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Abstract

Today's lithium ion batteries (LIB) are approaching their theoretical limit of 250 Wh/kg. In order
to meet the increasing demands for batteries due to the energy transition and the associated
electrification of passenger transport, new concepts must be established. One promising pos-
sibility is the use of a lithium metal anode (LMA), which, in combination with solid electrolytes
in solid-state batteries, has a capacity that is theoretically 10 times larger than the graphite
electrodes currently used. The use of an LMA would thus be an important step towards e.g.
long-range vehicles, but is associated with a lot of obstacles. The high reactivity of lithium
causes unwanted side reactions with the used electrolytes. When liquid electrolytes are used,
the high heat generated by dendrites in the event of short circuits and the associated fire haz-
ard are major problems. Safety can be improved by using solid electrolytes, but the high reac-
tivity remains a problem. Unwanted side reactions are not limited to the LMA, but also to the
nickel-cobalt-manganese oxide (NCM) particles used at the cathode. Overall, these (elec-
tro) chemically induced degradations lead to poorer battery performance or capacity loss cul-
minating in cell failure. In literature it is already reported that thin protective layers are applied
to cathode or anode materials. It is now considered proven that protective coatings are una-
voidable to ensure the long-term stability of LIBs. In literature, many processes and different
materials are used for coatings, while the analysis of the protective layers in order to under-
stand the protective effect often falls short.

In the context of this doctoral thesis, protective layers were therefore prepared for the cathode,
by using ALD, and for the anode, by using plasma polymerization, suitable analytical methods
were used for the investigation, and a guideline for reproduction of the analytics was prepared.
In addition to the widely used methods such as X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM), further useful complementary methods such as time-of-
flight mass spectrometry (ToF-SIMS) and low-energy ion scattering spectroscopy (LEIS) or
Raman spectroscopy were applied. The analysis results contribute to the comprehensive elu-
cidation of the protective layers and interfaces. In symmetric Li cells, the electrochemical per-
formance of the polymer protective layer was verified and the mechanical properties were de-
termined by nanoindentation. Furthermore, the diffusion coefficients of oxygen ions in the na-
tive passivation layer of lithium and the polymer layer were determined by 80, experiments.

The results in this dissertation, on the one hand, extend the analytical characterization of pro-
tective layers on battery materials by using new methods and, on the other hand, introduce
with the plasma polymerization a forgotten method for the application of protective layers on
LMAs. Without performing a proper analysis of the protective layers, it is difficult to draw con-
clusions about the causes of the protective effects and misinterpretations can easily occur.
The work is an important step towards a systematic characterization of protective coatings in
combination with their electrochemical performance to develop new coating concepts with the
aim of making predictions about suitable materials.
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Zusammenfassung

Die sich aktuell im Einsatz befindlichen Lithiumionenbatterien (LIB) nahern sich ihrem theore-
tischen Limit von 250 Wh/kg. Um die steigenden Anforderungen an Batterien durch die Ener-
giewende und die damit verbundene Elektrifizierung des Personenverkehrs zu erfillen, mus-
sen neue Konzepte etabliert werden. Eine vielversprechende Mdglichkeit bietet die Nutzung
einer Lithiummetallanode (LMA), welche in Kombination mit Feststoffelektrolyten in Festkor-
perbatterien eine theoretisch 10-fach groRere Kapazitat als die aktuell verwendeten Graphit-
elektroden besitzen. Der Einsatz einer LMA ware damit ein wichtiger Schritt in Richtung von
z.B. long-range Fahrzeugen, ist aber mit vielen Hindernissen verbunden. Die hohe Reaktivitét
von Lithium sorgt fir ungewollte Nebenreaktionen mit den eingesetzten Elektrolyten. Beim
Einsatz von Flussigelektrolyten ist dabei die grof3e Hitzeentwicklung bei Kurzschliissen durch
Dendriten und die damit einhergehende Brandgefahr ein groRes Problem. Die Sicherheit kann
durch den Einsatz von Festelektrolyten verbessert werden, die hohe Reaktivitat bleibt jedoch
weiterhin ein Problem. Ungewollte Nebenreaktionen beschranken sich nicht nur auf die LMA,
sondern auch auf die an der Kathode eingesetzten Nickel-Cobalt-Mangan-Oxid-Partikel
(NCM). Insgesamt fuhren diese (elektro-)chemisch induzierten Degradationen zu einer
schlechteren Performance der Batterie bzw. zu Kapazitatsverlust bis hin zum Zellversagen. In
der Literatur wird dariber berichtet, dass bereits diinne Schutzschichten auf die Kathoden-
bzw. Anodenmaterialien aufgebracht werden. Es gilt mittlerweile als sicher, dass Schutz-
schichten essenziell sind, um die Langzeitstabilitat von LIB zu gewahrleisten. Laut Literatur
werden viele Verfahren und verschiedene Materialien zur Beschichtung eingesetzt, wahrend
die Analyse der Schutzschichten, um die schiitzende Wirkung zu verstehen, haufig zu kurz
kommen.

Im Rahmen dieser Doktorarbeit wurden daher Schutzschichten fir die Kathode, mittels ALD
und fur die Anode, mittels Plasmapolymerisation, hergestellt, geeignete analytische Methoden
zur Untersuchung verwendet und ein Leitfaden zur Reproduktion der Analytik erstellt. Dabei
konnten neben den in der Literatur vorherrschenden Methoden wie Réntgen-Photoelektronen-
spektroskopie (XPS) und Rasterelektronenmikroskopie (REM), weitere sinnvolle Erganzungen
wie Flugzeit-Sekundarionen-Massenspektrometrie (ToF-SIMS) und niederenergetische lonen-
streuungsspektroskopie (LEIS) oder Raman-Spektroskopie angewendet werden, um zur um-
fanglichen Aufklarung der Schutzschichten und Grenzflachen beizutragen. In symmetrischen
Li-Zellen wurde die elektrochemische Performance der Polymerschutzschicht Gberprift und
die mechanischen Eigenschaften mittels Nanoindentierung ermittelt. Des Weiteren wurden die
Diffusionskoeffizienten von Sauerstoff in der nattrlichen Passivierungsschicht von Lithium und
der Polymerschicht mittels *#0,-Experimenten bestimmt.

Die Ergebnisse in dieser Dissertation erweitern durch die Vorstellung und Anwendung neuer
Methoden zum einen die analytische Charakterisierung von Schutzschichten an Batteriema-
terialien und stellen zum anderen mit der Plasmapolymerisation eine vergessene Methode zur
Aufbringung von Schutzschichten auf LMAs vor. Ohne die Durchfiihrung einer griindlichen
Analyse an den Schutzschichten sind kaum Rickschlisse auf die Ursachen der Schutzwir-
kungen nachvollziehbar und es kann leicht zu Fehlinterpretationen kommen. Die Arbeit ist ein
wichtiger Schritt in Richtung einer systematischen Charakterisierung von Schutzschichten in
Kombination mit ihrer elektrochemischen Performance, um neue Schutzschichten zu entwi-

ckeln und Vorhersagen Uber geeignete Materialen zu treffen.
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1. Introduction

The most used energy storage devices in our daily life are batteries. Especially, secondary
lithium ion batteries are the standard in smartphones, laptops and other portable devices.
Already in the 1970s intercalation electrodes were discovered and lithium cells were built
by Whittingham but never commercialized due to safety concerns.? In the 1980s God-
denough looked at suitable cathode materials such as lithium cobalt oxide and prototype
cells were built.2 Both were awarded with the Nobel prize in 2019 for their work about
lithium ion batteries. Finally, Sony and Asahi Kasei commercialized the lithium ion battery
(LIB) in 1991. Since then a lot of work has been done and lithium ion batteries were opti-
mized and almost reached their theoretical limits for the energy density of 250 Wh/kg or
700 Wh/L.2* To fulfill the increasing demand of higher energy densities for batteries due
to electrification of cars and substitution of fossil fuels new concepts have to be developed.
One possibility is the use of a lithium metal anode (LMA), since lithium provides the highest
theoretical specific capacity (3860 mAh/g) and lowest electrochemical potential (-3.04 V
vs. standard hydrogen electrode).®

Reasons why no working LMA could be realized until now are the high reactivity of lithium
metal and dendrite formation during cycling. In combination with the used liquid electro-
lytes an LMA provides a huge safety risk in electric devices because short circuits induced
by dendrites can lead to ignition of the electrolyte.®> To overcome this risk and also further
improve the energy density the liquid electrolyte can be replaced by a solid electrolyte.
Nevertheless, the high reactivity of lithium will still lead to reactions and formation of inter-
phases between the LMA and the solid electrolyte (SE). Therefore, applying protection
layers on top of the LMAs is of great interest to suppress side reactions and enable stable
cycling in lithium ion and solid state batteries.®

Not only the LMA suffers from side reactions and degradation during battery cycling, also
the cathode materials undergo structural changes and (electro-)chemical reactions. In
state-of-the-art LIBs transition metal oxides with the formula LiMO; (M = transition metal)
are commonly used as cathode materials. Especially mixtures of Co, Mn, and Ni as so
called NCM cathode active materials are present. During battery cycling and delithiation
of the NCM, the NCM patrticles shrink and will grow again during lithiation. This so-called
breathing induces mechanical stress and can lead to cracks inside of the particles and
contact loss with the electrolyte, which results in capacity fading.”® Additionally, oxidation
of the SE and the formation of an solid electrolyte interface (SEI) lowers the capacity re-
tention. To suppress the degradation of the CAMs protective coatings are widely applied
in literature.®

As protective coatings for both anode and cathode are of great importance and interest to
enable stable cycling for next generation batteries, comprehensive analyses are neces-
sary. In literature this is often not the case and only the improvement of the electrochemical
performance is highlighted without a systematic analyses of the coating material and in-
terfaces. 113 While the improvement of the electrochemical performance is at last the aim
of protective coatings, the thoroughly analysis e.g. of possible contaminations is necessary
to figure out the reasons for success or failing of coatings. For lithium, the lack of under-
standing of the pristine metal and passivation layer also complicate further the analysis.
Otto et al.'*1> characterized the native passivation layer of lithium and its influence in
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ASSBs to help better to understand the underlying processes. Therefore, a combination
of a well-known substrate, well-engineered coating techniques and a comprehensive anal-
ysis is necessary to develop protective coatings for next generation batteries.

This doctoral thesis focuses on the fabrication and characterization of protective layers for
CAMs and LMAs. The thesis should help the reader to understand what techniques are
suitable for CAM/LMA coating analyses and what pitfalls have to be avoided. Additionally,
LEIS was introduced as a very powerful technique to investigate CAM coating surfaces.
As well as the plasma polymerization as a combination of a cleaning and coating technique
in one step for LMAs.

In the first publication of this thesis, entitled: “Analyzing Nanometer-Thin Cathode Particle
Coatings for Lithium-lon Batteries — The Example of TiO2 on NCM622” a comprehensive
analysis of the coating layer TiO; is given and the advantages and disadvantages of dif-
ferent analytical methods are discussed, see chapter 3.1. Besides the established meth-
ods Raman spectroscopy, ToF-SIMS imaging and LEIS were used to examine the coating
layer and especially its surface with LEIS. Even the established methods such as XPS,
REM/SEM or TEM exhibit pitfalls during the analyses, which are discussed and guidelines
are given to avoid these in future analyses. Overall this publication should help the reader
to see which information can be accessible with their available techniques and which is
the best way to set up the analyses to gain the desired information.

In the second publication of this thesis, entitled: “In-Depth Characterization of Lithium-
Metal Surfaces with XPS and ToF-SIMS: Toward Better Understanding of the Passivation
Layer” the composition of the native passivation layer of different lithium samples with
XPS, ToF-SIMS and EDX was elucidated, see chapter 3.2. The combination of the quan-
tification by XPS and depth resolution of ToF-SIMS depth profiling enabled a 3D rendering
of the passivation layer and layer thickness determination. Common pitfalls when analyz-
ing lithium are highlighted, such as the lithium plating, which was misinterpreted as elec-
tron beam cleaning in previous studies. Overall the second publication gives a compre-
hensive analysis of different lithium metal samples and is an important prerequisite for
further modification of LMAs to improve their electrochemical performance.

In the third publication of this thesis, entitled” Protective Coating for the Lithium Metal An-
ode Prepared by Plasma Polymerization “a protection layer for LMAs by plasma polymer-
ization with the precursor 1.4-bis(trifluoromethyl)benzene was fabricated and analyzed
and the electrochemical performance of symmetric cells was improved, see chapter 3.3.
Plasma polymerization gives the opportunity to remove the native passivation layer of lith-
ium and deposit a new passivation layer in one setup. The layer was characterized by
ToF-SIMS, XPS and the mechanical properties were examined by nanoindentation. The
analyses showed a polymer formation with a Parylene HT® like structure. Cycling experi-
ments with cells of coated lithium electrodes showed stable cycling for over 300 h at low
overpotentials at current densities between 0.1 and 1 mA/cm? Additionally, 20, diffusion
experiments were conducted to examine the protection against oxygen of the plasma
layer. Even though the diffusion coefficient of oxygen in the plasma layer is much greater
than in the native passivation layer of oxygen, the combination of thickness and diffusion
coefficient is sufficient to protect the LMA against oxygen for at least 30 minutes.

Overall, the results of this thesis highlight the importance of a reliable characterization and
combination of an electrochemical performance of protective coatings for CAMs and LMAs

2
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to better understand the underlying processes and develop specific new coatings for next
generation batteries. In literature most often only the electrochemical performance is high-
lighted, while the layer characterization is neglected. With the given guidelines in this the-
sis it is possible to link a comprehensive analytical analysis with the electrochemical per-
formance to compare different coatings and draw conclusions about material properties to
further improve protective coatings.
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2. Fundamentals

In this chapter an overview over the most important properties about electrode materials,
coating techniques and surface analysis methods to understand this doctoral thesis are
given. At first the cathode materials and degradation processes are summarized. Then
different coating approaches and analyses techniques are described. After that the lithium
metal anode and its passivation layer are discussed and possible ways to enable a working
lithium metal anode in a battery are shown.

2.1NCM

In this chapter the properties of nickel cobalt manganese oxide-based cathode materials
and suitable coating materials for them, to suppress degradation processes during bat-
tery cycling, are discussed

2.1.1 Material

As a cathode active material (CAM) in state-of-the-art lithium ion batteries (LIBs) and all-
solid-state batteries (SSBs) layered structural compounds with the formula LIMO,; (M =
transition-metal) are mainly used. Theoretically a capacity of more than 270 mAh/g and
voltages over 3.6 V versus lithium metal could be achieved.'® While pure LiNiO2 (LNO)
can reach the highest capacity at lowest costs, it is also the one with the highest capacity
fading, mainly due to phase transformation into rock salt-like structure. 1" The LNO can
be stabilized by the addition of Co and Mn, whose layered structure remains unperturbed
during lithium insertion.*® The combination of Ni, Co and Mn leads to LiNixCoyMn,O, lithium
nickel-cobalt-manganese oxide (NCM). The most common NCMs are NCM111 (x = 0.33),
NCM622 (x = 0.60) and NCM811 (x = 0.80). NCM material is commercially available as
polycrystalline spherical secondary particles with the size of about 10 pm, which consist
of primary particles with the size of several hundred nanometers. Even though the cycling
performance of NCM is improved in comparison to LNO or LiCoO, (LCO) it is not possible
to reach the preferred performance in terms of stability and capacity without surface mod-
ification of the NCM due to degradation processes, which will be discussed in the next
sections.®

2.1.2 Degradation Processes

The degradation processes on the cathode side do not only consist of structural changes
of the NCM during lithium insertion and extraction but also of (electro-)chemical reac-
tions.?° Koerver et al.? investigated the huge irreversible capacity loss after the 1%t cycle
for NCM811 and B-LisPS4for SSBs. and with a 50:50 mixture of EC/EMC for LIBs. While

5
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the Coulomb efficiency for the liquid cell was at 85.9 % the SSB only got 70.5 %, indicating
that the degradation is more significant for SSBs. XPS measurements of pristine B-LisPS4
and B-LisPS, after contact with NCM811 showed no significant difference, which rules out
a non-stable SEI as a reason for the capacity fading. With SEM images of uncycled,
charged and cycled NCM811/ B-LisPS4 composite material they could show that the NCM
particles loose contact with the solid electrolyte (SE) during the charging process due to
shrinking. Therefore, these particles are no longer fully electrochemically accessible,
which results in capacity fading. Kondrakov et al.?! also looked at the volume changes for
different NCM materials during cycling. Although the high Ni-NCMs have a higher specific
capacity in comparison to low Ni-NCMs, the reversible volumetric change of the unit cell
of NCM811 is more than four times greater than the one of NCM111. The highest contrac-
tion was found at E > 4.0 V vs Li and resulted in microcracking. Koerver et al.” compared
the volume changes of different electrode materials during delithiation. In Figure 1 the
volume change during delithiation and the partial molar volume of lithium for two-phase
electrode materials can be seen. Except of LCO all materials shrink during delithiation and
show a positive partial molar volume, respectively.

a) . : . : b) 25 ;
2t AAAAAAAAAAA 1 NCM-811
s A o0l LCO  nea
AAAAA A —
nB _ ] o]
0 ngQE%%& a-LCO E st NCM-622
° R = Lithium
3~ o 5 4
2 - = 10} g LFP / /| Nom-523 ]
S . =
N P
g %g]—NCM-BZB NG of Indium ]
4} 4 = Graphite
NCM-622 =)
E 0F
DN
LTO
6r NCASb
o 1
NCM-811~ 5
1.0 0.8 06 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
x(Li) in Li,M x(Li)in LiM

Figure 1: a) Change of the unit cell volume for different CAM materials vs. the state of
lithiation. b) Partial molar volume of lithium Vin(Li) for homogeneous storage phases and
apparent partial molar volume of lithium Vi, (Li) for electrode materials with two-phases.’
Reprinted with permission. © The Royal society of Chemistry.

These results underline that in SSBs the volume change of (both) electrodes can build
up huge pressure in operating cells, which will lead to cracks, deformation and ultimately
to cell failure.

At the interface of the cathode material and the electrolyte chemical reactions occur and
the formation of an SEI takes place. Additionally, electrochemical instability of the solid
electrolyte at high electrode potentials can add to these side reactions and lead to the
formation of new passivation layers, which increase the interfacial resistance and result in
capacity loss.?® Walther et al. used XPS and ToF-SIMS imaging to visualize the

6
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degradation products of NCM622 and LisPSsCl argyrodite. The results could confirm that
NCM materials and thiophosphate based solid electrolytes form oxidized S and P species,
such as LisPO4 or Li;SO.4. These decomposition products could be visualized as a compact
shell around the NCM particles and therefore increase the cell resistance. Additionally, the
decomposition process is much larger for cycled cells in comparison to uncycled cells.
This shows that even if the interface between the NCM and the solid electrolyte might be
stable without cycling, it can change drastically during cycling.?°?2 Since the capacity can
also be boosted due to reduction of the NCM patrticle size, additional interfaces with pos-
sible degradation processes are formed.?® To overcome these challenges and still be able
to use the ideal particle size and solid electrolytes, it is mandatory to modify the surface of
the NCM patrticles with e.g. coatings, which will be discussed in the next section.

2.1.3 Coating Approaches

Next generation LIBs/SSBs can only be realized with surface modifications of the CAM
surface such as coatings or doping. In the literature are a lot of different coating ap-
proaches present.?#3! Still the underlying mechanisms and interpretations are not clear.
First, the addition of a coating layer adds two additional interfaces, one between the NCM
and the coating and one between the coating and the SE. Considering the coating thick-
ness in the few nm range these interfaces are even smaller and harder to analyze than
the original one between NCM and SE. But especially the interfaces are the most important
areas to be investigated in order to understand the protective effect of the coating. In SSBs
the ideal coating should behave like a SE, which is stable against oxidation, this means it
should have a high ionic conductivity and should be electronically isolating.® If the coating
is realized as a core shell approach the question arises how the NCM particles can still be
electrochemically active if completely isolated by the coating. Since these kinds of cells
are working it is believed that the coating cracks or is thinned out and electron pathways
become accessible.® Additionally, capacity fading can be observed, which supports the
theory of cracks and partial destruction of the coating.® In Figure 2a these processes are
visualized. If the coating is hard, i.e., Young’s modulus is about 200 GPa, it will crack
during cathode composite mixing, while softer materials, with Young’s Modulus of about
20 GPa, will deform and electronic percolation between the NCM particles becomes pos-
sible.®
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a)

fracture deformation

Nk
O

- .
P a S

Figure 2: Schematic illustration of CAM particles and coatings. a) Possible formation of
electronic pathways between CAM particles due to cracking or deformation of the coating
during processing of composite cathodes b) Influence of the volume change of the CAM
particles on the coating. If the coating cannot accommodate the expansion/contraction of
the CAM particles it will either crack or lead to delamination and the formation of voids.®
Reprinted with permission. © Wiley-VCH Verlag GmbH & Co. KGaA.

