiffness of the material, both the yield strength o, and Vickers hardness Hy increase

with CNT content. Note that the Vickers hardness measurement error obtained from the standard
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deviation is significantly higher for Li-CNT20 and Li-CNT30. This signals inhomogeneity within the

samples with higher CNT content as already assumed above. In samples with 30 wt% CNT, o, and Hy

increasWPa and 56.8 MPa, respectively, which fits to the previously made observation
that the m is mechanically strengthened by the incorporation of CNTSs.
The elastic displayed in Figure 6f obtained from acoustic measurements shows a similar

|
trend to Hygand o,. Interestingly, £ does not follow the values that would be obtained from a simple
rule of mix . underlines the assumption that the CNTs are not perfectly and homogeneously

dispersed Within tRe lithium matrix and accumulate locally, as already seen in the hardness tests.

SC

The increase in E deviates from linearity for the step between 20 wt% and 30 wt%, yielding a lower
value tha ct@d, which strengthens this assumption. Still, an increase of E up to 11.2 GPa is

observed f@mli 30. Note that usually single-phase or homogeneous materials are characterized

U

using indentationdand acoustic analysis of the elastic properties. However, the large area of the

indent (20 0 um) and the acoustic wavelength of around 6 m in lithium at 1 kHz averages

[60]

the observ roperties,” ' as the tubes are only 5 um in length.

[l

Our result at the mechanical properties of lithium metal can be well tailored by the addition

d

of small quahti of CNTs. In this way, anodes can be engineered to be less sensitive to external
stack p s. To showcase this concept, a lithium and a Li-CNT30 anode were stripped for four

hours with applied pressure. Afterwards, a stack pressure of 3 MPa was applied and then

N

gradual until 0.5 MPa as depicted in Figure 7a. This method yields the critical stack

pressure needed for an electrode material to counteract the strain induced by stripping with a

[15]

certain cur ity

At the endfo pFessure-free stripping step after four hours, the lithium electrode shows a higher

9l

polarization. en 3.0 MPa are applied thereafter, a large decrease in polarization occurs for lithium

while polafization of Li-CNT30 remains nearly constant. This is explained by the pressure-induced

q

closing of ghe poges at the Li|LLZO interface, which have not yet formed at the Li-CNT30|LLZO

LEE

interface. This highlights Li-CNT30 being less dependent on and sensitive to applied stack pressures.

However, MPa pressure applied in the last stage during stripping seems to be enough to
counteract ®induced at 100 pA cm™ for pure lithium, an increase in voltage for the composite

begins. ns that pores form, which are not annihilated by creep due to the higher resistance

A

to plastic deformation of the composite.
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Figure 7. a) V@ltage profiles of a lithium and a Li-CNT30 electrode during stripping with

100 pA cm’i ion with a gradual decrease in applied stack pressure. b) Impedance spectra of both Li|LLZO| Li
and Li|LLZO| Qirectly after pressure-free stripping to 0.6 V and after applying 3.4 MPa.

The higher preSsure-sensitivity of pure lithium can also be seen in the Nyquist plots depicted in
Figure 7b. flere, the impedance spectra of both lithium and Li-CNT directly after stripping until 0.6 V
and after applying 3.4 MPa are plotted. The decrease in Ry is far larger for lithium (91%) than for Li-
CNT30 (58

6). The reason is that pure lithium is more easily deformed, allowing it to regain good

contact to the SE.i(owever, the pore geometry is different when considering Li-CNT composites as

shown via cross-sectional imaging above. This may require higher pressures to collapse pores
indepe@ductility of the material.
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Conclusions

We shthunability of electrochemical and mechanical properties of the lithium metal
anode by turing a composite material with carbon nanotubes. It is found that the areal
discharge mapacity can be enhanced by a factor of >20to around 25 mAh cm™ at 100
MA cm’z-ampressures (<1 MPa) by extending the lithium dissolution from the direct
electrode |#hZ0O (2D) interface to the 3D Li-CNT network, albeit at higher electrode potentials Ewe
> 0.5 V. Thiggam@unts to about 60 % of the theoretical specific capacity of 2819 mAh g calculated
for Li-CNTu—sectional micrographs obtained with cryo-FIB-SEM prove stripping within the
bulk of th uided by CNTs in the composite. The CNT framework clearly helps to maintain
electrical c ctgWith LLZO during stripping. Additionally, a 2-fold increase of the effective diffusion
coefficient ode material to around Dgg = (1.3 £ 0.3) - 10™ cm?® s for Li-CNT30 was estimated
from strip depletion experiments. Stress-strain measurements show a decrease in the

ductility oﬂposite based on its CNT content, which is confirmed by micro-indentation and

acoustic a r example, the Vickers hardness and the elastic modulus increase to nearly 60

MPa and lmhich represents an 8-fold and 60 % increase relative to pure lithium, respectively.

This tunabi electrochemo-mechanical properties of the LMA presents an attractive route of
tailoring th material to suit the requirements of practical applications. For example, Li-CNT
electro uld be suitable for high-energy applications without the possibility of applying stack

pressures. As a large fraction of the available discharge capacity is only available with an overvoltage
>0.5V, pug lithium is more suitable for high-power applications, especially when stack pressure can

be applied due to its more ductile nature.