As already mentioned the ideal coating should behave like a SE and prevent the oxidation
of the pristine SE by shielding against the highly reactive lithium, limit the interdiffusion
between SE and CAM by providing an additional diffusion barrier and suppress cracking
of the CAM with increased mechanical integrity. Additionally, the charge transfer re-
sistance of the CAM for Li* can be lowered by adding high k materials at the surface and
reduce the space charge regions.®?% In Figure 3 these properties are summarized.

Respecting the mentioned properties suitable coating materials are:

Binary oxides such as ZrO,, Al,O3, Ti0O,.1026:27.31.34 These binary oxides are high-k materi-
als but show no sufficient Li* ion conductivity. In liquid cells the electrolyte can penetrate
into the coating and enable Li* ion pathways but in SSBs the coating material has to be
lithiated either by reaction with lithium compounds such as Li.COs or electrochemically
during cycling.®

Ternary oxides already include lithium in comparison to the binary oxides, and therefore,
show sufficient Li* ion conductivity. Coating materials such as (amorphous) LiNbO3 are
established as standard coating for SSBs due to its ionic conductivity of 107> S/cm and
electronic conductivity below 107! S/cm9:29.35.36
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(Organo)phosphates such as tris(4-nitrophenyl) phosphate (TNPP) or tris(trimethylsi-
ly)phosphate (TMSP) are used in LIBs with liquid electrolyte due to before mentioned Li*
ionic conductivity issues.®” For SSBs fast ionic conductor NASICON-like phases are a
possible approach, such as LiisAlos5Zr15(PO4)3 3

There are several methods to deposit these coating materials onto the CAMs such as wet
chemical approaches e.g. sol-gel processes or spray coating, chemical vapor deposition
(CVD), pulsed laser deposition (PLD) and atomic layer deposition (ALD).22394% With the
sol-gel process binary and ternary oxides could be successfully deposited on the CAM
particles.3+36:3941-43 The achieved layer thicknesses were around 6 — 10 nm and could be
controlled by changing the weight percent of the precursor. Since the precursors must be
dissolved in alcohol, hydrolyzed with water and afterwards calcinated the process is rela-
tively costly and also the liquids are vulnerable to contaminations. Additionally, the layer
thickness is not really well controllable.

Physical or chemical vapor deposition can also be used to coat the CAMs.***® Both of
these methods are well established for thin film preparation and corrosion protection on
planar substrates. For more challenging substrates with a distinct and pronounced topog-
raphy or complex geometry these techniques are not ideal due to the oriented nature of
the process, which leads to thicker layers on surfaces faced to the source in comparison
to surfaces turned away from the source.

Since conformity and layer thickness control are very important for this kind of coatings
ALD is an interesting method to apply coatings and will be discussed in more detail in a
separate chapter.

More information about coatings on CAMs can be found in the reviews of Culver et al.®
and Liu et al.®

Cracking / Increased
pulverization mechanical integrity

Interdiffusion

SE oxidation . Shield high p,

Figure 3: Schematic illustration of the main degradation phenomena at the interface be-
tween the CAM particles and the solid electrolyte. The beneficial properties of the coating
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layer are also shown.® Reprinted with permission. © Wiley-VCH Verlag GmbH & Co.
KGaA.

2.1.4 Analytical Challenges of CAM Coatings

The analysis of CAM coatings is quite challenging. In literature, XPS, SEM and TEM are
the most common used techniques. An ideal analysis requires methods with a high spatial
resolution and a low detection limit. For XPS the measurement area is in the 100 um range
and can be reduced to about 5 um which comes with a huge loss in intensity and large
extension of measurement time.?° Additionally, spectra of low concentrated elements are
even harder to measure and evaluated. TEM for example can provide a sufficient spatial
resolution but cannot provide real chemical information and gives only information about
single particles and not the complete CAM. To fully understand the properties of the pro-
tective coating, the surface and interfacial reactions, only a combination of different meth-
ods with different strengths and weaknesses can provide the needed information. There-
fore, additional methods have to be applied for CAM coating characterization. ToF-SIMS
imaging of CAM coatings and degradation processes gained more popularity in the last
years.?93046 \Walther et al. were among the first who looked at CAM degradation and coat-
ings with ToF-SIMS.2°3 With ToF-SIMS imaging it is possible to visualize the degradation
products around the patrticles for a large area of about 200 um. It is also possible to use it
semi-quantitatively and compare the amount of degradation products on different samples
in spectrometry mode. Other methods like Raman spectroscopy or low energy ion scatter-
ing (LEIS) are very rarely used on CAM coatings but can provide very useful information
since LEIS is the most surface sensitive method and Raman spectroscopy can give struc-
tural information without much experimental effort.#”#¢ In Figure 4 the detection limit vs.
the lateral resolution of possible methods to analyze CAM coating are shown in a simplified
way. This illustration underlines the need of combination of different methods for a com-
prehensive CAM coating analysis.

10
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Figure 4: Detection limit vs lateral resolution of techniques suitable for (CAM) coating
analysis. The areas for lateral resolution and detection limit depend on the examined sam-
ples and are not sharp. The colored areas represent measurements on common samples
and the transparent areas indicate the limits when measuring ideal systems.*® Reprinted
with Permission. © American Chemical Saociety.

2.1.5 Conclusions

The development of new CAM materials for state-of-the-art LIBs/SSBs is strongly con-
nected to surface modification since mechanical and (electro)chemical degradation cannot
be avoided otherwise. For surface modification a lot of different materials are thinkable,
which should show ideally a high Li*ion conductivity and a low electronic conductivity such
as a SE. The coating materials can be applied by different methods such as wet chemically
approaches or from the gas phase. One method that shows good controllability and con-
formity is ALD and will be discussed in detail later, see chapter 2.3.1. The lack of compre-
hensive coating analysis in literature still hamper the complete understanding of the pro-
tective properties of the coatings. Therefore, it is necessary to combine and apply new
techniques, such as LEIS, Raman, ToF-SIMS with the established ones, XPS, SEM, TEM
to fully understand the reactions and processes on the coating/CAM interfaces.

11
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2.2 Lithium

In this chapter the basic properties and importance of metallic lithium for next generation
batteries are explained. The reactivity and native passivation layer of lithium are discussed
and artificial protection layers as well as difficulties during analyses are shown.

2.2.1 Lithium Metal Anode

The lithium metal anode is seen as the holy grail for next generation LIBs and also the
precondition for high energy density SSBs. Lithium has a theoretical Coulomb efficiency
of 3860 mAh/g and a standard potential of —3.04 V versus the standard hydrogen elec-
trode.>%5! Despite these perfect properties of lithium the application comes with a lot of
different challenges. The main challenges are the high reactivity of lithium with water and
residual gases during cell preparation, the side reactions with the electrolytes and for-
mation of dendrites during cycling, which can lead to short circuits and cell failure.>*

The high reactivity of lithium is probably the most severe issue. Lithium is stored or handled
in gloveboxes under Ar atmosphere or in dry air. The main contaminations, which can
come in contact with lithium are residuals of the atmospheric gases, such as oxygen, ni-
trogen, carbon dioxide and water. In the second publication of this thesis and in a different
work we looked at the native passivation layer of commercial lithium foils, the reactivity of
lithium with the residual gases and the formation of passivation layers, which was pub-
lished by Otto et al.'*** The results showed that commercially available lithium foils have
a native passivation bilayer on top, which consists of Li.CO3/LiOH and Li>O in contact with
lithium metal. The layer thickness is in the range of few nanometers. If the passivation
layer is not damaged, it can adequately protect the lithium from oxidation during storage
under normal glovebox conditions. If the lithium foils are not properly sealed a growth of
the passivation layer over 50 nm in 10 weeks is possible.*® Additionally, damaged pas-
sivation layers lead to a reaction with nitrogen to fully conversion to LisN of the foils. In this
study we also investigated the preparation of fresh lithium metal surfaces from a lithium
rod. These experiments showed that the freshly prepared lithium metal surface was al-
ready re-passivated as ToF-SIMS and XPS measurements were conducted. The newly
formed passivation layer consisted mostly of LiOH and Li.O with very low amounts of
Li.COs. This shows on the hand that the residuals in the glovebox and transfer modules
and analyzing machine chambers are sufficient to react with the lithium foil and on the
other hand that the formation of LiOH with water is the initial reaction product, which then
can convert to Li,CO3.1

These results emphasize the importance of proper handling of lithium foils for battery us-
age. In SSBs the thickness of the passivation layer has a direct influence on the interface
resistance between the lithium anode and the SE.*® In LIBs the homogeneity of the pas-
sivation layer is even more important as inhomogeneities lead to inhomogeneous electric
fields and to dendrite formation.>? In the next chapter the suitability of the native passivation
layer as a protection layer for LIBs is discussed.

12
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2.2.2 Native Passivation and SEIS/ASEIs

As already mentioned before the native passivation layer of lithium consists of a bilayer of
lithium carbonate/lithium hydroxide and lithium oxide. This bilayer is sufficient to store lith-
ium foils under normal glovebox conditions but it is not stable during battery cycling. One
main problem of the native bilayer is its inhomogeneity and inhomogeneous organic impu-
rities at the surface.>® Both features lead to an unequal formation of a solid electrolyte
interface (SEI) and unequal plating of lithium during battery cycling, which results ulti-
mately in dendrite formation.52°45% Especially in the first battery cycle the formation of the
SEI leads to huge capacity losses, which cannot be recovered. During cycling the den-
drites can either grow from the anode to the cathode and create a short circuit or react
with the (liquid) electrolyte, which creates electrochemical “dead lithium” and also con-
sumes electrolyte. Homogenization of the passivation layer can help to reduce dendrite
formation but for long term cycling stability homogenous artificial solid electrolyte inter-
faces (ASEI) have to be designed.

These ASElIs shall prevent reactions between lithium and the electrolyte and minimize the
formation of dead lithium and electrolyte consumption. The requirements for ASEIS are
similar to the ones for protective coatings for CAMs. The layers should be electronic iso-
lating and Li*ion conductive and withstand the volume changes. Additionally, it is believed
that layers with a Young’s modulus of >10 GPa are mechanical capable of suppressing
dendrite growth.%® ASEIs can be divided into inorganic and organic layers or mixtures of
both. Inorganic layers are often stable against lithium and the electrolytes and can reach
the necessary Young's modulus values, but they tend to break during cycling due to the
volume changes. To deposit thin inorganic layers on lithium different approaches in litera-
ture are present. The ALD for example can be used to deposit LiF or Al.O3 on lithium 57-°°
Theoretically all coatings which can be applied on CAMs can be deposited on lithium and
used for ASEIs, since the requirements are comparable. The main problem during depo-
sition is the low melting point of lithium of 180°C. Therefore, established ALD processes
have to be changed or reworked, to work at lower temperatures or with different precur-
sors. The processes for Al203 can be realized at 150°C and are just under the melting
point of lithium. Due to the high temperature, diffusion and reactions between the depos-
ited ALD layer and the lithium may occur. For Al>O3 the formation of a LiAIOx phase can
be observed. The lithiation of the ASEI may again not be a disadvantage, since ionic path-
ways have to be formed to enable battery cycling. The layer growth rate is much larger in
the first ALD cycles since the reactions are not self-limited until a dense Al,Os layer is
formed.>” Nevertheless, coating lithium with Al,O3 greatly enhances the wettability with
liquid electrolytes and cycle life up to 2 times in symmetric cells and can prevent the huge
capacity loss in the first cycles in Li| S batteries.>”5

LiF is considered a suitable component for ASEIs due to its Li* ion conductivity in the range
of about 107°-10""* S/cm among other features and can also be deposited by ALD.%%-61
Chen et al.*® developed a low temperature ALD process to successfully deposit crystalline
LiF with a shear modulus of 58 GPa on lithium. The Coulomb efficiency in Li-Cu cells was
99.5% for 170 cycles and enabled stable cycling 4 times longer than for uncoated LMAs.
Yuan et al.®° produced a porous LiF layer on Li by reaction with NH4HF,. The layer enabled
dendrite free lithium plating and stable cycling for over 520 h at a current density of
1 mA/cm?. They assumed that the lithium is first plated into the pores and will then spread
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flat over the anode. Other wet chemical approaches with e.g. dip coating or spray coating
of Al,Oz nanoparticles or phosphorene are also possible.52-54

Other than the hard, inorganic compounds also soft polymers with their (visco)elastic or
rubber-like properties are possible approaches as ASEIs. Poly(dimethylsiloxane) (PDMS)
was successfully applied on lithium via dip coating and spray coating.®*% With both tech-
niques the cycle life of Li| Cu and symmetric Li| Li cells could be improved in comparison
to cells without the PDMS coating, but the spray coating process seems more promising
since HF treatment is not required. Li et al.®® also showed that the PDMS layer can protect
against corrosion in Li| S cells for more than 100 cycles. Already in the 1990s Takehara
et al.%"%8 used plasma polymerization to deposit 1,1-diflourethene on cleaned lithium foils.
The produced layers showed an ionic conductivity of 3-107® S/cm, when immersed in
1 M Li perchlorate/propylene carbonate solution and a surface energy of 20 dyn/cm
(0,02 J/m?) and lead to a smoother deposition of lithium during cycling. A big advantage of
the plasma setup is the possibility of combining a cleaning step and coating step in one
process chamber since different plasma gases can be used. The plasma polymerization
also enables a variety of different precursors as theoretically all monomers which can be
vaporized are usable. The plasma polymerization process will be discussed in a separate
chapter later, see chapter 2.3.2.

To combine the properties of both types, hybrid ASEI layers are a possibility. Kozen et
al.®® combined an electrochemically polymerized organic DOL layer with an ALD LiPON
layer. The hybrid layer combination with a thickness of around 815 nm suppresses den-
drite formation for over 100 cycles at a current density of 2 mA/cm? in symmetric Li cells.
Chen et al.”? used the molecular layer deposition (MLD), a variation of the ALD process to
apply Alucone layers on lithium. The Alucone layers have a Young’s modulus and hard-
ness of one order of magnitude smaller compared to Al.Os layers but have the same con-
formity and layer thickness control. In the Alucone structure PEO is cross-linked to alumi-
num and layers of 3 and 6 nm were deposited. In symmetric Li cells the Alucone coated
LMAs showed stable cycling behavior for over 200 h at 1 mA/cm? with the 6 nm layer
showing lower overpotential than the 3 nm layer. The 6 nm Alucone layer also showed
improved performance in Li| S batteries with a sulfur loading of 5 mg/cm?.

For a more detailed overview about different coatings look at the review from Yu et al.*®

2.2.3 Analytical Challenges of Lithium Metal

For all battery materials of course the cleanliness of the preparation environment, transfer
modules and analytical machines is important due to the high reactivity of lithium. A prob-
lem which can be easily overlooked is the sample change during the analysis due to inap-
propriate handling. On the one hand beam damage can change the sample and show
false degradation products but also lithium metal plating may occur, when electron beams
are present and the samples are grounded. In the second publication of this thesis, which
is published by Otto et al.}* we observed lithium metal plating during XPS measurements,
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when using Cu tape and the electron neutralizer. In other studies, the phenomenon was
described as electron cleaning of lithium foil, which is misleading.’ It is more accurate to
describe it as electrochemical plating of lithium, since the electron beam causes a potential
difference between the surface of the sample and the grounded sample holder. Lithium
ions will then migrate through the native passivation or protection layer to the surface to
compensate the negative charge and form lithium metal with the electrons. As a result,
lithium metal will be detected as if the passivation layer had been removed, which in fact
is still underneath the freshly prepared lithium metal. In Figure 5 the process can be seen
and is also relevant for e.g. ToF-SIMS with flood gun neutralization or SEM.

Passivation
Layer
Lithium Metal
Grounding
a) Sputtering b)Electron Beam
/ \ Exposure
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Figure 5: Schematic sketch of the difference between sputter cleaning a) and lithium plat-
ing induced by an electron beam on a grounded lithium sample b). The photos show the
lithium foil before plating and after plating (5 min) in the XPS with electron neutralizer.
Reprinted with Permission. © American Chemical Society.

To get an idea about the change of the sample during a measurement, lithium metal was
plated inside the XPS and the surface was measured right away and after a waiting time
of 2 hours. It is also recommended to measure e.g. the O 1s in all measurements at the
start and again at the end of every measurement cycle to estimate the degradation. Both
results showed a significant change of the surface composition. Especially the formation
of LiO and LIOH was detectable by this method. The results are also important for
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quantification of the different passivation layers components by XPS. Since all detail spec-
tra are measured at different times while the composition is changing a reliable quantifica-
tion is not possible. E.g., if the O 1s is measured first it will show less Li>O or LiOH than
the Li 1s spectrum, which is measured later. While with XPS the sample degradation dur-
ing a measurement can be easily tracked it is not so trivial with other methods.

2.2.4 Conclusions

In literature a variety of different ASEls has been presented. It is still important to look at
different approaches to design new ASEIls with the ideal properties, such as a high Li*
ionic conductivity (10™4-1072 S/cm), single ion transport, Young’s Modulus > 10 GPa but
still enough flexibility to withstand volume changes without breaking, and shielding against
side reactions. Additionally, the desired ASEI should be preferably applied by a large-scale
method and should spare dangerous or hazardous precursors. A combination of all these
different aspects is challenging but enables the future implementation of LMAs. Due to the
high reactivity and electrochemical activity of lithium the handling during the coating pro-
cess and analyses is critical to avoid contamination or false results.
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2.3ALD and Plasma Polymerization

In this chapter two technigues to apply protective coatings on CAMs or LMAs are explained
in more detail. The ALD was chosen due to its good controllability and large-scale poten-
tial. The plasma polymerization combines the possibility of a cleaning step and deposition
in one setup and also offers a huge number of possible precursors.

2.3.1 Atomic Layer Deposition

The atomic layer deposition is a self-limiting variation of a CVD process and uses alternate
pulsing of precursor gases onto the substrate surfaces to achieve chemisorption or surface
reaction, which result in layer growth. During the cycles of the precursor the reactor is
purged with inert gases such as Ar or N,. Before deposition the process parameters such
as pulse length and temperature are adjusted to reach stable growth conditions, which
results in constant growth rates."”?

Originally, the ALD was developed as atomic layer epitaxy (ALE) and was used to deposit
insulator films for electroluminescent flat panel displays. Since the 1990s the interest in
ALD rose from the microelectronics side, which requires thin, conform coatings on small
dimension devices. Since then the ALD was used in more and more areas such as, catal-
ysis, nanotechnology or battery materials.*®"*-"® The only drawback of the ALD process is
the comparable low growth rate in the range of a few A/cycle but since the desired layer
thicknesses in the mentioned fields tend to decrease over the years it is still an efficient
method. The ALD exhibits also a great large scale potential which is important for the
commercial production of protective coatings.”® More information about the history of ALD
and possible fields of use can be found here.’®’’

2.3.2 Plasma Polymerization

The plasma polymerization is a technique to produce (ultra)-thin, pinhole-free polymer-like
layers with a defined structure but variable composition in comparison to conventional pol-
ymers. The properties of the produced polymer-like layers arise from the functional groups
of the used monomer, which stay mostly intact during the polymerization process.”
Plasma polymerization reaches back to 1796 and was further explored in the 19" century
with the arc synthesis of acetylene. Extensive research was done in the 1950s and 1960s
and attempts were made to propose mechanisms (ion chain mechanism?®, radical mech-
anism®) for polymerization and parameters (Yasuda factor®!) to compare different plasma
conditions. The discussion about the underlying mechanism is still present in the last
years.8?

Plasma polymer layers are used as coatings for solids, membranes, semiconductors, met-
als or textiles. With the right choice of precursor monomer properties such as corrosion-
inhibition, anti-fogging, chemical-, scratch- and abrasion resistance, adherence, lubrica-
tion, flame resistance, permeability, antistatic, barrier and optical characteristics are
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possible.” In the 1990s it was also applied on lithium metal for LIBs but was not further
pursued and can nowadays often be found in biomaterial research. 67:68.83-8

As the name already suggests plasma polymerization works with plasmas, which is also
called the fourth state of matter and is a gaseous mixture of free electrons, ions and neutral
atoms/molecules. Laboratory plasmas are often produced by electromagnetic fields. A big
advantage of plasma (polymerization) processes is the combination of a possible cleaning
step and coating step in one setup by variation of the used gases. Inert gases such as Ar
can be used for cleaning or sputtering of the sample, while reactive gases such as N2 or
O2 may form nitrides and oxides. Plasma chambers are often either inductively or capaci-
tively coupled and examples for possible setups can be found here. 88’

For this doctoral thesis an inductively coupled rf-plasma chamber was modified to enable
air-tight sample transfer of the lithium samples from a glovebox to the plasma chamber.
Due to the high reactivity of lithium this is especially important. The self-made transfer
module can be seen in Figure 6. The sample can be driven into the z-axis manipulator,
which is than closed by a hand valve. After attaching the transfer module to the plasma
chamber the area between both of them can be flushed with Ar and pumped before the
sample can be driven into the plasma reactor to the desired position.

«— sample

valve A —— I

valve B —>
3= «—— sample

Figure 6: Photo a) and schematic sketch of the self-made transfer module b), c). The
sample can be driven automatically from the storage position inside the transfer module
to the process position in the plasma reactor. The transfer module and the plasma cham-
ber can be closed with two separate vales, the pumping connection is between both valves
to work as a lock.

As already mentioned the high reactivity of lithium can be problematic. That is why plasma
cleaning has several advantages in comparison to a mechanically cleaning or a liquid ap-
proach. Before introducing lithium into the plasma chamber residuals of water and oxygen
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must be removed by gas purging and pumping cycles to avoid side reactions. After that Ar
is used as plasma gas to remove the native passivation layer of the lithium. Since Ar is
inert and also used as an atmosphere gas in gloveboxes the conditions are ideal to sup-
press side reactions or a re-passivation of the lithium. If lithium is cleaned mechanically or
in liquid solutions, impurities often lead to unwanted side reactions and the lithium gets
much dirtier than without a treatment.

Another big advantage of the plasma polymerization is the large choice of possible pre-
cursors for the plasma layers. Plasma polymerization might be the only technique were
everything, as long it exists in the gaseous state can be a possible precursor. For this work
a gas washing bottle, filled with the precursor, was installed between the gas tubes, see
Figure 7. Depending on the vapor pressure of the used precursor several approaches are
thinkable.

a) A b)
| 4
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rE—P— b
A — [ o |
Q m gas wash bottle

Figure 7: a) Schematic sketch of the gas tubes, mass controllers and valves of the plasma
chamber. As working gases Ar, N, and 0, are useable. All gases have to go through a
mass controller and can be controlled remotely via PC/labview. b) picture of the gas wash-
ing bottle used for the polymer precursor. The washing botte is connected with two hand
valves either to the plasma chamber or the other gases. The gas flow of the precursor gas
can only be regulated manually via the chamber pressure (manometer).

If the precursor is a liquid and has a low vapor pressure no further adaptations have to be
made. Of course, the same is true for gases. For this work we used the pure precursor
gas for the plasma but it is also possible to mix it with Ar or even reactive gases like N, or
O.. If the vapor pressure of the desired precursor is not high enough, additional heating
might be an option. This can either be done with a heat gun, which is also useful for re-
moving water in the tubes and the chamber, or with a fixed heater.
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It is also possible to use the plasma chamber and transfer module for other battery com-
ponents, such as separators or CAMs and apply plasma polymerization/treatment on
them.

2.4 XPS, ToF-SIMS and LEIS

In this chapter the analytical methods XPS, ToF-SIMS and LEIS are described in more
detail since XPS and ToF-SIMS are the main techniques which were used in this doc-
toral thesis and LEIS is a rather unused technique but can bring much value for coating
and battery analysis.

2.4.1 XPS

The electron spectroscopy for chemical analysis (ESCA) or also called X-ray photoelectron
spectroscopy (XPS) is the most commonly used surface characterization technique. The
sample surface is irradiated with photons in the X-ray energy range under vacuum. Typical
X-ray sources are Al Kq (1486.6 eV) and Mg Kq (1253.6 eV). Due to the X-ray irradiation
the surface or more precisely the atoms at the surface emit so called photoelectrons. The
photoelectrons emitted in the surface region have enough energy and can leave the sam-
ple. They will then travel through the vacuum into the analyzer and are separated by their
energy and counted. Electrons from deeper in the sample lose their energy due to inelastic
energy loss processes and cannot be detected. As a rule of thumb the detection depths of
XPS can be estimated to about 10 nm (31) but depends on the mean free path A of the
electrons in the investigated material. The measured kinetic energy (KE) of the electrons
is described by Equation 1.8

KE = hv - BE - &g Equation 1
hv: Photon energy of X-ray source
BE: Binding energy of the electron emitted from the atom orbital

@s: Work function of the spectrometer

Since the kinetic energy is measured and the photon energy and work function are known,
the binding energy of the electrons can be calculated and is typically depicted in XPS
measurements. Because every element has a different unique set of binding energies, it
is possible with XPS to identify the elements in the probed region of the sample. Addition-
ally, a quantification of the probed sample volume within an error range of about <+ 10 %
is possible since the detected photo electrons of an element are proportional to its
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concentration. Another feature of XPS measurements is the determination of oxidation
states of the elements in the sample. As the binding energy of an electron is influenced by
the chemical state of the element, because the electron density is changed, the measured
kinetic energy varies for different oxidation states of the same element and can be identi-
fied. With XPS all elements except of H and He can be measured with a detection limit of
about 0.1 at% and quantified. It is also possible to combine the XPS measurement with
sputter steps with for example an Ar gun, a GCIB or C60 gun to apply depth profiling on
the sample. This approach allows to get sub-surface information such as a qualitative and
guantitative depth distribution of elements or changing oxidation states within the sample.

2.4.2 ToF-SIMS

ToF-SIMS is the combination of a time of flight analyzer with a secondary ion mass spec-
trometer to analyze ionized particles of a surface. Primary ions (e.g. Bi*) are accelerated
under vacuum on the sample surface and secondary particles are emitted due to the on-
going collision cascade from the uppermost layer. During the emission of the secondary
particles, fragmentation and reactions as well as ionization processes will take place.
Since the fragmentation and reactions can lead to species that are not naturally present in
the sample ToF-SIMS is not able to detect chemical components without reference meas-
urements. The charged secondary ions will be detected by a time-of-flight (ToF) analyzer.
Therefore, all secondary ions are accelerated to a given potential and lead on a defined
pathway to the detector. The flight time is measured and the m/z ratio can be calculated
via Equation 2.%8

1

t=1L (%/)E Equation 2
t: Flight time

m/z: Mass-to-charge ratio of the secondary ions

L: Length of flight path

V: Acceleration potential

In comparison to XPS the signal intensity in ToF-SIMS analysis is not necessarily an indi-
cation of the concentration in the sample because the intensity depends on more param-
eters than the concentration and the ionization probability can change in different matrixes
for the same fragment dramatically. The whole correlation is given in Equation 3.

IP=l-y o 6n N Equation 3
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I7': Secondary ion current of species m

lo: Primary ion current

ym: Sputter yield

a*: lonization probability for anions or cations

6m: Fractional concentration of m in the probed area

n: Transmission of used SIMS instrument

A quantification is only possible with reference measurements in defined systems. The
detection limit of ToF-SIMS is in the ppm to ppb range and the depth resolution when depth
profiling in combination with a sputter gun is in the 1 nm range. Therefore, a combination
of ToF-SIMS and XPS measurements is very complementary since the combination of
both results can help to fully understand the chemical environment and 3D morphology of
thin layers.

2.4.3 LEIS

With Low energy ion scattering (LEIS) or ion scattering spectroscopy (ISS) information
from the topmost atomic layer is obtained and is therefore the most surface sensitive tech-
nique. Primary noble gas ions such as He*, Ne* and Ar* are accelerated on the surface
with energies between 0.5-5 keV and the energies of the backscattered ions are meas-
ured e.g. with an electrostatic field or with a ToF analyzer. The interaction process is a
two-body elastic collision problem. Since energy and momentum conversion have to be
fulfilled the masses of the surface atoms can be calculated. For a 90° scattering process
Equation 4 is valid. With LEIS only the individual atoms can be detected but no chemical
or compositional information can be obtained.

Ey _ My-My ,
B - Myt M, Equation 4

Ei: Energy of backscattered primary ion
Eo: Initial Energy of primary ion

Ma: Primary ion mass

M2: Surface atom mass

The surface sensitivity of LEIS is also its biggest problem, since the sample surface has
to be very clean and the system under UHV to avoid contamination. In comparison to ToF-
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SIMS LEIS has no matrix effect which enables quantification of the surface atoms. With
LEIS theoretically all elements heavier than H can be detected and the detection limit in-
creases from Li of >1% over F of 1% over K of 0.05% and everything heavier than U of
0.001%.

Since the surfaces of protective coatings for CAMs or LMAs are in contact with the liquid
or solid electrolytes and determine the properties, a greater understanding of the exact
element distribution could bring great value to better understand the protective effect of
coatings.
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3. Results

At the start of this doctoral thesis in 2019 the fabrication of passivation layers for CAMs or
LMAs were already present in the literature. However, the analyses of CAM protection
layers was not comprehensive, since a large number of different materials were applied
on CAMs but most often only the electrochemical performances were examined without
deeper knowledge of the morphology and composition of the passivation layer. Mainly
TEM, XRD or XPS were used to identify the coatings. For LMAs coating approaches such
as ALD or plasma polymerization were used already in the 1990s to apply protective coat-
ings for a possible usage of an LMA. Since the reactivity and formation of a native pas-
sivation layer of lithium metal was not very clear for battery research, this topic was first
examined in the second publication to look afterward at possible ASEls under controlled
conditions with known substrates in the third publication. Additionally, the evaluation of
Li 1s XPS data in literature was often inconclusive due to different analysis challenges
which were discovered during the different works of this thesis. Therefore, the objectives
of this work were to find reliable analytical methods to better understand coatings on CAMs
and LMAs and give guidelines to avoid misinterpretation. Since the usage of LMAs is still
of great interest but not implemented yet also the fabrication of a new ASEI was part of
this thesis.

In the first publication of this doctoral thesis, guidelines for a comprehensive analysis of
CAM coatings by the example of the known coating TiO, on NCM622 are presented. Be-
sides the established methods also Raman spectroscopy, ToF-SIMS and LEIS were used
to gain fast and easily accessible results for Raman spectroscopy, imaging with ToF-SIMS
and surface information with LEIS. It was also looked at the difficulties and limitations of
the used methods. In the second publication a comprehensive analysis of the native pas-
sivation layer with XPS and ToF-SIMS of different lithium samples was carried out and
guidelines, as well as typical pitfalls were highlighted. In the third publication the electro
chemical performance of symmetric Li cells was examined after applying plasma polymer
layers on LMAs. The layers were characterized by ToF-SIMS and XPS and the mechanical
properties were examined by nanoindentation. Additionally, the removal of the native pas-
sivation layer by Ar plasma treatment was examined.
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3.1 Publication 1: “Analyzing Nanometer-Thin Cathode Particle Coatings
for Lithium-lon Batteries — The Example of TiO2 on NCM622”

In publication 1 of this doctoral thesis, NCM622 particles were coated with TiO2by ALD as
a model system and the coating layer was characterized by SEM/EDX, TEM/STEM, XPS,
Raman spectroscopy, XPS, ToF-SIMS and LEIS. Advantages and disadvantages of the
different methods were discussed and guidelines for a comprehensive analysis were
given.

Unlike previous publications on CAM coatings, different analytical approaches are pre-
sented and discussed. The results showed that ALD is a suitable technique to apply con-
formal coatings on CAMs. SEM/EDX are good methods to get a first look after the coating
process and see if the deposition was successful. During analysis the electron beam can
initiate electrochemical reactions, which change the sample. The layer thickness and crys-
tallinity can be determined by TEM using a grinding approach but also gives a large num-
ber of uncoated primary particles, which complicates the analysis. With XPS the oxidation
state of the coating and partially the covering, depending on the coating layer thickness,
can be examined. ToF-SIMS, Raman spectroscopy and LEIS have proven to be useful
additions to the analysis of protective layers on CAM patrticles, since ToF-SIMS enables
the imaging of the coating around the particles, Raman-spectroscopy provides rather eas-
ily accessible results and LEIS provides information about the surface and covering of the
coating.

All'in all, the results of the first publication highlight the advantages and disadvantages of
different analytical methods for the analysis of CAM coatings and provide a guideline for
the analysis, which can help to understand the properties of CAM coatings in full detail
and for development of coatings for next generation batteries.

The experiments of this work were designed and planned by the first author under the
supervision of M. Rohnke and J. Janek. The first author performed the ToF-SIMS, XPS,
REM and LEIS measurements. F. Walther helped with the ToF-SIMS experiments. J. Sann
and F. Walther helped with the XPS data evaluation. B. Mogwitz performed the FIB-REM
measurements. The STEM measurements were performed by S. Ahmed. S. Burkhardt
and L. Chen performed and evaluated the Raman measurements under supervision of
P.J. Klar. The LEIS measurements were performed together with S. Fearn at the Imperial
College London. The manuscript was written by the first author and edited by all co-au-
thors.

Reprinted with permission from Moryson, Y., Walther, F., Sann, J., Mogwitz, B., Ahmed,
S., Burkhardt, S., Chen, L., Klar, P. J., Volz, K., Fearn, S., Rohnke, M. & Janek, J. Analyz-
ing Nanometer-Thin Cathode Particle Coatings for Lithium-lon Batteries—The Example of
TiO2on NCM622. ACS Appl. Energy Mater. 4, 7168-7181 (2021). Copyright ©2021, Amer-
ican Chemical Society.
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ABSTRACT: Cathode active materials (CAMs) in state-of-the-art lithium-ion
batteries are mostly lithium-transition-metal oxides such as Li(Ni,Co,Mn,)O, (x +
y + z = 1). To achieve optimum cycling stability and performance of the cathode, the
extent of degradation processes and side reactions between CAMs and liquid or solid
electrolytes has to be minimized. For this purpose, various coating strategies for
CAMs have been developed in recent years. The underlying mechanism of the
protective function of nanoscale coatings and their role for the enhanced cycling
performance are mostly unclear, which is often based on incomplete characterization
of the coating. Only a few analytical methods, such as X-ray diffraction, scanning
electron microscopy/energy-dispersive X-ray analysis, or X-ray photoelectron
spectroscopy, have frequently been used in recent years, which often cannot provide
enough information for a reliable and consistent picture of the very thin coating. For
this reason, we demonstrate a systematic study on the analytical characterization of
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coated CAM using additional analytical methods. NCM622 coated with TiQ, by atomic layer deposition is used as a model system
and analyzed with SEM/EDX, focused ion beam scanning electron microscopy, scanning transmission electron microscopy, Raman
spectroscopy, X-ray photoelectron spectroscopy, low-energy ion scattering, and time-of-flight secondary ion mass spectrometry. The
results highlight the advantages and disadvantages of each analytical method for the analysis of typical CAM coatings. The results
demonstrate that a combination of the different methods is essential to understand CAM coatings and their properties in full detail.

KEYWORDS: lithium-ion battery, Ni-rich NCM, cathode active material, cathode coating, low-energy ion scattering,

time-of-flight secondary ion mass spectrometry

B INTRODUCTION

Lithium-transition-metal oxides such as lithium cobalt oxide
(LiCo0,, LCO), lithium manganese oxide (LiMnO,, LMO),
lithium nickel manganese cobalt oxide (Li(Ni,Co,Mn_)O,,
NCM, x + y + z = 1), or nickel cobalt aluminum oxide
(Liy(Niy_,.Co,AL}; 05, NCA) are mainly used as cathode
active materials (CAMs) in state-of-the-art lithium-ion
batteries (LIBs)."” Further optimization of the cycling stability
and performance of LIBs at the cathode side can be achieved
by reducing degradation processes related to CAMs such as
structural changes or interfacial reactions, which occur during
battery cycling, for example, due to the electrochemical
instability of the liquid and solid electrolytes.” " The particular
shape of the used CAM particles enables large contact areas
between the CAMs and the electrolyte, which is necessary for a
high capacity but also implies a high fraction of interfacial
degradation. These interface reactions lead to the formation of
side products, unwanted passivation layers, and ultimately
capacity loss and a decrease in battery performance. For
suppression of such degradation mechanisms, CAMs can be
doped with other elements, covered with nanoparticles (locally
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restricted additives), or coated with thin protective layers by
different deposition methods.*~

To achieve a superior cycling performance in terms of long-
term stability of CAMs, a protective surface treatment (surface
doping and/or additional coating) seems promising,'jfl'q but
the underlying physicochemical function of the various
coatings remains mostly unclear. One main reason is the
difficult quantitative analysis of coatings. Accordingly,
analytical methods for coating characterization must cope
with the spherical shape of particulate CAMs with dimensions
on the microscale, the nanometer-thin coatings and the
resulting low volume and mass fraction of the coating material
itself. In addition, the requirements on the sample preparation
and sample transfer are high. Most Ni-rich NCM-based CAMs
are sensitive to atmosphere and react with both H,O and
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C0,.** Not only the sample transfer into the analysis
chambers is critical because the sample can degrade due to
contaminations and atmospheric residues in the transfer vessel,
but also, during the analysis itself, the sample surface can
change due to evaporation of volatile substances, adsorption/
redeposition of chamber contaminations or effects related to
beam-damage, to name a few. Overall, these considerations
lead to high requirements on the analytical methods used.
From an analytical point of view, it is challenging to find the
best compromise between spatial resolution, chemical
information, and detection limit of the different methods
(see Figure 1). As one method cannot deliver all necessary
information, a combination of different analytical methods
appears essential to obtain a complete picture of the coating
propetties.

microscopy spectrometry spectroscopy
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Figure 1. Detection limit vs lateral resolution of the used tcchniquca
in this work. The Lmits for lateral resolution and detection limit are
not sharp and depend on the examined sample. The colored areas
represent common measurement routines and transparent areas
indicate the limits that can be obtained with ideal samples.

In the literature, coatings are mostly characterized by their
influence on the cell cycling performance and precharacterized
using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDX), Xeray diffraction (XRD), sometimes X-ray
photoelectron spectroscopy (XPS), and rarely Raman spec-
troscopy.”' ~*° The information gathered about the coating is
mostly restricted to rough conclusions about the coating
material distribution on the CAM surface and basic statements
on its chemical composition. Other important information
such as the degree of coverage of primary and secondary
particles, possible interface reactions between the coating
material and the CAM, changes in the composition due to
variations in the coating thickness, or diffusion processes
remain unknown in most cases. Knowledge of such properties
could be quite valuable for understanding the functionality of
coatings themselves, as well as the mechanism of improved
battery performance, and is only accessible through a
combination of different analytical methods.

Besides the routine-type methods mentioned above, addi-
tional surface-sensitive methods can provide highly useful
information that cannot be obtained by the aforementioned
methods. One of such powerful surface-sensitive methods is

7169

time-of-flight secondary ion mass spectrometry (ToF-SIMS).
With its high chemical specificity, high lateral resolution (ca.
50—100 nm), and low detection limit (ppm-ppb), it is often
complementary to XPS. Walther et al,, for example, combined
ToF-SIMS and XPS to investigate the interfacial degradation
of a composite cathode of an In/InLilLigPS;CIILi-
Nig sCoy,Mng,0,/LigPS;Cl all-solid-state battery cell
(ASSB). The authors visualized the formation of the
degradation layer (CEI) between the CAM and the solid
electrolyte and obtained information on the reaction
products.‘” The actually most surface-sensitive method is
low-energy ion scattering (LEIS), where noble gas primary
ions are accelerated onto a sample and the energy of the
backscattered ions after collision with the surface atoms is
measured.”** Exclusively, the first atomic surface layer is
probed. Téllez et al. used a combination of LEIS and ToF-
SIMS to analyze the surface composition of solid electrolyte
materials such as lithium lanthanum titanate perovskite
(LLTO).** Using a pulsed primary ion beam to suppress
secondary ion signals, they could also detect Li by LEIS, which
is very challenging due to low-sensitivity factors of light
elements., Hoskins et al. used LEIS and ToF-SIMS to
investigate the ALD growth of very thin ALO; layers on
NCMI11.** These examples show that less common surface-
sensitive analytical methods provide unique information that
cannot be easily accessed by other methods. By combining
these methods with more established ones, a more complete
and comprehensive understanding of coatings is possible.