O

e
e

-
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Experimental

Preparati electrolytes and composite electrodes: The nominal composition of the herein

prepared based on the used precursors, was LigsAlgysLasZr,04, (LLZO). Firstly, Li,COs;
(>99.0 %, ich), ZrO, (99.9 %, Sigma-Aldrich), La(OH); (99.9 %, Sigma-Aldrich) and Al,O;

(99.8 % Ma UERIWERE homogenized with two ball-milling steps (10 min with 20 min pause at 350 rpm,

{

24 cycIes).went calcination of 25 mm diameter pellets was carried out in MgO-crucibles
under oxywlw sccm) by heating the material up to 1000 °C, which was held for 4 hours. The
following s re exclusively performed under an argon environment (MBraun, < 0.1 ppm H,0,

< 0.1 ppm ©3)./Firs§ to obtain small particles for sintering, the material was ball-milled with the same

S

parameters above for 40 cycles. Pellets were then sintered (isostatically pressed beforehand,

380 MPa) under oXygen flow in MgO-crucibles with mother powder (calcined LLZO powder). For this,

U

samples st heated in 9 hours to 900 °C, which was held for 5 hours. Thereafter, the

temperatue was increased in 2 hours to 1100 °C and again held for 5 hours. Lastly, in 1 hour, the

f

temperatu creased again to 1230 °C and held for 4 hours, followed by a natural cooling. For

CCD tests, L (LigsLasTagsZr,501,) was used, which was prepared as previously reported by

d

Taylor et al."™!

Composite ele es were prepared by homogeneously dispersing CNTs (Sigma Aldrich, > 95%, 6-

\

9 nm x quid lithium at 350 °C on a hotplate inside a glovebox. After solidification of the

mixture, small chunks of the material were cut off with a ceramic knife and pressed into disc

electrodes m in diameter and around 120 um thickness. Prepared electrodes are described,

2.

e.g. with ‘ ’, meaning that 30 wt% of CNTs were nominally mixed into liquid lithium. This

3]

procedure atically depicted in Figure 8.

Auth
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steel . MW-
a) Li chunks CNTs O natural cooling
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crucible
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@ => @@E ' ---]‘:>—]

Figure 8. Scheme ofa) the preparation route to obtain Li-CNT composites and b) electrode preparation and attachment
to a polishedilLZ@pellet for electrochemical analysis.

Material C:aracj'zation: Structural characterization of LLZO was performed using a PANalytical

Empyrean diffractometer in Bragg-Brentano -8 geometry with Cu K, radiation (A; =

1.54059805; :2 = 3.5444260 A; 1A,)/1(A)) = 0.5). Measurements were carried out in the 29 range
between 0° with a step size of 0.026°. Air-sensitive samples were protected with thin

Kapton® f the measurement.

d

Cell As lectrochemical Characterization: Cells were assembled by polishing the garnet

pellets with gr 000 SiC-paper and subsequent electrode attachment. Both pure lithium and
compo s were freshly pressed into thin foils. As a counter electrode, a resistance-free,
ideally reversible electrode Liy was prepared following previous reports utilizing high isostatic
pressure ( MPa for 30 min).®*”) Composite electrodes were attached to the SE by a small hand-

pressing tog gler an applied torque of 10 N m. Cells used for testing the CCD were prepared by

polishing ﬁ O following the procedures of Sharafi et al.,®*? and then heat treating and

applying lithi ctrodes following the procedures of Wang et al.™

Electro aracterization was carried out using a VMP300 potentiostat by Biologic in
combinme software EC-Lab (V. 11). Temperature dependent measurements were carried
out in a c:lma:ihamber WKL 64 by WEISS. For electrochemical measurements, cells were

contacted el current collector tabs and sealed in pouch cells. The current collector tabs are
fixed usi clamps to secure contact to the electrodes. Please note, however, that by the use
of this se clamps exert a small pressure (< 1 MPa) to maintain the current collectors in place,

which is much lower than reported before and is therefore addressed here as pressure-free.
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If not stated otherwise, potentiostatic electrochemical impedance spectroscopy (PEIS)
measurements were carried out in the frequency range between 7 MHz and 100 mHz. Galvanostatic
EIS (GEWments were carried out in a different frequency range, 7 MHz to 1Hz, as
acquisition spectrum needs to be faster in this measurement mode to not disturb the DC
current. Us@of the DC current was used as amplitude to measure the impedance response
of the cell mimmpedance data interpretation as well as fitting thereof was carried out with RelaxIS 3

software bmtruments.

FIB-SEM n@ents: FIB-SEM imaging was carried out using a XEIA3 GMU SEM/Plasma-FIB

(Tescan) inmtion with a Leica VCT500 transfer module and liquid nitrogen cooling stage. SEM
o

imaging w rried out using a Zeiss Merlin HRSEM.

Mechanical Propesv Characterization: Mechanical property testing was carried out in an argon-filled
glovebox us'ﬁnstron 5944 Universal Testing System. The compression tests were carried out

according 1@ Masias et al. with a strain rate of 10~ s™.*®! To mitigate friction between the sample and

the testing i ineral oil was used as coupling agent. Tensile tests were also carried out using
the strain fate 2 s, Samples where fixed onto the testing device using acrylate-based adhesive.
Note t phs the engineering strain is used, which is calculated based on the initial cross-

sectional ar e sample.

Both testing of the Vickers hardness and acoustic measurements were performed in a dry room on
lithium foil (T4 < =50 °C). The micro-indentation tests were carried out with a Vickers hardness tester
(HMlZZV/glo Micro, Mitutoyo Corporation) using 0.01 — 0.05 kgf to indent 200 um thick
anode foil were previously rolled using a calendaring machine (Creative and Innovative
System Co n). Pulse echo acoustic measurements were carried out using Olympus 5073R
Pulser/Rec@iVer R) paired with a Picoscope 2207A PC-based oscilloscope. Longitudinal wave
speeds ured using an Olympus M110-RM contact transducer with mineral oil as a

S
<

couplin e sample.
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