In Figure 1, the detection limits for different analytical
methods are plotted vs the lateral resolution. Methods such as
TEM with a high lateral resolution typically suffer from a poor
detection limit and often cannot provide detailed information
on the chemical environment. In contrast, methods such as
ToF-SIMS can provide the latter information with good
detection limits but suffer from a >100 times poorer lateral
resolution compared to TEM. Even with this simplified
comparison, it is obvious that the combination of different
methods is required to comprehensively characterize nano-
meter-thin CAM coatings.

To highlight the advantages and disadvantages and also
critically discuss the limits of each technique, we select a TiO,
model CAM coating deposited by atomic layer deposition
(ALD) on Li(NigsCog,Mng,)0, (NCM622) secondary
particles. TiO, was chosen since it is a well-known material
for ALD processes and can be easily deposited with high
conformity and reproducibility. In addition, it has already been
used as a protective coating on NCM and has been shown to
improve the cycling performance.” We apply a variety of more
routine-type analytical methods such as SEM, STEM, TEM,
and EDX to analyze the morphology of the coating; XPS and
Raman spectroscopy to get chemical information; ToF-SIMS
for visualization of the coating; and LEIS for information on
the uppermost layer, its composition, and the coating coverage
on NCM. In combination, the different methods provide
comprehensive information on the coverage, the morphology,
and the composition of the coating.

M RESULTS AND DISCUSSION

Visualization of the TiO, Coating by SEM/EDX/FIB-
SEM. The morphology of the NCM622 particles and possible
changes due to the deposition of the TiO; were investigated by
SEM analysis. A comparison between uncoated and coated
particles is shown in Figure 2a—d. The morphology of the

https://doi.erg/10.1021/acsaem. 101255
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Figure 2. (a, ¢) SEM secondary electron (SE) images of uncoated NCM622 particles. (b, d) SEM SE images of TiO, (400 ALD cycles)-coated
NCMG622 particles. (e) SEM image of TiO, (400 ALD cycles)-coated NCM622 particles and (f) the corresponding EDX mappings of Ti, O, C,
and Cl. (g) SEM SE image of a cross section of coated NCM622 particles. The coating thickness is about 18—19 nm. (h) TEM image of a coated
NCM622 primary particle. The coating thickness is in the same range as in (g).

CAMs before and after coating looks very similar, with the
surface appearing rougher and more structured after the
coating process. The EDX mappings of the coated particles,
also shown in Figure 2e, f indicate that Ti is homogeneously
distributed on the surface of the particles, which proves
successful deposition. Additionally, some CI contamination
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was detected, probably originating from ALD precursor
residues, namely, TiCl,-related compounds. In the images of
the FIB cross section in Figure 2g, a thin dark layer of about 20
nm thickness is visible between the CAM particle and the
platinum protection layer. Given the STEM/EDX results
below and the coating thickness being in the typical range for

https://doi.org/10.1021/acsaem.1c01255
ACS Appl. Energy Mater. 2021, 4, 7168—7181
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Figure 3. (a) SEM SE image of a secondary particle cross section acquired during sample preparation by FIB. “W ¢”-beam”, “C Ga-beam”, and “W
Ga-beam” represent the tungsten (W) and carbon (C) protection layers deposited using electron (¢”) beam and Ga-ion beams, respectively. The
TiO, layer has a thickness of approximately 22 nm. (b, ¢) STEM high-angular annular dark-field (HAADF) and bright-field (BF) images,
respectively, showing TiO, coating. (d—f) EDX mappings of Ti and Ni and the STEM image of the coated particle.

the ALD process (growth rate 0.057 nm/cycle on a planar
substrate), it is reasonable to identify the dark layer as the
coating. For EDX analysis, the beam energy must be chosen in
a way that the Ka X-ray line of Ti (4.5 eV) is excited. This
results in a spatial resolution that is no longer sufficient to
detect the coating layer with EDX, since the electron
penetration depth becomes much larger than the layer
thickness. For higher surface sensitivities, low excitation
energies are mandatory. Unfortunately, the energy resolution
of the used EDX detector was not high enough to distinguish
the Ti La line at 0.45 eV from the Ka line of oxygen. This may
be different for other coating materials, where the lines are
distinguishable. Nevertheless, we find a homogeneous Ti
distribution on the surface of the secondary particles (see
Supporting Information $1). We like to note here that one
should be cautious when using a backscattered electron
detector (BSE) and observing a high brightness contrast.

nn

Accordingly, the brighter area in Figure S2 represents
redeposited material due to the FIB preparation, but not the
coating. This can easily lead to misleading interpretations of
SEM micrographs.

SEM/EDX is a reasonable tool to control whether
deposition took place at all. Except for Li (needs a special
detector) and H, all other elements can be easily detected by
standard EDX, which means the majority of coatings can be
judged by SEM and EDX. One should keep in mind that
electrochemical reactions and other degradation processes can
be initiated by the electron beam while examining the CAMs,
and therefore the material may change upon measuring.*®

TEM/STEM techniques allow visualization of coatings with
a high spatial resolution. While TEM facilitates higher
magnification and spatial resolution compared to SEM, it
may not be straightforward to identify a coating layer on CAM
particles because of damage from sample preparation. Two

https://doi.org/10.1021/acsaem.1c01255
ACS Appl. Energy Mater. 2021, 4, 7168—7181

29



Results

30

ACS Applied Energy Materials

Www.acsaem.org

(a)

(b)

: T Ni 2p a
100 ALD cycles ; Ti 2p a2 £
Ti 2py,= 458.5 eV Pl
4000 Parz 7 satellite
o) .
= = |uncoated
S 3000 p
o ~
2 2
‘o |50 cycles
2 2000 B
[} gJ__ :
5 E
€ L

it
400 cycles |

0 T T
470 465 460
binding energy / eV

@

0 865 860 855 B850
binding energy / eV

Figure 4. (a) XPS Ti 2p detail spectra of the coated NCM622 particles (100 ALD cycles). Note that the full width at half-maximum (FWHM) for
the Ti 2p,, signal is broader than the Ti 2p;, due to the Coster—Kronig effect. (b) XPS detail spectra of Ni 2p,, as a function of the ALD cycle

number (without differentiation of Ni*" and Ni*").

different strategies for the sample preparation are discussed in
the following,

The first method is to grind the coated secondary particles
and disperse the solution containing the primary particles onto
a TEM grid. This method of TEM sample preparation leads to
the destruction of the secondary particle structure of the
CAMSs, which allows the examination of primary particles, as
seen in Figure 2h. This also leads to a random distribution of at
least two types of primary particles. Accordingly, several
particles originate from the inside of the secondary particles,
whereas significantly fewer primary particles were located on
the surface of the secondary particles. Only the outer surface of
the latter has been coated (see Figure $3). Since the fraction of
surface-coated particles is small in comparison to all particles in
a secondary particle, finding these particles is a tedious and
time-consuming process. Moreover, only a small fraction of the
surface of such surface particles is coated, which makes the
analysis statistically even more challenging (see Figure $3).
Additionally, the amorphous nature of the coating makes it
difficult to identify the coated surfaces in a mixture of primary
particles due to low contrast differences. Another drawback of
this preparation method is that grinding of the secondary
particles and the subsequent treatment to disperse them onto a
TEM grid might affect the coating adversely. However, if
coated primary particles can be found, then the layer thickness
can be easily determined by TEM as seen in Figure 2h.
Therefore, this preparation method is a relatively easy
approach to determine basic coating properties such as the
coating layer thickness.

The second method comprises a sample preparation using a
FIB. This method has some advantages and also disadvantages.
Here, finding the coated surfaces is not a problem. Moreover,
changes of the coating layer during FIB preparation can be
monitored between the various thinning steps, as shown in
Figure 3a (if the coating layer is thicker than the lateral
resolution limit of the SEM). A major advantage of FIB/SEM
preparation over the grinding approach is that the coating
remains undamaged, since the deposited protective metal
layers protect the coating quite well. However, these protective
layers also cause a major disadvantage in comparison to the
grinding approach, since they can lead to projection artifacts in
the subsequent TEM/STEM analysis. On the one hand, the
projection effects can originate from the protection layers and,
on the other hand, from the primary particles’ surface at which
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the coating is present as shown in Figure 3b,c. This
disadvantage can be compensated to a certain extent using
STEM-EDX. Figure 3d—f shows the distribution of titanium
on the surface of a secondary particle. It was found that the
coating layer can sometimes be better visualized using SEM if
it is sufficiently thick, especially during the thinning process by
FIB, as shown in Figure S4. This is mainly because of higher
surface sensitivity of the SE detector. Hence, we conclude that
the combination of the highly surface-sensitive secondary
electron signal from the SEM/FIB during sample preparation
and the significantly higher resolution of EDX (and electron
energy loss spectroscopy (EELS)) maps in STEM offers good
visualization of the coating layers on the secondary particles.
Also, EELS can provide information on the oxidation states of
the elements in the coating,”” complementing XPS analysis.

The FIB preparation route will be particularly important
when analyzing electrochemically cycled or annealed coated
CAMs. Unlike grinding,*® FIB preparation preserves the spatial
position of the sensitive and fragile surface films (formed after
electrochemical cycling) due to protection layers, thus allowing
an analysis of the morphology and composition of the
interfacial region. Furthermore, the thinning process can be
performed with great control, enabling subsequent high-
resolution TEM/STEM analysis. All in all, it is recommended
to also coat electrochemically cycled samples with, e.g., Au or
Pt by electron deposition before conducting FIB preparation.
In this way, the sample surface is protected during FIB
preparation and the uppermost surface region can also be
analyzed, which would otherwise be destroyed by the high-
energy FIB. Another advantage is that the deposition of Pt
leads to a smooth surface and thus reduces the curtaining
effect.

As already mentioned, the low contrast between the coating
and the CAM in BSE images can be problematic. If the masses
of the coating material and CAM are too similar, the contrast
within BSE images is poor. The differences in brightness in
Figure 3b,c is just enough to differentiate between TiO, and
the NCM. This might be different for other coating materials,
but together with the EDX analysis shown in Figure 3e,f, clear
identification is also possible for other materials.

Chemical Information by XPS. After visualization and
determination of the layer thickness, the focus is now on the
chemical composition. With XPS, the chemical composition
and the bonding state of the coating components can be

https://doi.org/10,1021/acsaem. 1c01255
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determined and some information about the coverage may be
obtained. XPS is a commonly used technique to analyze
battery materials.””™*' Depending on the electron mean free
path in the examined compounds, XPS measurements provide
chemical information within a depth in the range of roughly 10
nm. This can be problematic when analyzing very thin
coatings, since the photoelectrons analyzed will originate
from the coating and the substrate material (convoluted
information). It is also possible to sputter in between XPS
measurements to create depth profiles to analyze the interface
between the coating and the CAM. However, sputtering can
lead to a deterioration of the materials (e.g., due to differential
sputtering) and thus to changes in the energetic signal position
of the various elements. In addition, due to the spherical
geometry of the particles, a complete removal of the coating is
not possible because of shading effects.

However, several conclusions can be drawn from XPS
surface measurements: Besides Ni, Co, Mn, O, and Li from the
CAM substrate, and Ti and O from the coating, C and Cl were
detected as impurities (see Figure S5). The atomic fraction of
Cl decreases with increasing ALD cycles (from 12 to 2%),
indicating a reaction between HCI, which is formed as a side
product during the ALD process, and the NCM powder. This
ultimately leads to the formation of transition-metal chlorides.
After a certain number of ALD cycles, the entire surface of the
NCM secondary particles (partially containing transition-metal
chlorides) is covered with TiQ, and HCI can no longer react
with the NCM, Since XPS is a surface-sensitive technique, the
reacted interface toward the NCM is successively covered by
TiO; and thus signals related to transition-metal chlorides are
decreasing with increasing TiO, layer thickness. The Ti 2p
detail spectrum of coated CAM (100 ALD cycles) in Figure 4a
reveals the formation of TiO, as the Ti 2p,,, signal is located at
a binding energy (BE) of 458.5 eV and the spin—orbit split
between Ti 2p;,, and Ti2p,,, is A = 5.7 eV.* The O Is detail
spectrum (not shown here) confirms the formation of TiO,
and additionally indicates some surface contaminations (e.g.,
due to adsorbates). Furthermore, the atomic ratio of n(Ti)/
n(O) is nearly 1:2 (oxide), which further strengthens the
evidence for TiO,. If the TiO, layers were dense and thicker
than roughly 6—8 nm, no substrate signal should be visible
based on the calculation of an electron inelastic mean free path
of about 2.1 nm.** Therefore, Ni 2p detail spectra were
measured and monitored as a function of ALD cycle numbers.
The spectra shown in Figure 4b reveal that for ALD cycle
numbers of less than 400, a weak Ni 2p,, signal is detected
that increases with decreasing ALD cycle number and
simultaneously shifts to lower binding energies. This could
indicate a higher Ni** fraction for the coated particles but
seems more likely due to potential gradients and thus energy
calibration-related issues (see discussion below). With XPS
alone, it is not clear whether the coating layer is too thin at
lower ALD cycle numbers or whether a particulate coating is
the reason that nickel signals can be observed. In this context,
the results derived from TEM/STEM analysis are helpful,
showing that 400 ALD cycles lead to a coating thickness of
about 17-22 nm. This agrees reasonably well with a growth
rate of 0.057 nm/cycle derived from a planar reference.
Assuming a conformal growth process and a constant growth
rate of 0.057 nm/cycle, the ALD process should theoretically
lead to layer thicknesses of 2.85 nm (for 50 ALD cycles), 5.7
nm (for 100 ALD cycles), 11.4 nm (for 200 ALD cycles), and
22.8 nm (for 400 ALD cycles), respectively. Since substrate
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signals are weak for the sample coated with 200 ALD cycles
and vanish for higher cycle numbers (see Figure 4b), a
relatively conformal layer growth and a relatively dense coating
layer can be assumed.

Sample preparation and measurement procedure for the
NCM particles are straightforward, making XPS a fast and
relatively simple analytical tool to examine CAM coatings. In
contrast, it should be noted that the evaluation itself is often
not straightforward and requires knowledge and expertise from
the operator to avoid misinterpretation. Especially energy
calibration is crucial for battery materials and can easily lead to
misinterpretations if not done correctly. Coated CAMSs, for
example, mostly correspond to an alkali-metal-containing,
electronically conductive material covered by an insulating
layer. For this reason, differential charging effects and potential
gradients must be taken into account, which can lead to
relative shifts in the energetic signal position of the different
components and will thus influence the energy calibration
procedure. ™" The commonly applied calibration in relation
to the signal of adventitious carbon can therefore easily be
misleading. Accordingly, it is not sufficient to calibrate all
spectra to the C—C signal contribution at 284.8 eV if it is not
clear to which material component/layer this signal belongs to.
The suitability of the energy calibration procedure should
therefore be verified with other signals of the same compound
to exclude the aforementioned detrimental effects.

Raman Spectroscopy. Among the presented methods for
material characterization, Raman spectroscopy can be consid-
ered a particularly fast and nondestructive approach for the
vibrational characterization and identification of materials.
Raman spectroscopy can easily be applied to battery
materials”** in general, and also to coated CAM particles.
However, it turns out that Raman spectroscopic analysis of
materials relevant for high-performance LIBs and SSBs is only
in few cases successful. Uncoated CAM particles with a size in
the range of several micrometers often consist of multiple
crystalline primary particles with grain boundaries and pores
between them. The diameter of a laser spot on the sample in
conventional Raman experiments is at best given by the
diffraction limit of half the excitation wavelength. However,
considering that it usually is in the order of 1-5 um in
diameter, Raman spectra measured on CAM particles will
always reflect averaged vibrational properties of several primary
particles, their surfaces, and grain boundaries. In addition,
state-of-the-art CAMs are usually (transition)-metal-oxide solid
solutions containing several different (transition) metals
leading to rather broad Raman features, which may
significantly depend on the actual composition of the alloy.
The vibrational characteristics of different positive and
negative electrode materials, experimental requirements, and
the interpretation of the Raman spectra obtained can be found
in a review by Julien and Mauger as well as references
therein."® A recent trend in research on CAMs is to employ
single-crystalline CAM particles in composite cathodes.*”*"
Employing single-crystalline primary particles will increase the
potential of Raman spectroscopy for the characterization of
CAMs significantly.

Going from uncoated CAM particles to coated ones,
vibrations originating from the coating material arise at the
expense of those originating from the surface of the CAM
particles. The capability of Raman spectroscopy for coating
characterization, in general, strongly depends on the
composition and structure of both the CAM and the coating.

https://doi.org/10,1021/acsaem. 1c01255
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Both components determine the position of the individual
modes and the corresponding scattering cross section. If
Raman modes originating from the coating material can be
distinguished from those originating from the CAM, the
method provides a powerful tool for structurally characterizing
the coating material with little sample preparation prior to the
experiment unlike, eg, in the case of TEM. However,
characterization of amorphous coatings on CAMs by Raman
spectroscopy may prove difficult as the corresponding spectra
consist of very broad features impeding detection against a
background, unless more sophisticated approaches for signal
enhancements are followed.”

The intensities of individual Raman spectra obtained by
mapping over the different powder surfaces have been
averaged, and these average Raman spectra are depicted in
Figure Sa. The Raman spectra of uncoated and coated
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Figure 5. (a) Raman spectra obtained from mapping over four
different powder samples. The intensity measured on individual spots
was averaged and normalized for comparison, (b) Boxplot depicting
the statistical distribution of the central wavenumber between
different measurement spots on the powder surface. The white
boxes represent the average central wavenumber, while the black
horizontal lines within the colored boxes represent the median central
wavenumber. The green bar represents the range in which the central
wavenumber of the mode in Raman spectra of the amorphous TiO,
powder was found.

NCM622 show comparably broad modes between 400 and
700 ¢m™". This is in line with Raman spectra of discharged
NCM materials published in the literature.® A thorough
analysis of the lattice dynamics in NCM materials, as well as
systematic experimental studies still seem to be missing.
Furthermore, challenges like, e.g, mode broadening due to
compositional variations among individual primary particles or
softening of & selection rules at smaller scales complicate the
interpretation of Raman spectra of NCM materials. A
qualitative comparison with Raman spectra of NCM622>%%
and other NCM materials®“***" published in the literature
shows a good agreement. For comparison, measured Raman
spectra of an amorphous TiO, powder are also shown in
Figure 5a making use of the knowledge provided by the TEM
studies that the TiQ, coating on the coated NCM particles
studied is amorphous. Amorphous TiO, reveals comparably
broad modes at around 170, 430, and 610 cm™' (see the
Supporting Information in ref 55).

There are two qualitative differences between Raman spectra
of uncoated and coated NCM622 powders. While the position
of the most prominent peak is at approximately 540 cm™ for
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the uncoated NCM, the Raman spectra of both coated NCM
powders show a shift of this peak to higher wavenumbers.
Furthermore, the spectra of the uncoated NCM sample exhibit
a photoluminescence background in contrast to the spectra of
the coated NCM samples. This finding suggests that the TiO,
coating suppresses photoluminescence.

The Raman spectra of the coated and uncoated NCM do
not show distinct features due to the coating in this case.
Furthermore, conclusions regarding the characterization of the
coating are difficult to deduce from a qualitative comparison of
single spectra only. Note that the spectra shown in Figure Sa
are average intensity values from multiple measurement spots
on the powder surface. Also, the aforementioned shift of the
most pronounced mode toward higher wavenumbers observed
in Raman spectra of coated NCM622 particles is barely visible
to the unaided eye. To analyze the experimental data in this
respect more quantitatively, this mode was fitted with a
Gaussian in all of the Raman spectra obtained from different
positions on the powders after the background was subtracted.
A boxplot depicting the statistical distribution of the central
wavenumber of the dominant NCM mode as well as the
wavenumber range, in which the mode at around 610 cm™!
was observed in Raman spectra of amorphous TiQ,, is shown
in Figure Sb. The scattering of the mode position in Raman
spectra of both, the uncoated and coated NCM, demonstrates
the expected degree of inhomogeneity of the NCM solid
solution. It also highlights the importance of reliable
measurement statistics regarding the experimental data as the
center position of the mode could easily vary by more than 20
cm™ between different spots on the sample. However, average
(white box) and median (solid line within box) mode position
are different for spectra of coated and uncoated NCM
particles. The corresponding shift is clearly visible in Figure
5b. Thus, an impact of the TiO, coating on the surface of the
NCM622 particles is observable in the Raman spectra despite
the lack of distinct signals of amorphous TiO, in the spectra.
The lack of distinct TiO, features supports the conclusion that
the TiQ, coating is amorphous as crystalline TiO, phases yield
distinct signals and possess large Raman cross sections.™®

With the use of reference samples, Raman spectroscopy can
not only provide chemical but also structural information
regarding the TiO, coating, For other coating materials, this
might not be the case as a very important requirement is that
the examined coating has Raman-active vibrations.

Mass Spectrometric Imaging by ToF-SIMS, ToF-SIMS
has been used yet only in a few publications dealing with
battery materials and mostly not pushed to its limits. However,
some nice results can be found in the literature. For instance,
Li et al. imaged the surface and cross sections obtained by Cs*
sputtering of NCM71515 particles to investigate the interphase
between CAM and a nonaqueous electrolyte and the influence
of the carbon black additive.”” Bessette et al. combined FIB-
SEM with ToF-SIMS to analyze the cross sections of NCM332
particles and show the Li distribution before and after cycling.
Yamagishi et al. investigated and showed the Li distribution in
NCA LPS ASSB using the same approach but with operando
ToF-8IM8.**

For coating identification, surface spectra of coated and
uncoated NCM particles could be measured and the signal
intensities of the coating layer mass fragments can be
compared. If the sample surface is covered with contami-
nations, sputter cleaning must be performed in advance, ideally
with an argon cluster gun to enable a gentle cleaning process

https://doi.org/10,1021/acsaem. 1c01255
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Figure 6. (a) ST image of the summation of **Ti",""Ti*, and **Ti* from the cleaned 45° FIB crater wall. (b, c) ST images of °Li* and "Li* and **Ni",
respectively. (d) Ton-induced SE image of the imaged FIB crater wall. (e} Overlay of the Ni* (blue) and Ti" signal (red). (f) Overlay of (d) and (e).

and to avoid ablation of the coating layer. The same applies for
surface imaging. With both approaches, only the presence of a
coating can be proven by corresponding fragments, but no
information about the coverage of the entire secondary particle
is accessible. The analyzed surface has to be ideally very
smooth, otherwise topography effects play a huge role.

Because of its relatively high lateral resolution and
sensitivity, ToF-SIMS is a suitable technique to visualize the
coating and to gain some chemical information compared to
spectroscopic methods.*" In contrast to XPS, the chemical
state of the coating cannot be determined by SIMS, but
different ions/fragments can indicate components or changes
of the chemical environment, for example, after battery
cycling”' In comparison to other analytical methods, the
challenge for ToF-SIMS analysis already starts at the sample
preparation level (see Figure S6). Powders are not easy to
handle, as the risk of single particles flying into the
differentially pumped analyzer has to be avoided. Therefore,
different preparation approaches were tested and the most
suitable one is presented here. For the most promising
approach, the coated CAM particles were embedded in a
Technovit 4004 and analyzed with delayed extraction imaging
mode. During depth profiling, different sputter rates were
observed for the CAM particles and the embedding material
(differential sputtering). Therefore, the mixing ratios of the
two-component epoxy resin Technovit 4004 were varied to get
as close as possible to the CAM particle sputter rates (see
Supporting Information 87). Because of the electronically
insulating properties of the Technovit matrix, the secondary
ion intensity dropped to 0.9% of the intensity of nonembedded
particles. As differential sputtering could not be completely
avoided, we consider depth profiling of the CAM particles to
be not ideal.

For the most suitable mixing ratio, a 45° FIB crater sidewall
was prepared and subsequently analyzed in delayed extraction
imaging mode, After core milling, the crater sidewall shows a
strong curtaining effect, which was reduced by a fine milling
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approach using the Bi liquid metal ion gun (LMIG) in DC
mode.”" These fine milling steps were also necessary to remove
a thin Technovit layer on top of the particles, which probably
forms during FIB crater preparation due to melting and/or
redeposition of Technovit. The cleaning procedure was
performed in several steps, and the crater sidewall was imaged
after every step to monitor the cleaning process. Too many
cleaning steps damaged the coating and led to a wide
distribution of the coating signal. The best results were
achieved after a cleaning time of 8 min and are shown in Figure
6. The Ti* signal was used to represent the coating
(summation of ¥Ti*, *'Ti", and *Ti"). In the secondary ion
(SI) image, Ti" circles can be seen very well. Li” (summation
of “Li" and 7Li') and **Ni were used to visualize the CAM
particles. In the secondary ion overlay image, the Ti" signal
(red) is clearly visible around the NCM secondary particle
edges (Li" blue). Overall, ToF-SIMS enables the visualization
of the coating around multiple secondary particles together
with chemical information, unlike TEM where the coating
homogeneity can only be examined on single primary particles.

It must be noted here that the ionization probability for Ti"
is not particularly high in comparison to, e.g, organophosphate
coatings, which can be easily detected and visualized by ToFE-
SIMS but are not stable, for example, in TEM measurements.”’
The ionization probability in positive- and negative-ion modes
as well as potential mass interferences strongly depend on the
coating material used. Thus, the experimental settings required
for optimum results must be systematically and individually
optimized for different coating materials.

LEIS—What Is Really on the Surface? With the
knowledge gained up to this point, and considering the
uncertainties from the previous analytical methods, LEIS
appears to be the perfect method to complement the set of
analytical information for characterizing CAM coatings. While
Raman spectra, XPS, TEM and SIMS results did not provide a
clear evidence of whether the coating is dense and fully
covering, LEIS can answer this question. The spectra shown in

https://doi.org/10,1021/acsaem. 1c01255
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Figure 7a highlight the surface sensitivity of LEIS. Both the
spectra of pristine NCM and coated NCM (after 100 ALD
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Figure 7. (a) LEIS surface spectra of TiQ,-coated NCM622 particles
(100 ALD cycles) after several cleaning steps with the argon sputter
gun. (b) Comparison of the cleaned surface signals of all coated
NCM622 particles and atomic distribution at the surface for all coated
NCM622 particles calculated from the spectra shown in the table. (c)
LEIS depth profile of TiQ,-coated NCM622 particles (50 ALD
cycles).
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cycles) showed virtually no coating and/or NCM signal, which
can be attributed to carbon and hydrogen contaminations on
the surface formed by hydrocarbon condensation during
sample preparation in air. After a short sputter time, the
coating signals become more and more visible and reveal the
presence of Cl atoms at the surface, as already indicated by the
SEM/EDX measurements. These Cl-based contaminations
could have two origins. First, the Cl could originate from the
precursor, namely, TiCl, It is possible that some of the
precursor molecules are adsorbed inside the pores of the
secondary particle and were not completely removed during
the purging step. Second, HCl is formed during the reaction of
TiCl; and H,O. NCM is highly reactive to HCI and the
transition-metal chlorides formed are not volatile and thus are
not removed during purging. Unlike ToF-SIMS, LEIS does not
show a matrix effect, which allows the comparison of the
element-specific counts and quantitative information on the
surface composition to be obtained by considering the
substrate surface signals (see Figure The).”

Ideally, the number of atomic layers deposited by ALD
should not lead to a different surface composition, Assuming
similar measurement conditions (e.g, focal plane) and a
comparable surface morphology of the samples, all signal areas
should be the same. However, surface roughness and/or
contaminations can reduce the intensity of surface signals.
Additionally, it should be noted that the z-height was adjusted
manually for every sample, which can lead to slight differences
between the samples and can influence the gain of back-
scattered ions. This can explain the differences in intensity for
the samples shown in Figure 7. Figure 7c shows LEIS spectra
of coated NCM (50 ALD cycles) as a function of several
sputter cycles. Initially, no surface signals from the substrate
(Mn, Co, Ni) are visible at all, and the only metal detected is
Ti. With increasing number of sputter cycles, the Ti surface
signal shrinks and Mn, Co, and Ni surface signals develop (40
sputter cycles). Finally, after 250 sputter cycles, almost the
entire coating layer is removed and only NCM signals are
visible. This clearly shows that already 50 ALD cycles are
sufficient to completely cover the entire NCM secondary
particle surface with a TiO, layer.

From these results, it is clear that LEIS provides unique
information about the outer surface at the atomic level that
cannot be obtained by other analytical techniques. The
extreme surface sensitivity allows us to judge precisely the
coverage of the CAM with a coating material, even for very
thin coating layers. However, a complete characterization of
the coating (i.e., its composition and microstructure) can only
be obtained by combining LEIS with other analytical
techniques. LEIS measurements alone are only useful when
the outermost atoms are to be examined and neither the
coating thickness nor the chemical composition are of
importance, Since lighter coating elements (m < 16 u) give
less intense signals than heavier elements, coating materials
with low fractions of light elements on the surface (less than
19) might be difficult to identify.

The comprehensive analysis of a CAM coating demon-
strated in this work is only the first step on the way to
improved CAMs. Accordingly, the next step must be a
combined study on the influence of coating thickness,
composition, and microstructure on the electrochemical
performance of CAMs to enable the development of advanced
functional CAM coatings. Surely, LEIS can play an important
role in this context.

https://doi.erg/10.1021/acsaem. 101255
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Bl CONCLUSIONS

In this work, several analytical methods such as SEM/EDX,
STEM/TEM/EDX, FIB-SEM, XPS, Raman spectroscopy,
SIMS, and LEIS have been applied to fully characterize the
TiO, protective coating deposited by ALD on NCM622. We
demonstrate that only the combination of several analytical
methods offers a comprehensive picture. Therefore, imaging of
the coating morphology (SEM, STEM, FIB-SEM) was
supplemented by chemical composition/phase composition
analysis (XPS, Raman spectroscopy) and imaging mass
spectrometry (ToF-SIMS) as combined tool for visualization
of morphology and chemical composition. Ultimately, the
topmost (atomic) surface layer of the coated NCMs was
analyzed by LEIS. Beside the coating elements, small amounts
of unwanted precursor residuals and related side products were
identified on the CAM surface, which have to be considered in
the next step when evaluating the cycling performance. For
better comparison, the various analytical methods used are
listed in Table 1 together with a brief summary of the

Table 1. Overview of the Used Methods and the Standard
Information They Can Provide

coating chemical
method  structure  thickness  information specialty
SEM/ v V/(FIB) X good for a first look
EDX
STEM/ v V(TEM % STEM-EDX to visualize
EDX lamella) coating

TEM \/ x \/ * only primary particles are
visible, crystallinity of
coating

oxidation state + some
thickness information

XPS x \/x \,/

Raman 4/ % \," not much experimental
effort needed for structural
information

STMS Vx o ox Wx imaging can show
differences before and
after cycling (degradation)

LEIS x VX

{covering)

surface composition and
covering of the coating
accessible

“Chemical information can be obtained with STEM-EELS, which was

not performed but is possible,

information they can provide, assuming state-of-the-art equip-
ment. Considering additionally Figure 1, the analytical limits
and specialties of the methods used can be seen. We would like
to emphasize here that the success of the measurements with
the various methods strongly depends on the examined
material system. Accordingly, non-Raman-active coatings,
coatings with poor ionization probabilities, coatings with
strong charging effects, and/or coatings with high fractions of
light elements or elements with similar masses compared to the
CAM will pose severe problems depending on the analytical
method used. Overall, our results and the experience gained
through this work can be summarized in the following
statements:

1. SEM/EDX is helpful to check whether a deposition was
successful in general. It must be considered that the
electron beam can initiate electrochemical reactions and
degradation processes resulting in a continuously
changing sample.

2. The grinding approach for TEM analysis is quite
challenging due to the high number of uncoated primary

ni7

[

=~

[

particles, but the coating thickness can easily be
determined if a coated primary particle is found.
Additionally, the crystallinity of the coating can easily
be checked in this way.

. When using FIB preparation approach for STEM

analysis, the CAM should always be covered with a
protective layer (e.g, Pt) to protect the coating layer
itself. The protection layer(s) can induce projection
artifacts, which can be compensated by SEM analyses or
using STEM/EDX to localize the coating elements in
the STEM image.

The material contrast in BSE images might be poor
depending on the mass differences between coating
material and CAM. EDX analysis can help here to
localize the coating. In the case of FIB cross sections, it
should be noted that a strong contrast in the interfacial
region can also result from material redeposition effects
caused by the FIB milling process. To distinguish
between the actual coating and the redeposited layer,
checking the layer thickness can be helpful, since
redeposited layers are typically much thicker than
coatings.

. For XPS measurements on coated CAMs, detrimental

effects such as differential charging and potential
gradients must be taken into account to avoid a
misleading energy calibration. If the energy calibration
is performed correctly, XPS can be used to determine
the binding energies and thus the chemical state for the
coating elements.

Raman spectroscopy can be used in combination with
reference samples as a relatively fast method to check
whether the coating process was successful. A basic
requirement for this is that the coating material shows
Raman-active vibrations.

. For ToE-SIMS measurements, it is recommended to

embed the CAM particles and create a FIB crater before
the actual measurement to avoid differential sputtering
and coating destruction during depth profiling. It is
important to check whether the secondary ion signals
from the coating can be better detected in positive- or
negative-ion mode. Additionally, mass interferences
must be considered in this context to find the more
suitable measuring mode. Several cleaning steps of the
crater sidewall should be performed to monitor the
cleaning process in detail and to avoid removal of the
coating. Overall, ToF-SIMS allows for visualization of
the coating around several secondary particles at once
together with chemical information.

. LEIS is the only analytical method that can determine

the outermost surface composition on an atomic scale
and quantify the coverage of coatings. It must be
considered that lighter elements are harder to detect
than heavier elements (Li needs pulsing of the primary
ion beam). LEIS has no matrix effect, which allows for
quantification of the surface composition.

Finally, we want to point out that not all analytical
methods are suitable for every coating material, e.g., due
to poor ionization probabilities, non-Raman-active
vibrations, to name a few. Accordingly, each coating
may require its own analytical approach.

https://doi.org/10,1021/acsaem. 1c01255
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B EXPERIMENTAL SECTION

TiO, Coating by ALD. For the optimization of the ALD process
of Ti0,, the deposition process was first adjusted on $i(100) wafers
(Siegert Wafer, Aachen, Germany) with a 275 nm SiO, layer
thermally produced by the manufacturer, and on SiO, particles
(LiChrospher Si 100) (MZ Analysetechnik, Mainz, Germany, 5 ym
diameter). Finally, LiNigsCop2Mny,0, particles (NCM622 (BASF,
Germany)) were coated in an ALD system R-200 (PicoSun Oy,
Masala, Finland). A powder sample holder from PicoSun and the
PicoflowTM Diffusion Enhancer were used. TiCl, and H,O were used
as precursor A and precursor B, respectively. The sample temperature
was 150 °C, and the pulsing times of precursor A and B were 0.1 and
3.0 s, respectively. A purge time of 30 s after every pulse was used, and
the number of cycles was between 50 and 400.

Scanning Electron Microscopy/Energy-Dispersive X-ray
Spectroscopy. Images of the morphology of the particles before
and after deposition were acquired in a high-resolution SEM (Merlin
Zeiss, Oberkochen, Germany). The NCM particles were fixed with
conductive double-sided adhesive carbon tabs. Imaging was carried
out with the in-lens and SE2 secondary electron detectors at an
accelerating voltage of 4 kV. The homogeneity of the coating
regarding the local element distribution was examined by EDX
(Oxford Instruments, U.K.) with an X-Max 50 detector at an
accelerating voltage of 7 kV.

Focused lon Beam Scanning Electron Microscopy. Cross
sections were prepared with a Xeia3 GMU (Tescan GmbH, Brno,
Czech Republic) Xe plasma focused ion beam scanning electron
microscope (FIB-SEM) at a xenon beam energy of 30 kV. The NCM
particles were fixed with conductive double-sided adhesive carbon
tabs. Before cross-sectioning, a suitable particle was selected in the
secondary electron image. A thin layer of platinum was first deposited
by electron beam deposition followed by a thicker layer of platinum of
about 2.5 gm by ion beam deposition (Xe, 3 kV) to protect the
surface. The cross section was cut and polished in one step (Xe, 30
kV). The sample transfer was carried out with the Leica EM VCTS00
(Leica GmbH, Wetzlar, Germany) transfer system.

Transmission Electron Microscopy. To get information about
the TiO, layer thickness, the coated NCM622 particles got dispersed
in ethanol, fixed on carbon-coated copper tape, and were dried in air.
Images were taken with a Philips CM30 transmission electron
microscope (Philips, Amsterdam, Netherlands) operated with an
acceleration voltage of 300 kV.

Scanning Transmission Electron Microscopy (STEM), STEM
imaging and EDX (energy-dispersive X-ray) analysis were performed
at Marburg University in a double aberration-corrected JEOL JEM-
2200FS TEM (JOEL Ltd, Akishima, Japan) equipped with EDX
system, The microscope was operated at 200 kV, Unlike the sample
prepared for TEM analysis, the sample for STEM analysis was
prepared using a JEOL JIB-4601F Multi beam SEM/FIB (focused ion
beam). A secondary particle as shown in Supporting Information S4a
was selected for the sample preparation. First, a tungsten layer of
about 30 nm thickness was deposited using the electron beam, This is
to protect the surface from coming into direct contact with the Ga-ion
beam. Then, a carbon layer of around 200 nm thickness was deposited
using the Ga-ion beam at 30 kV choosing an ion beam current of
about 10 pA. Afterward, a tungsten layer of about 3 um thickness was
deposited using the Ga-ion beam at 30 kV with an ion beam current
of about 1 nA. Such a preparation has proven to be useful for high-
resolution STEM imaging for the analeis of primary particles located
in the interior of secondary particles,****

X-ray Photoelectron Spectroscopy. XPS measurements were
carried out with a PHI VersaProbe II instrument (Physical Electronics
GmbH, Feldkirchen, Germany). The NCM powders were measured
in Teflon cups and fixed with electrically isolating adhesive tape. The
powders were transferred into an airtight transfer vessel under an
argon atmosphere. Charge neutralization was carried out with the
electron and ion gun. Monochromatic Al Ke radiation was used for
analysis (1486.6 V). The power of the X-ray source was 100 W, and
the beam voltage was 20 kV (high-power mode). The examined area
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was 1 mm?. For the survey spectra, a pass energy of 93.5 ¢V, and for
the detail spectra, a pass energy of 23.5 eV were applied. The pressure
during analysis was in the range of ~5 X 107" Pa. For data evaluation,
the software CasaXP$ (version 2.3.18, Casa Software Ltd.) was used.
All data were calibrated in relation to the signal of adventitious carbon
at 284.8 eV. A Shirley background and Gauss-Lorentz (GL (30)) line
shapes were applied for data evaluation,

Raman Spectroscopy. Raman measurements were conducted on
uncoated NCM622, TiO,-coated NCM622 after 200 and 400 ALD
cycles, and amorphous TiO, powder. The powders were transferred
into an airtight sample holder under an argon atmosphere from the
glovebox to the Raman spectrometer, Raman spectra have been
measured in backscattering geometry through the uncoated fused
silica window (Edmund Optics, Barrington, United States) of the
sample holder. The uncoated window had a thickness of 3 mm and a
surface flatness of 1 A. The Raman setup consisted of a top-
illuminating bright-field microscope (Leica GmbH, Wetzlar, Ger-
many) with a 50X / 035 NA objective (Olympus) and a Renishaw
InVia Raman spectrometer (Renishaw plc, Gloucestershire, Great
Britain) equipped with a charge-coupled device camera providing a
spatial resolution <2 cm™". The intensity of the argon-ion laser with a
wavelength of 514 nm was <8 mW. A measurement routine for
Raman mappings was used in a way that the lateral spacing between
individual measurement spots on the surface of the particle
agglomerates was 8 gm in both directions. The acquisition time for
an individual Raman spectrum was 5 X 100 s at each measurement
spot.

Time-of-Flight Secondary lon Mass Spectrometry. Mass
spectrometric crater wall imaging was performed using a TOESIMS §
instrument (IONTOF GmbH, Miinster, Germany) equipped with a
25 keV Bi cluster primary ion gun for analysis and a 30 keV Ga FIB
gun. A 45° crater (100 gm X 80 pm, 20.20 nA, 700 ym aperture, 80
ps dwell time, 512 X 512 pixels, 1 cycle} was milled into particles
embedded in Technovit 4004 (Kulzer GmbH, Hanau, Germany), and
the 457 wall was analyzed after four cleaning steps (2 min with 20%
DC (0.13 pA) current 512 X 512 pixels each) with the primary ion

n.

ToF-SIMS imaging was performed on an M6 Hybrid SIMS
instrument (IONTOF GmbH, Miinster, Germany) equipped with a
30 keV Bi cluster primary ion gun. All ToF-SIMS measurements were
carried out in positive-ion mode because the comparison of surface
spectra in negative and positive modes showed that the intensity of
the relevant secondary ion signals in the positive mode was much
higher and mass interferences could be avoided. For crater wall
imaging, the liquid metal ion gun (LMIG) was operated in imaging
mode with the 200 ym beam defining aperture in combination with
the delayed extraction mode for the analyzer. The topography mode
of the analyzer was activated to increase the total ion count. Imaging
was carried out with 30 keV Bi,' primary ions (I = 0.394 pA) at a
cycle time of 45 yis and a chamber pressure of § X 107 mbar argon as
well as low-energy electron flooding for charge compensation. The
pixel resolution was 98 nm and the obtained mass resolution m/Am
@ FWHM 2996 for Ti* (#/z = 47.95 amu). The data evaluation was
carried out with the software SurfaceLab 7.1 (IONTOF GmbH,
Miinster, Germany).

Low-Energy lon Scattering. LEIS was performed with a Qtac!™
instrument (TONTOF GmbH, Miinster, Germany) equipped with an
electron ionization source to produce a noble gas beam (e.g, He,
Ne', and Ar") at the Imperial College in London. The primary ion
beam is oriented 90° to the sample surface and its energy can be
adjusted between 1 and 8 keV. The backscattered ions are analyzed in
a double toroidal analyzer (DTA) with improved detection limits and
mass resolution compared to conventional instruments.’’ The
instrument is also equipped with a low-energy argon sputter gun for
depth profiling or cleaning (0.2 keV, 200 nA) of the sample surface.
Surface spectra and depth profiles were carried out using He' (4 keV)
and Ne* (5—6 keV) as primary ions. The NCM powder was pressed
by hand in a shallow metal mold for analysis. Data evaluation was
carried out with the software SurfaceLab 7.1 (IONTOF GmbH,
Miinster, Germany).
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3.2Publication 2: “In-Depth Characterization of Lithium-Metal Surfaces
with XPS and ToF-SIMS: Toward Better Understanding of the Pas-
sivation Layer”

In publication 2 of this doctoral thesis the native passivation layer of different lithium sam-
ples, which are used as anodes in LIBs, were examined by ToF-SIMS, XPS and EDX.

With the chemical information provided by XPS and the depth resolution of ToF-SIMS
depth profiling a 3D model of the native passivation layer could be created. The native
passivation layer on all samples consists of a bi-layer, with a lithium carbonate and lithium
hydroxide phase present at the surface and lithium oxide underneath in contact with lithium
metal. The thickness of the passivation layer could be determined by ToF-SIMS depth
profiling and is for all samples in a few nanometer range but is heavily influenced by resid-
ual contaminations during storage and sample handling. The most important steps for a
comprehensive analysis are highlighted and attention was drawn to common pit falls, such
as the lithium plating during electron beam exposure, which lead to misinterpretation in
previous publications. Furthermore, the results show that due to the degradation of the
lithium samples in UHV and during argon sputtering only samples, which were analyzed
under the same conditions are comparable.

Overall, the results of the second publication provide a comprehensive analysis of the
native passivation layer of lithium samples with XPS and ToF-SIMS and elucidate the 3D
composition of it. Since complete understanding of the lithium substrate before applying
coatings is crucial, this work is a necessity for modifying LMAs with ASEIls to improve
battery cycling.

The experiments for this work were designed and planned by the first author S.K. Otto
under the supervision of A. Henss and J. Janek. The XPS experiments and data analyza-
tion were performed by the second author (Y. Moryson). J. Sann supported the XPS data
analyses. The first author performed the EDX and ToF-SIMS measurements and analyzed
the data. K. Peppler and A. Henss assisted the scientific discussion of the EDX and ToF-
SIMS data, respectively. The manuscript was written by the first author and edited by all
co-authors.

Reprinted with permission from Otto, S.-K., Moryson, Y., Krauskopf, T., Peppler, K., Sann,
J., Janek, J. & Henss, A. In-Depth Characterization of Lithium-Metal Surfaces with XPS
and ToF-SIMS: Toward Better Understanding of the Passivation Layer. Chem. Mater.
(2021), 33 (3), 859-867. doi:10.1021/acs.chemmater.0c03518 Copyright © 2021, Ameri-
can Chemical Society.
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ABSTRACT: To significantly increase the energy density of lithium-based
batteries, the use of lithium metal as an anode is an option despite all of the
associated challenges. Due to its high reactivity, lithium is covered with a
passivation layer that may affect cell performance and reproducibility of
electrochemical characterization. In most studies, this is ignored and lithium
metal is used without considering the passivation layer and carrying out a proper
characterization of the surface. Against this background, we systematically
characterized various lithium samples with X-ray photoelectron spectroscopy
(XPS), time-offlight secondary-ion mass spectrometry (ToF-SIMS), and
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complementary energy-dispersive X-ray spectroscopy (EDX), resulting in a

complete three-dimensional chemical picture of the surface passivation layer. On all analyzed lithium samples, our measurements
indicate a nanometer-thick inorganic passivation layer consisting of an outer lithium hydroxide and carbonate layer and an inner
lithium oxide-rich region. The specific thickness and composition of the passivation layer depend on the treatment before use and
the storage and transport conditions. Besides, we offer guidelines for experimental design and data interpretation to ensure reliable
and comparable experimental conditions and results. Lithium plating through electron beam exposure on electrically contacted
samples, the reactivity of freshly formed lithium metal even under ultrahigh-vacuum (UHV) conditions, and the decomposition of
lithium compounds by argon sputtering are identified as serious pitfalls for reliable lithium surface characterization.

B INTRODUCTION

The challenges of electrical energy storage and electrification of
transportation are the driving force behind intensive effort in the
development of improved lithium-ion batteries (LIB). Widely,
lithium metal is considered as a promising next-generation
anode material that could meet the demand for batteries with
higher energy and power density than commonly used LIBs.!
Therefore, lithium-metal anodes (LMAs) have attracted
extensive research interest due to its kinetics and morphol-
ogy.l_4 Still, the application of lithium anodes faces serious
challenges and problems, such as low coulombic efficiency,
morphological instability, poor cycle life, and safety issues, that
have not been solved yet." ™’

In this context, a number of previous reports as well as recent
papers emphasize the importance of precise knowledge on the
properties of the lithium surface and its passivation layer for
battery npplications_afw These reports mostly agree that the
passivation layer is crucial for the cell performance, as it
influences the reactivity toward the electrolyte.''™"* In 2003,
Naudin et al. summarized the known information in a surface
passivation model, assuming an outer layer of thickness 1-20
nm composed of Li,CO; and LiOH, as well as an inner Li,0
layer of thickness 10—100 nm.'® Mainly, X-ray photoelectron
spectroscopy (XPS), infrared (IR) spectroscopy, and Raman
spectroscopy were used as analytical methods,"'” More recent
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reports aim to understand the effects of the lithium passivation
layer and any surface contamination in more detail. For example,
Kamphaus et al. investigated the influence of Li,O, LiOH, and
Li,CO; surface passivation layers on the interfacial reactivity of
the LMA with XPS and ab initio molecular dynamics
calculations.'® Other authors studied the contamination of
LMA as a possible cause of dendrite formation.'” ™' Becking et
al. modified the surface film on lithium foils with a roll-press
technique producing a foil with a thinner and flatter passivation
layer, which showed superior cycling behavior. > Interesting
results on the reactivity and passivation layer of lithium were also
obtained in nonbattery applications, e.g., in magnetic fusion
energy reactors as a blanket material or as a nuclear reactor
coolant.™ > Additionally, patent specifications reveal that the
surface of commercial lithium metal is commonly prepassivated
to reduce corresion during storage and to increase safety. The
described methods include CO, gas treatments, wax or polymer
coatings, as well as treatments with phosphorous or fluorinating
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agents.” All of these reports complement the older model of a
LiOH and LiyCOj5 passivation layer on top of an oxide-rich layer
in contact with lithium metal, and they highlight that the
chemical nature, morphology, and thickness of the LMA
passivation layer influence the reactivity of lithium and the
later battery cell performance. Notably, these effects are often
not considered in publications targeting battery cell perform-
ance, where the LMA surface is usually not analyzed. In case the
pristine lithium metal surface is characterized, design and
interpretation of the analyses are often poor.

To advance the knowledge on lithium-metal surfaces, to
highlight serious pitfalls of analyzing lithium-metal samples and
to attract more attention to the surface state of LMAs, we
present here results from systematic XPS and time-of-flight
secondary-ion mass spectrometry (ToF-SIMS) analyses of
various lithium samples, which are commonly used for battery
applications. We reveal detailed information on the chemical
nature, composition, and spatial and depth distribution of the
passivation compounds. Energy-dispersive X-ray spectroscopy
(EDX) is considered as an additional nondestructive method to
gain more information about thicker passivation layers and bulk
regions. Along with the conclusions on the composition and
three-dimensional (3D) distribution of compounds in the
passivation layer, this multianalytical approach reveals informa-
tion about factors influencing the passivation layer and
demonstrates the potential and limitations of the different
techniques. We propose how the analytical techniques should be
combined to achieve maximum benefit from their comple-
mentary information content. Optimized experimental design,
including sample preparation, measurement options, and
reference analyses, as well as data interpretation as guidelines
for lithium metal surface characterization are suggested. We
believe that these factors are important for the understanding of
the underlying surface and degradation reactions, which is
essential for the characterization, handling, and successful
application of LMAs.

B EXPERIMENTAL SECTION

For highly reactive, air-sensitive samples such as lithium, reliable and
reproducible characterization is specifically challenging and requires
special precaution. Most importantly, samples have to be protected
from undefined changes through reaction with the gas phase on the way
to the analysis chamber. Therefore, sample transfer has to be performed
without contact with air atmosphere, but unwanted reactions are not
limited to the sample transfer and also occur inside the analysis
instruments. Therefore, we prepared, transferred, and analyzed all
samples which are directly compared under exactly the same
conditions, All preparation and sample handling were done in a
glovebox under argon atmosphere (p(H,Q)/p < 0.1 ppm, p(O,)/p <
0.1 ppm). As reference samples, LIOH (98 wt %), Li,O, (90 wt %),
Li,C04 (99.997 wt %), Li,O (97 wt %), and LiH (95 wt %) powders (all
Sigma-Aldrich) were characterized. Before analysis, the powders were
either compacted in a handpress or pressed to pellets {3t, 1.5 min).
Lithium foil 1 (>99.8 wt %, Albemarle Germany GmbH, former
Rockwood Lithium GmbH}, lithium foil 2 (>99.9 wt % Li, Honjo
Metal), and slices eut from a lithium rod (99.8%, abcr GmbH) were
investigated as lithium samples. They were analyzed as received
(direcﬂy out of the transport packages received from the suppﬁer) or
stored in closed plastic boxes under a glovebox atmosphere before
analysis.

XPS measurements were carried out with a PHI VersaProbe 1L
instrument (ULVAC-PHI, Inc.). All samples were transferred to the
instrument in an argon-filled transfer vessel. Monochromatic Al K,
radiation (1486.6 €V) was used; the power of the X-ray source was 50 or
100 W, and the beam voltage was 15 or 20 kV. The examined areas were

860

0.03 mm® or 1 mm”. For depth profiling, Ar* ions with accelerating
voltages between 1 and 4 kV were applied, using the following sputter
steps: (1) surface, (2) 3 min 1 kV, (3) 8 min 2kV, (4) 12 min 4kV, (5)
30 min 4 kV. For the survey spectra, a pass energy of 93.9 eV, and for the
detail spectra, a pass energy of 23.5 eV were used. Data evaluation was
carried out with the software CasaXP$ (version 2.3.18, Casa Software
Ltd). All data were calibrated in relation to the signal of adventitious
carbon at 284.8 eV or to the O Is lithium oxide signal at 528.5 eV if no
carbon was present. A Shirley background was used, and all spectra were
fitted with a GL line shape, except the asymmetric Li metal signal, where
an LF line shape was used. Lithium samples were electrically isolated
with nonconductive double-sided tape (tesa) for the measurements if
not stated differently.

ToF-SIMS measurements were conducted using a ToF.SIMS 5
instrument (IONTOF GmbH), which is equipped with a 25 kV Bi
cluster primary-ion gun for analysis and a 20 kV gas cluster ion beam
(GCIB), as well as a dual-source column with Ar™ and Cs* low-energy
guns for depth profiling. All samples were transferred from the glovebox
to the instrument with an argon-filled Leica EM VCT 500 shuttle (Leica
Microsystems). Depth profiles on lithium foils were measured in
spectrometry mode (bunched) and fast imaging mode (unbunched).
The spectrometry mode provides a high signal intensity and a high mass
resolution (40 000 cts/s, full width at half maximum, FWHM m/Am =
5000 @ m/z = 17.00 (OH™)), while the imaging mode allows better
lateral resolution (<500 nm, 20/80% definition). Count rates and mass
resolution are lower in imaging mode (20 000 cts/s, FWHM m/Am =
100 @ m/z = 17 (OH7)). Depth profiles in spectrometry mode were
acquired with Ar 55" cluster ions (10 keV, 10 nA, 300 X 300 gm?®) as
sputter species and Bi* (1.2 pA, 100 X 100 ym?) as primary ions.
Between two sputter frames, analysis was performed after 2 s of pause
time, in random raster mode, measuring two frames with 128 X
128 pixels and 1 shot/pixel. For depth profiling of the very surface, less
energetic Ay sg” (5 keV, 0.5 nA, 300 X 300 ym?) sputter ions and
sputter steps of § s were used. The analysis parameters remained the
same, For the depth profiles combined with analysis in imaging mode,
Arjs00” (10 keV, 10 nA, 500 x 500 gm?) sputter ions and Bi* (0.2 pA,
200 X 200 pm?) primary ions were used. After every sputter frame,
analysis was performed with 2 s pause time, in sawtooth raster mode,
measuring five frames with 1024 X 1024 pixels and 1 shot/pixel. The
cycle time for all measurements was 100 ys. All measurements were
carried out in positive- and negative-ion medes to compare the result.
Data evaluation was carried out with the software SurfaceLab 7.0
(IONTOF GmbH), For the ToF-SIMS analyses, grounded samples
without electron neutralization were measured if not stated differently.

EDX was done using a windowless XMAX EXTREME EDX detector
(Oxford Instruments), which is attached to a Merlin high-resolution
scanning electron microscope (SEM, Carl Zeiss AG). For sample
transfer, an argon-filled Leica EM VCTS00 shuttle (Leica Micro-
systems) was used. The clectron acceleration voltage was varied
between | and 5 kV, while the probing current was kept constant at
1 nA, EDX spectra were measured with a view field of 125 X 100 ym’,
using a resolution of 1024 pixels to scan three frames (pixel dwell time,
100 ps). For each sample and electron beam ecnergy, three
measurements at different areas were taken. The software AZtec 4.3
(Oxford Instruments) was used for automatic quantification of the
elements Li, C, and O in all spectra. X-ray emission depths were
calculated from simulations done with the software casino.”” The
samples were attached to the sample holder using nonconductive
double-sided tape if not stated differently.

B RESULTS AND DISCUSSION

EDX Analysis of Lithium Foil. To quickly obtain initial
information on contaminations as well as on the element
composition of the passivation layer, the lithium samples were
examined nondestructively with EDX. The method was also
applied to get qualitative information on the depth distribution
of the different elements by varying the SEM electron
acceleration voltage. A higher acceleration voltage causes deeper
penetration, and X-rays are emitted out of deeper sample
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regions. In Figure 1, the development of the elemental
composition as a function of the acceleration voltage is shown
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Figure 1. EDX static depth profile: determined atomic fractions of Li,
O, and C as a function of the electron acceleration voltage for a sample
of lithium foil 2 and calculated (casino) average generation depth of
detected Li K, emission in lithium for the applied voltages.

for lithium foil 2. Since the atomic fraction of Li increases while
the O and C fractions decrease with increasing acceleration
voltage, the oxygen and carbon content of the lithium foil is
higher in the upper region. To get an idea about the probed
depths, the average emission depth of the detected Li K, X-rays
was calculated for pure lithium metal (Figure 1) using the
freeware casino.”” As expected, the probed depth is much higher
than with surface-sensitive techniques such as XPS and ToF-
SIMS.

XPS Depth Profiling of Lithium Foil. With XPS,
quantitative element- and compound-specific information is
obtained within the detection limit of about 1 atom %. T'o enable
the identification of different compounds with their specific
binding energies, it is necessary to measure reference samples.
Even though many authors have reported the binding energies
for common lithium compounds, it is essential to determine the
binding energies for the specific XPS instrument as the values
vary due to charging.” Figure S1 shows the binding energies of
the reference compounds LiOH, Li,CO;, Li,O, and Li,O,, as

well as of that of lithium metal for our XPS measurements.

Depth profiling of the reference compounds was performed to
remove the possibly contaminated surface and to evaluate the
stability of the compounds against Ar* sputtering (S1, S3).
Importantly, LiOH and Li,COj; partly decomposed to Li,O,
which needs to be considered for the following interpreta-
tion. 2520

To complement the EDX results for the lithium samples, we
performed XPS depth profiles that provide information about
the probed lithium species and their qualitative depth
distribution. The XPS spectra obtained for the depth profile of
lithium foil 1 are shown in Figure 2a. All observed signals are in
accordance with previous reports showing hydroxide and
carbonate on an oxide-rich region, which is in contact with
lithium metal.>' ™ This observation indicates a passivation
bilayer on the lithium foil. A more detailed discussion is given in
52. We emphasize that the composition of the sample is changed
to some extent by sputtering (see $3) and that this change must
be considered when interpreting the measurement results. As a
consequence, conclusions can only be drawn based on a
semiquantitative comparison of different samples, as discussed
for an example later in this paper. Besides, it is important to note
for the interpretation of all lithium spectra that one can exclude a
major fraction of lithium metal, if plasmon-loss features are not
observed. This is not always taken into account in the literature
and will then lead to incorrect conclusions.™

The XPS signals for the different species were fitted using area
constraints, which were calculated from the relative sensitivity
factors (RSF) of the elements and the stoichiometry of the
compounds. Binding energy constraints were set with respect to
the relative positions of the reference spectra. The profile of the
calculated fractions of elements and compounds for lithium foil
1 with increasing depth is shown in Figure 2b,c. It is important to
note that the shown sputter steps do not scale linearly with
sputter time or even sputter depth, but were chosen to show the
qualitative depth distribution of all compounds. Initially, low
energy and short time were used to detect changes within the
passivation layer, followed by higher energy and longer time to
evaluate deeper regions of the sample.
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Figure 3. (a) ToF-SIMS depth profiles of as-received lithium foil 1 measured in spectrometry negative-ion mode. As sputter species, argon cluster ions
with a size of 1500 atoms and energies of 10 or 5 KV were used to sputter deeper into the sample or to study the passivation layer in detail, respectively.
(b) ToF-SIMS overlay images of lithium foil surfaces and the corresponding images after depth profiling, which show contaminations in addition to the
passivation layer. (¢) 3D reconstruction of a depth profile of lithium foil 1. The depth was calculated assuming a constant sputter rate of 0.50 nm/s.

ToF-SIMS Depth Profiling of Lithium Foil. Although the
main elements, compounds, and qualitative depth distribution
of the passivation layer on the lithium samples could be
identified by XPS depth profiling, the lateral and depth
resolutions of XPS analyses are rather low. In addition, the
sensitivity toward lithium is low and hydrogen cannot be
detected at all. Therefore, we applied ToF-SIMS to take
advantage of its higher sensitivity, as well as of its superior lateral
and depth resolution to get more information about the three-
dimensional distribution of the different compounds. Due to
matrix effects, the ToF-SIMS results are only semiquantitative
and not inherently compound-specific. Therefore, we also
investigated reference samples to identify specific secondary
ions (Sls) for the different lithium compounds. The selection of
the specific STs is discussed in S4. Even by using reference
spectra, the assignment of the chosen Sls for the interpretation
of the depth profiles of lithium foil is not straightforward. An SI
may be specific for the compound within the set of reference
samples, but not in another chemical environment. Possible
sources of error—besides the mentioned matrix effect—are
decomposition processes, undefined contaminations, and mass
interference. Therefore, all our interpretations are based on
combining XP§ results with signal developments in the ToF-
SIMS depth profiles. In addition, we always considered groups of
different SI signals rather than single SIs.

Figure 3a presents the ToF-SIMS depth profiles of a sample of
lithium foil 1. The profiles match with the XPS results, showing
that the passivation by oxide formation (typical SIs: 07, LiO~;
Li without further note is "Li) reaches deeper than passivation
by carbonate (typical §1: CO;”) or hydroxide formation (typical
SIs: OH~, LiO,H"). This supports the picture of a bilayered
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passivation structure. LiH was not identified as a component of
the passivation film with XPS, but the ToF-SIMS depth profiles
show an increased intensity of typical hydride Sls (LiH, ") after
the first sputter cycles. As discussed above, this is no unequivocal
proof for the presence of LiH, but we take it as an indication of
its presence. Further evaluation of typical ToF-SIMS signals of
lithium compounds will be necessary to answer if LiH is a
compound of the passivation layer. This will be part of future
work. Interestingly, all signal intensities in the ToF-SIMS depth
profiles decrease at high sputter doses. As XPS depth profiling
shows increasing amounts of lithium metal with a higher sputter
dose, this observation indicates that there are no SIs that are
typical for lithium metal (i.e., the ionization probabilities of all
Sls are lower in lithium metal than in lithium compounds). This
is also the case for lithium cluster ions such as Li,~ and “LiLi~ or
element ions like “Li~ and Li~. Generally, the same information
as in the negative-ion mode can be extracted from depth profiles
measured for positive polarity (shown in §5). However, the
negative-ion mode provides more chemical information as there
are less specific and meaningful signals in the positive ToF-SIMS
spectra.

From the depth profile shown in Figure 3a, the thickness of
the passivation layer was calculated using a sputter rate of 0.50
nm/s (see S6 for discussion of the sputter rates determined from
profilometry results). The inflection points of the OH™ and O~
signals were used as indicators for the end of the upper
carbonate/hydroxide and oxide passivation layers, respectively.
Based on these assumptions, the upper carbonate/hydroxide
passivation film is only 2 nm thick. Including the oxide-rich
region, the thickness of the complete passivation layer sums up
to about 3 nm. In the literature, thicknesses between tens and
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Figure 4. (a) Comparison of the calculated fractions of compounds for the XPS depth profiles of lithium foil 1, lithium foil 2, and sliced lithium rod. (b}
ToF-SIMS depth profiles for the same lithium samples measured in spectrometry negative-ion mode, Evolution of the O~, LiO,H ™, and CO; ™ signals is
presented to compare the thicknesses of the oxide, hydroxide, and carbonate passivation film, respectively.

hundreds of nanometers are reported.'>'“** This wide range is
surely caused by the different pretreatment and history of the
analyzed lithium foils, as well as by the used methods, the
experimental design, and the assumptions made for depth
calibration. In comparison to the literature, especially the
thickness we determined for the oxide-rich region is quite low.
Also, regarding the XPS measurements that show no oxide signal
before sputtering, common estimations would result at least in a
thickness of 6 nm for the upper hydroxide and carbonate
passivation layer. This calculation is based on an inelastic mean
free path for electrons (1) of 2 nm®® and 95% of the detected
XPS signal coming from the depth up to 34. However, several
factors like surface contamination, decreasing signal intensity
from growing depth, low XPS$ sensitivity toward lithium, and the
error range of the values taken for the interpretation of XPS and
ToF-SIMS measurements influence the results. Therefore, we
believe that our ToF-SIMS results give a good representation of
the investigated samples and show the passivation film thickness
with an error range of few nanometers.

ToF-SIMS Imaging of Lithium Foil. To access lateral
information on the passivation layer, we measured depth profiles
of the lithium foils in the imaging mode. Figure 3b,c shows the
overlay images and a 3D reconstruction, respectively. The raw
images are presented in §7. The images show that most areas of
the lithium foils were homogeneously covered by a passivation
layer with the sequence indicated by the XPS and ToF-SIMS
spectrometry depth profiles. In some regions, additional
contaminations were detected. The contaminations were
enriched in spots or lines, with the latter being most Likely
grain boundaries. These observations add local contaminants to
the simple layered passivation model. We note that the outer
sample surface is homogeneously covered with adsorbed
hydrocarbons, which have to be removed by sputtering before
the contaminations can be detected.

Combined Analyses of Lithium Samples. To find the
factors influencing the lithium surface passivation film and how
the effects can be investigated best with the used character-
ization methods, two further samples were investigated. First, a
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second commercial lithium foil, which was stored longer in a
closed plastic box under a glovebox atmosphere (p(H,0)/p <
0.1 ppm, p{0,)/p < 0.1 ppm) before analysis (lithium foil 2),
was analyzed to find the potential differences between different
commercial lithium surfaces and to investigate the influence of
storage. Second, a piece of a freshly sliced lithium rod was
prepared to analyze a lithium surface without any commercial
prepassivation, All of these samples are representatives for
lithium anodes, as storage under a glovebox atmosphere and
preparation of fresh lithium surfaces are common procedures in
battery research. The analyses of the three samples were
performed under the exact same experimental conditions to
account for sample changes through the analyses themselves.
Figure 4a shows the evolution of the atom fractions calculated
from XPS depth profiling for all three samples. Qualitatively, the
same elements (only Li, C, and O) and compounds were present
on all samples. Comparing the two lithium metal foils, the
calculated lithium metal fraction was always lower for lithium
foil 2. Furthermore, the calculated carbonate fraction was
considerably higher for foil 2 and it took more sputter time to
remove all carbonate. In addition, the calculated oxide fraction
increased more slowly than for lithium foil 1. As lithium foil 2
was kept longer in the glovebox before measurement than
lithium foil 1, this observation could either result from different
commercial prepassivation of the lithium foils or from storage.
To differentiate the two factors, a piece of lithium foil 1 was
measured after 2 weeks of storage in a glovebox. As lower lithium
metal and higher carbonate factions were observed, we assume
that a longer storage time correlates with a thicker passivation
layer, which is formed through reaction with residual gases in the
glovebox. Consequently, a lower lithium metal fraction and a
higher carbonate fraction may be good indicators for a thicker
passivation layer, which develops in the glovebox.

The intention of analyzing a freshly sliced lithium sample was
to characterize a very thin, initial passivation layer, However, the
calculated lithium metal fractions were not higher for the sliced
sample. Considering literature reports about freshly prepared
lithium surfaces, this observation is not surprising. Lithium
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metal is reported to react quickly with traces of contaminations
in the glovebox, shuttle modules, and ultrahigh-vacuum (UHV)
chambers.' "%’ Interestingly, the calculated carbonate fraction
for the sliced sample was lower than that for lithium foil 2, while
the fraction of lithium metal was similar. This observation
indicates that the rapidly formed passivation layer on the freshly
sliced sample had a different composition from the passivation
layer on the commercial lithium foils. As lithium carbonate is
reported to form relatively slowly and out of intermediates, a
reduced amount on freshly sliced lithium is reasonable,***
Exemplary ToF-SIMS depth profiles for the three samples are
shown in Figure 4b. All profiles are broadest for lithium foil 2,
which indicates that the passivation layer of this sample was
thickest. From the shown O7 profile, a passivation layer
thickness of S nm is estimated. The results are in accordance
with the XPS§ analyses, which also show a qualitatively similar,
but thicker passivation layer for lithium foil 2. All ToF-SIMS
profiles of the sliced sample are narrower than those of the
lithium foils or completely vanished as in the case of CO; . Even
though a reduced carbonate contamination fits with the XPS
results, a thinner oxide and hydroxide passivation layer is not in
accordance. Probably, the differences are attributed to the
transport and the atmospheres in the used instruments, since
sample preparation and storage were the same. As discussed
above, the sliced sample was affected because the freshly
prepared surface was highly reactive. The commercially
prepassivated lithium foils are not as prone for reaction, which
allowed a correlation of the different analyses. In addition, it is
important to note that there can always be a small variance in the
ToF-SIMS profiles. This is especially true for the lithium
samples with a thicker passivation layer as shown in S8 for two
different profiles of lithium foil 2 in comparison to one of lithium
foil 1. For a quantitative evaluation, these variances need to be
considered, but the qualitative conclusions discussed above are
not influenced. Tnvestigation of these samples with EDX could
not add any information as much more sample volume than the
several nanometer thin upper passivation was probed even at
low beam energies (Figure 1). EDX may be used for the
characterization of thicker passivation layers as discussed in S9.
Lithium Plating through Electron Beam Exposure. XPS
depth profiling through Ar'-sputtering did not end at pure
lithium metal for all investigated samples, but always led to a
mixture of oxide and metal, Interestingly, electron beam
clean.i11§ is reported as a strategy to obtain pure lithium
metal."® A closer look at the report shows that the term “electron
beam cleaning” is misleading. Actually, we assume that the
reported treatment rather induces an electrochemically driven
mass flow of lithium toward the surface of the sample and does
not lead to surface cleaning in the conventional sense. If a
lithium sample with an electronically insulating passivation layer
is electronically connected to the sample holder, electron beam
irradiation causes a potential difference between the sample
surface and the grounded sample holder. To compensate the
negative charge on the surface, lithium jons migrate through the
passivation layer to the surface and recombine with the excess
electrons to form lithium metal. The electronically insulating
passivation layer plays the same role as the separator electrolyte
in a battery, and the effect is comparable to lithium plating. The
difference between sputter cleaning and lithium plating is
schematically shown in Figure 5. While the passivation layer is
removed through sputter cleaning and a deeper region of the
lithium sample is then analyzed, fresh lithium metal is plated on
top of the passivation film through the electron beam exposure
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Figure 5. Scheme showing the difference between (a) sputter cleaning
and (b) lithium plating through electron beam exposure of electrically
contacted samples, XPS camera images show the sample change
through lithium plating. The pictures were taken before and after 5 min
of lithium plating,

and mimics a cleaned lithium foil. We induced lithium plating in
the XPS instrument with the electron neutralizer on lithium foil
prepared on copper tape and observed the plated lithium metal
in the camera images as darker regions on the sample.
Obviously, the investigation of lithium samples in electrical
contact with the grounded holder is not recommended if the
electron neutralizer is used during the measurement, as lithium
plating will unavoidably take place. The two potentially valid
options in the case of XPS are, first, to prepare the lithium foil in
electrical contact with the holder and to measure without
neutralizer or, second, to isolate the sample from the holder and
to use neutralization to create a floating potential. We chose the
second option, because the first one bears the risk of undefined
sample charging for insulating parts, as described in the
literature.'* Importantly, enforced lithium plating for grounded
lithium samples with a passivation layer is a general problem for
all measurement techniques with negatively charged probes.
The effect is shown for ToF-SIMS measurements with flood gun
in S10 and is discussed for EDX in S11. Still, the effect can of
course be used for reactivity studies or other targeted studies, as
already described in the literature.*” For instance, Wood et al.
used lithium plating enforced by the electron gun bias to
investigate the SEI formation of a Li/LPS interface with XPS.*
Sample Changes under UHV Condlitions, Even though
lithium plating is unwanted during the investigation of the
lithium passivation layer, it can be used to generate clean lithium
metal in the XPS chamber. After a few minutes of lithium plating,
fractions of about 80% lithium metal were determined, which is
far more than after hours of sputter cleaning, Therefore, we used
a surface prepared in situ by lithium plating to test the stability of
lithium metal in the XPS instrument. Even under UHV
conditions of 107% mbar, full coverage of a sample surface with
a monolayer of adsorbate is reached within approximately 1000 s
(assuming an adhesion coefficient of 1). Consequently, sample
changes in the analysis instruments play an important role for
the interpretation of the results and must be considered. The
surface changes of lithium samples in the used XPS instrument

https://dxdoiorg/10.1021/acs.chemmater.0c03518
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are presented in Figure 6. Within 2 h, the calculated fraction of
metal in the Li 1s region drops from 81 to 57%. At the same time,

[ Hydroxide Oxide [ Metal

a) Lits b)o1s
before measurement
. . start
= 3 ﬂ E
© <
2 2
E E
3 H
[&] after o
waiting 2 h end

65 60 65 60 540 536 532 528
Binding Energy / eV Binding Energy / eV

Figure 6. (a) Li 1s spectrum of plated lithium before and after 2 h of
waiting time in the XPS instrument. (b) O 1s detail spectra taken at the
start and end of one measurement cycle (XPS depth profile, sliced
lithium rod). The intensity of the hydroxide and oxide peaks increases
and the ratio shifts toward a higher lithium oxide fraction.

the calculated oxide fraction increases from 13 to 33% and the
hydroxide fraction increases from 6 to 10%. Consequently,
lithium metal reacted to oxide and hydroxide in the XPS
chamber. Having in mind that measuring survey and detail
spectra for the Li, C, and O 1s regions in the presented quality
takes about 1 h, significant changes during measurement are
expected, as also shown in Figure 6b. This demonstrates that a
reliable comparison between analyses of different samples is only
possible if the analyses are run under precisely the same
experimental conditions regarding chamber atmosphere and
measurement sequence. Even though unwanted reactions of the
samples with the chamber atmosphere influence the quantitative
results, qualitative relations and comparisons are valid in this
case. This issue plays a non-negligible role for all (U)HV
characterization techniques and was considered for all analyses
discussed in this study.

B CONCLUSIONS

In this study, we use EDX, XPS, and TOF-SIMS to characterize
the passivation layer on various lithium samples. We show that
the passivation film of lithium samples is mainly homogeneous
with additional local organic and inorganic contaminants. Qur
measurements indicate a bilayered structure, which is composed
of a layer of hydroxide and carbonate on top of an oxide-rich
region, which is in contact with lithium metal. The layers are
only a few nanometers thick in the case of the investigated
lithium foils. Through analysis of lithium samples with different
preparation and storage histories, we found that the thickness
and composition of the surface passivation layer depend on
preparation, storage, and transport of the samples. It is shown
that storage in a glovebox cannot fully prevent sample changes
through reaction and already 2 weeks of storage may cause a
thicker layer and sample inhomogeneity. Besides, even transport
from the glovebox to the analysis instruments under glovebox
atmosphere can lead to rapid passivation of highly reactive
samples like freshly sliced lithium, while commercially
prepassivated lithium foils are less affected.
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In addition to these results, we demonstrate the potentials and
limits of EDX, XPS, and ToF-SIMS as analytical techniques for
the characterization of the passivation layer on lithium samples.
It is shown that a multianalytical approach is required for a
comprehensive and reliable characterization of the passivation
film. While XPS depth profiling provides important information
about the quantitative composition and sequence of the
passivation compounds, ToF-SIMS analyses add information
about the passivation thickness, the sample homogeneity, and
the lateral distribution of the compounds. The combined
analysis gives a complete three-dimensional chemical picture of
the lithium metal surfaces. Complementary, EDX measurements
may provide information about thicker passivated layers and
bulk contaminations.

Also, we show that the design of the measurements has a
strong impact on the obtained results and can lead to unreliable
data and serious misinterpretations. Importantly, we show that
lithium plating occurs upon electron beam exposure of
electrically contacted lithium samples, with the native
passivation layer acting as a solid electrolyte. We demonstrated
that surface reactions of lithium with the residual gas need to be
considered even under UHV conditions, as significant changes
occur within standard measurement periods. Together with the
discussed decomposition of lithium compounds by argon
sputtering, this observation shows that only measurements
performed under exactly the same conditions are comparable.
Concerning data evaluation, it is proposed that a reliable XPS fit
model for compound quantification should include relative
position constraints that are determined from reference samples
and area constraints based on a valid physicochemical model.
For the interpretation of ToF-SIMS data, it is most important to
critically evaluate secondary ions that are considered as specific
fragments of compounds with regard to matrix effects.
Complementary XPS analyses are needed for a reliable
interpretation. Overall, our work provides a guideline for robust
characterization procedures that can be used to obtain reliable
information on the surface composition and chemistry of
lithium samples.
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3.3 Publication 3 “Protective Coating for the Lithium Metal Anode Pre-
pared by Plasma Polymerization”

In publication 3 of this doctoral thesis a passivation layer by plasma polymerization was
deposited on LMAs and combined with plasma cleaning. The plasma layers were charac-
terized by ToF-SIMS, XPS and SEM, as well as the mechanical properties were examined
by nanoindentation. Additionally, 80 diffusion experiments were conducted to test the pro-
tective nature of the coating against oxygen and symmetric cell tests were performed.

First of all, the results showed that Ar plasma cleaning is a good method to remove the
native passivation layer of lithium metal foils but also that a re-passivation with thinner
passivation layers takes almost place immediately. With 1.4-bis(trifluoromethyl)benzene
as precursors pore free and dense polymer layers with a thickness of about 1 um could be
deposited onto the lithium metal foil. The polymer layers showed similarities to commer-
cially available Parylene HT® layers with additional crosslinking. The ToF-SIMS depth pro-
files showed that no Li is present on the surface and that the polymer layer consists of
three sublayers. By nanoindentation the Young’s modulus and hardness of the polymer
films could be determined on non-air sensitive samples and showed values of about 4.6
GPa and 0.16 GPa which are in the typical range for polymers.

To see the impact of the plasma layer on cell performance, symmetric Li cells with liquid
electrolyte were cycled and the overpotentials and impedance were measured. At first
wettability tests were performed with the liquid electrolyte and showed that the wettability
of coated LMAs is better than the wettability of uncoated ones but also that the polymer
layers soak up the electrolyte. This has a direct influence of the cycling behavior as the
experiments showed that more electrolyte is needed to avoid cell dry out. The soaking up
of the electrolyte gives also a lot of different pretreatment options for the used polymers
layers e.g. the layers can be treated with Li containing solutions to enhance the lithium ion
conductivity. The cell tests showed that the coated symmetric cells performed much better
than the uncoated ones with low overpotentials at current densities between 0.1 and
1.0 mA/cm? Even though, the resistance of the polymer layer is at the beginning about
twice as high as for a pristine cell, the resistance is continuously decreasing during the
cycling process due to increasing lithium ion conductivity.

The 80 diffusion experiments revealed that the diffusion coefficient in the plasma layer is
about 4 orders of magnitude greater than in the native passivation layer but the combina-
tion of thickness and diffusion coefficient is still sufficient to protect the lithium against ox-
ygen for at least 30 minutes, which is enough for normal cell preparation works e.g. in
glovebox or dry room.

Overall the second publication shows that the plasma polymerization is a suitable method
to apply protective coatings on LMAs. Especially, the possible combination of a cleaning
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step and deposition step in one setup is very promising. The dwelling of the polymer layers
can be a great chance for different pretreatment methods to further optimize their proper-
ties.

The first author designed and planned the experiments for this publication under the su-
pervision of M. Rohnke and J. Janek. H. Hartmann helped with the preparation of coated
LMAs and with cell building. The first author performed the XPS and ToF-SIMS measure-
ments and was supported by H. Hartmann. S-K. Otto supported the ToF-SIMS analyses.
The nanoindentation measurements were conducted together with X. Fang, who analyzed
the data. The manuscript was written by the first author und edited by the co-authors.

Reprinted with permission from Moryson, Y, Hartmann, H, Otto, S-K., Fang, X., Rohnke,
M., Janek, J (2023) Protective Coating for the Lithium Metal Anode Prepared by Plasma
Polymerization. ACS Appl. Energy Mater. 2023, 6,12,6656-6665 Copyright © 2021,
American Chemical Society.
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ABSTRACT: The demand for batteries with higher energy
densities for energy storage and electric vehicles motivates research
for a stable and reversible lithium metal anode. The native
passivation layer on commercial lithium foils does not enable stable
cycling in liquid electrolytes due to inhomogeneities in the layer
composition and impurities. These inhomogeneities and impurities
result in locally varying current densities, which often lead to
dendrite growth and ultimately cell failure. Artificial protection
layers are one promising option to overcome these issues and
enable the reversible operation of lithium metal anodes. In this
study, we used plasma polymerization of 1.4 bis(trifluoromethyl)-
benzene to form an artificial passivation layer on top of plasma-cleaned lithium metal. The layer was characterized with time-of-flight
secondary ion mass spectrometry, X-ray photoelectron spectroscopy, and scanning electron microscopy. The mechanical properties
of the layer were examined by nanoindentation. Symmetric cell tests showed stable cycling behavior for over 300 h, with
overpotentials below 0.1 V at current densities between 0.1 and 1 mA/cm?. 0, isotope exchange experiments were used to get an
estimation of the diffusion coefficients of oxygen in the native passivation layer of lithium foils at room temperature and for oxygen
in the plasma polymer at room temperature. The combination of layer thickness and diffusion coefficient of the plasma polymer is
sufficient to protect the lithium metal against oxygen for at least 30 min, which makes it a suitable protective coating.
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H INTRODUCTION

The need for higher energy densities of batteries for energy
storage and electric vehicles is the driving force behind the
increasing effort to construct batteries with a well working
lithium metal anode (LMA), despite all the challenges—such

dendrite growth but also flexible enough to not break during
cycling due to volume changes of the anode. In addition, the
ASEI has to be electronically insulating but well lithium-ion-
conducting and ideally allow handling at air for a short time
without oxidation.

Protection layers can be classified into inorganic-based and

as the very high reactivity of lithium and dendrite growth."”
Enabling the use of the LMA would offer an up to 10 times
higher specific capacity in comparison to a graphite anode,
which is used in state-of-the-art commercial lithium-ion
batteries (LIBs).”> Due to the high reactivity of lithium, the
Coulomb efficiency and cycle life of batteries with an LMA are
poor and yet not competitive with state-of-the-art LIBs. The
native passivation layer on top of lithium is insufficient for the
formation of a stable solid—electrolyte interface (SEI) due to
its inhomogeneity and impurities, which result in nonuniform
current densities during battery cycling and ultimately dendrite
growth.”® To overcome these drawbacks, one promising
option is a suitable pretreatment of the LMA surface. The
pretreatment could result, for example, in a coating with a thin
but stable protection layer (artificial SE1, ASEI) to prevent the
uncontrolled reaction between lithium and the electrolyte and
to ensure a homogeneous current density across the whole
surface.”"'! An ideal ASEI should be rigid enough to prevent

© XXXX The Authors. Published by
American Chemical Society

< ACS Publications

polymer-based or a combination of both. While inorganic
compounds are often chemically stable against lithium, their
low elasticity leads to cracking due to the significant volume
changes of the anode during cycling.'> Polymers are flexible
enough to tolerate the volume changes but also often too soft
to prevent dendrite formation during long-term cycling.
Furthermore, polymers may also react with lithium, which is
not necessarily a drawback as stable inorganic compounds like
LiF may form that show sufficient lithium ion mobility in a
nanostructured form.'>"*
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One possible route to deposit a polymer on top of lithium
metal and also, if necessary, to remove the native passivation
layer in one single setup is the combination of plasma
sputtering and plasma polymerization. Plasma polymerization
is mainly used in biomaterials engineering, and Takehara et al.
used this technique already in the 1990s to deposit 1,1-
difluoroethene films on cleaned lithium foils."* ™' To the best
of our knowledgg, this is so far the only example for the use of
plasma polymerization to create protection layers for lithium
metal anodes. The produced films were pinhole-free and about
0.6 ym thick. In comparison to uncoated lithium anodes, the
lithium deposition on the coated anodes during cell cycling
was improved to smooth lithium structures instead of needle-
like lithium on the uncoated ones. In essence, plasma
polymerization appears not only promising but also complex
due to the huge number of potential precursors in combination
with various pretreatments before deposition. Not in the least,
plasma reactors operate under vacuum conditions, and costs of
plasma processing need to be considered.

In this work, we used a self-constructed inductively coupled
radio frequency (1f) plasma reactor (see Supporting
Information $1) to remove in a first step the native passivation
layer on top of lithium foil with an argon plasma and deposit in
a second step a polymer layer from a 1.4 bis(trifluoromethyl)-
benzene precursor on the cleaned lithium surface. Especially
the combination of a cleaning and coating step in one setup
and the large number of possible precursor and gas
combinations make plasma polymerization a promising coating
technique. 1.4 Bis(trifluoromethyl)benzene was chosen as a
precursor due to its high fluorine content and its structure that
is close to parylene building units. Parylenes are polymers
consisting of p-xylylene and halogenated derivates, which are
often used as coating materials due to their protective
properties against gases and water,'” Additionally, the fluorine
content in the precursor is beneficial for the potential
formation of nanosized LiF, which has a lithium ion
conductivity between 1077 and 107" S/cm that may be
sufficient in case of very thin Iayers.m’u’w Recently, parylene
coatings are increasingly tested as a functional coating in
different fields of application.'"™*" The coating produced in
this work was characterized by X-ray photoelectron spectros-
copy (XPS) with respect to its chemical composition. The
layer was also examined by time-of-flight secondary ion mass
spectrometry (ToF-SIMS) depth profiling, and the morphol-
ogy of the layer was imaged with scanning electron microscopy
(SEM). The mechanical properties, such as Young’s modulus
and hardness, were determined by nanoindentation. Addition-
ally, the coated lithium foils were exposed to **0, atmosphere
and afterward examined by ToF-SIMS to determine the
oxygen diffusion coeficient, which is correlated with the
protective effect of the coating. The wetting properties of the
coating were tested with a liquid electrolyte composed of
LiTFSI/LiNO; in DOL (dioxolane)/DME (dimethoxy-
ethane), which is a common electrolyte in lithium sulfur
cells, and symmetrical cells were built and cycled in
comparison with uncoated pristine LMA.

B EXPERIMENTAL SECTION

Plasma Chamber. The argon plasma cleaning, plasma polymer-
ization, and '*O, experiments were all performed in a self-constructed
inductively coupled rf«Plasma reactor, see Supporting Information S1
and a previous report.”* For sample cleaning, an argon plasma (Argon,
99.999%, Nippon Gas GmbH, Germany) and for plasma polymer-

ization 1.4 bis(trifluoromethyl)benzene (98%, Sigma-Aldrich GmbH,
Germany) were used. A copper coil around the plasma chamber was
powered by a rf generator (PFG RF 300, Trumpf Hiittinger,
Germany) in combination with a matching network system (PEM
1500 A, Trumpf Hiittinger, Germany), operating at 13.56 MHz.
Plasma cleaning was executed for § min with 100 W power and an
argon pressure of p(Ar) = 1 mbar (gas flow = 15.5 scem). For plasma
polymerization, the lithium foils were exposed to a pure 1.4
bis(triftuoromethyl)benzene plasma at P = 50 W and 1 mbar for 1
min. For '®0, experiments, the plasma chamber and plasma transfer
module were filled with '*0, (99%, Sigma-Aldrich GmbH, Germany)
at p = 10 mbar and kept at room temperature. After 30 min, the
transfer module was pumped, and the sample was cooled down with
liquid nitrogen inside the Leica EM VCTS00 (Leica GmbH, Wetzlar,
Germany) transfer system to —70 °C within 2 min. The sample
transfer into a ToF-SIMS M6 (IONTOF company, Miinster,
Germany) was carried out with the Leica EM VCTS500 transfer
system, which was cooled with liquid nitrogen all the time. All
analytical measurements were performed on multiple samples, and
representative results are shown here,

Scanning Electron Microscopy/Energy-Dispersive X-ray
Spectroscopy. Images of the surface morphology were acquired in
a high-resolution SEM (Merlin Zeiss, Germany). Imaging was carried
out with the in-lens and SE2 secondary electron detectors at an
accelerating voltage of 3 kV. The homogeneity of the coating
regarding the local element distribution was examined by energy-
dispersive X-ray spectroscopy (EDX) (Oxford Instruments, UK) with
an X-Max Extreme detector at an accelerating voltage of 3 kV. The
samples were transferred into the SEM with the Leica EM VCTS500
shuttle box under inert gas conditions. The samples were attached
with isolating adhesive tesa tape on Leica stubs to minimize Li plating
during SEM measurements.

X-ray Photoelectron Spectroscopy. XPS measurements were
carried out with a PHI VersaProbe Il instrument (Physical Electronics
GmbH, Germany) to get additional quantitative information about
the composition of the coating layers. The coated Li foils were fixed
with electrically isolating adhesive tesa tape and transferred in an
airtight transfer vessel under an argon atmosphere. Charge
neutralization was carried out with the low-energy electron and ion
guns, Monochromatic Al Ker radiation was used for analysis (1486.6
€V). The power of the X-ray source was 100 W and the beam voltage
was 20 kV (high power mode). The examined area was 0.13 mm?. For
the survey spectra, a pass energy of 93.5 eV was applied, and for the
detail spectra, a pass energy of 23.5 €V was applied. The pressure
during analysis was in the range of § X 107" Pa. For data evaluation,
the software CasaXPS$ (version 2.3.18, Casa Software Ltd) was used.
All data were calibrated in relation to the signal of adventitious carbon
at 284.8 eV. A Shirley-type background and Gauss-Lorentz [GL (30)]
line shapes were applied for data evaluation.

Time-of-Flight Secondary lon Mass Spectrometry. ToF-
SIMS depth profiles on plasma cleaned and pristine lithium foils were
performed using a TOFSIMS 5 instrument (IONTOF GmbH,
Germany) equipped with a 25 keV Bi cluster primary-ion gun for
analysis and a 20 kV Ar gas cluster ion beam (GCIB), as well as a 2 kV
DSC (Cs*) for sputtering. The samples were attached with tesa tape
on a Leica transfer stub in the glovebox The sample transfer was
carried out with the Leica EM VCTS500 (Leica GmbH, Germany)
transfer system. As primary ions, Bi” (25 keV, 100 X 100 gm?, 128 X
128 pixels, sawtooth mode) and as sputter species Ar,go," clusters (10
keV, 300 X 300 #m?) were used. For depth profiling on polymer-
coated samples, Bi," (25 keV, 100 X 100 pm?* 128 X 128-pixels,
random mode) and Cs* (2 kV, 300 X 300 ym?) were used to achieve
faster erosion. The low-energetic electron flood gun was applied for
charge compensation.

ToF-SIMS depth profiling after '*0, exposure was performed on a
liquid nitrogen-cooled sample holder at —145 °C in a M6 Hybrid
SIMS instrument (IONTOF GmbH, Germany) equipped with a 30
keV Bi cluster primary-ion gun at a main chamber pressure of 1.3 X
10~ mbar. The samples were attached with Cu-tape on a Leica
transfer stub in the glovebox. The sample transfer was carried out with
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the Leica EM VCTS00 (Leica GmbH, Germany) transfer system. As
primary ions, Biy*" clusters (60 keV, 100 x 100 gm? 128 X 128
pixels) and for sputtering Cs* (2 kV, 250 X 250 pum?® for coated
samples and 1 kV, 250 X 250 yrm” for pristine lithium foil) were used.
All ToF-SIMS measurements were carried out in negative ion mode.
The electron flood gun was used for charge compensation. The data
evaluation was carried out with the software SurfaceLab 7.2
(IONTOF GmbH, Germany).

Nanoindentation. A commercial diamond Berkovich indenter
(Synton-MDP, Switzerland) was used on a G200 nanoindenter
(Keysight Technologies, USA) for the nanoindentation tests. The
continuous  stiffness measurement (CSM) method was used to
achieve a continuous monitoring of the hardness and Young's
modulus during the indentation process, with a maximum depth of up
to 300 nm. The depth was chosen to avoid a possible interference of
the substrate due to a limited film thickness. A strain rate of 0.05 s™"
was used, with a data acquisition rate of 15 Hz. 16 indents were
performed for the same experimental condition to capture the
reproducibility; the minimum spacing between the nearest 2 indents
was 40 jm to ensure no overlapping of the possible deformation zone.
Polymers on steel and silicon wafers were tested since the
nanoindentation could not be performed inside an argon glovebox.

Electrochemical Characterization. Bare lithium metal anodes
(punched out of lithium foil, Honjo Metal Co., Ltd., Japan, >99.0 wt
9%, thickness 30 pm, diameter 13 mm) and coated lithium metal
anodes were assembled in an argon-filled glovebox into type CR2016
coin cells (Xiamen Tmax Battery Equipments Limited, China) with
two polymer separators [Celgard LLC (25 ym), USA]. As electrolyte,
a 1:1 solution of dimethoxyethane (DME, Sigma-Aldrich GmbH,
Germany) and dioxolane (DOL, Sigma-Aldrich GmbH, Germany)
was mixed with 1:1 2.0 M LiTFSI (99.95%, Sigma-Aldrich GmbH,
Germany) and 0.5 M LiNO; (99.0%, Sigma-Aldrich GmbH,
Germany) to achieve a 1 M LiTFSI and 0.25 M LiNO; solution in
DOL/DME. DOL and DME had been stored over 3 A molecular
sieves to achieve H,O contents of less than 04 and 1.2 ppm,
respectively. The cells were fully wetted with 50 or 150 4L electrolyte,
respectively. Cell testing was performed with a VMP-300 potentiostat
(BioLogic, France) using current densities from 0.1 up to 1 mA/cm”.
Potentiostatic electrochemical impedance spectroscopy (PEIS) was
performed at OCV using an AC amplitude of 5 mV in the frequency
range from 7 or 3 MHz to 0.1 Hz with 15 points/decade and §
measurements per frequency. The PEIS measurements were evaluated
with RelaxIS software (version 3.0.17.9, rhd instruments GmbH &
Co. KG, Germany). For fitting, two different semicircles were used:
the semicircle at the higher frequency was attributed to the SEI
impedance and the semicircle at the lower frequency to the charge
transfer resistance, which was not further considered. In the literature
different approaches arc reported.”*™”* Since the processes take place
at both (symmetric) electrodes, we assume that the resistance
determined for one visible semicircle is composed of the two
resistances of the two electrodes. For this reason, only half of the
determined resistance value is accounted for a single electrode. Five
symmetric cells with coated LMAs and 150 uL electrolyte were cycled
and the best performing is shown here.

B RESULTS AND DISCUSSION

Plasma Cleaning. To examine the cleaning effect of the
argon plasma, lithium foils were transferred into the plasma
chamber and exposed to argon plasma for 5 min at 100 W and
1 mbar. Afterward, ToF-SIMS and XPS measurements were
conducted, and the results were compared to untreated Li foils.
First of all, these experiments showed that sample handling in
the plasma chamber is crucial. If the lithium foils are
electrically grounded together with the sample holder, lithium
metal plating can occur through the natural passivation layer
due to free electrons in the plasma,®® see Supporting
Information S2 for a detailed discussion. The best way to
attach the lithium foil is to clamp the edges between two

ceramics to electrically isolate the foils and avoid decom-
position products during the plasma process at the same time.

For the plasma cleaning experiments, lithium foil, which was
before stored in a glovebox, was used. It is worth mentioning
that the thickness of the native passivation layer of lithium can
vary due to storage conditions and impurities.”” We chose a
lithium foil with a thicker passivation layer of about 15 nm to
highlight the cleaning effect of the plasma. First, the cleaning
effect of the plasma was checked by reaction with nitrogen. A
pristine lithium foil shows no reaction either with nitrogen gas
or nitrogen plasma, as also reported by Otto et al.*’ It is well
reported that a reaction with nitrogen is only possible with
either a clean lithium metal surface or with lithium foil with a
partially damaged passivation layer so that the nitrogen has
direct access to the bare lithium metal.”’”** The time for
effective plasma cleaning depends on the thickness of the
native passivation layer, and we found that 5 min argon plasma
treatment is sufficient to fully remove the passivation layer and
enable the reaction with nitrogen plasma, see Figure la. If the
passivation layer is thicker or thinner, the plasma time may be
adjusted. This has to be decided individually due to the
mentioned influences above; see also our other work for a
detailed discussion about the passivation layer formation
during storage.”” If the passivation layer is removed, one would
expect to detect pure lithium metal in the XPS and ToF-SIMS
measurements, which is in fact not the case. Due to the very
high reactivity of lithium, the clean metal surface immediately
reacts with residuals of H,O, O,, and CO, in the gloveboxes,
transfer modules, and in the ToF-SIMS and XPS chambers to
form a new thin passivation layer. This new passivation layer
can be distinguished from the native passivation layer formed
during storage due to its much lower thickness. Otto et al.*®
showed that even a freshly prepared Li surface from a lithium
rod in a glovebox shows a passivation layer in ToF-SIMS and
XPS due to the reactions mentioned above. The ToF-SIMS
and XPS results presented in Figure lab illustrate that the
native passivation layer could be removed with the plasma
treatment and that a new, much thinner passivation ]ayer was
formed. The ToF-SIMS depth profiles in Figure 1b show that
the LiO,H" signal intensity, which is specific for LiOH as part
of the upper native passivation layer™ on the cleaned lithium
foil, is only present at the surface and decreases immediately.
In contrast, for the pristine lithium foil, the intensity remains at
its maximum until a fluence of 1 X 10" ions/cm? The XP O
1s detail spectra in Figure 1c show the presence of Li,O for the
cleaned lithium foil together with LiOH and Li,CO;, which
can only be probed on samples with a very thin passivation
layer‘%’ 7 However, the pristine lithium foil shows only the
signals for LIOH and Li,COj; due to its higher passivation layer
thickness. Peak broadening for the carbonate and hydroxide
peaks of the argon-cleaned lithium foil is also observed, which
can have several causes, such as charging effects of the surface
due to the very thin passivation layer. The areas of the fitted
carbonate peaks in the O 1s spectra were constrained with the
corresponding carbonate areas in the C 1s region (not shown)
in the ratio of 3:1 for the chemical component Li,CO;.

In summary, the results show that the native passivation
layer on the lithium foil can be removed/thinned by plasma
treatment. Due to the high reactivity of the clean lithium
surface, a new passivation layer is immediately formed by the
reaction with atmospheric residuals even under inert gas
conditions and also during plasma polymerization, which will
be discussed later.
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Figure 1. (a) Photograph of a lithium foil, which reacted with N, to
Li;N after removal of the passivation layer through plasma treatment.
(b) ToE-SIMS depth profiles (area 300 X 300 ym? 10 keV Ar,gyy"
cluster) of an argon plasma cleaned lithium foil (blue) and a pristine
lithium foil (red). The intensities of LiO,H™ from two different
measurement spots are shown for both samples. (c) XP O Is spectra
of a 5 min argon plasma cleaned lithium foil (bottom) and a pristine

lithium foil (top).

Coating Characterization. Plasma polymerization was
performed on cleaned and uncleaned lithium foils. In Figure 2a
a photograph of lithium foils after plasma polymerization is
shown. In contrast to the transparent parylene layers, a
yellowish/golden layer is observed on the lithium foils with
plasma coating. The SEM and EDX images of these samples in
Figure 2b—e show a dense layer without pores consisting of
spherical particles with a homogeneous distribution of fluorine
and carbon. The morphology indicates a Volmer—Weber-type
growth mechanism, but already after 1 min, the whole surface
is covered, as the XPS and ToF-SIMS results show. Lithium is
not detected at the surface, neither with XPS nor ToFE-SIMS.

Figure 2. (a) Photographs of lithium foils (approximately 1 cm?)
coated by plasma polymerization. (b—d) SEM SE images and EDX
mapping of a lithium foil coated for 15 min. (e) SEM image of a
lithium foil coated for 1 min. Lithium dendrites originate from Li
plating on top of the coating due to the electron beam during SEM
measurements.

The layer thickness is about 2 gm after 15 min deposition time,
see Supporting Information S3. The layer thickness after 1 min
deposition time is about 1 yum, as alpha stepper measurements
on non-air-sensitive samples showed. This indicates a non-
linear growth mechanism and the setting of an equilibrium
between deposition and removal of the layer by sputter effects.
For XPS peak fitting of the C 1s detail spectrum in Figure 3a a
Parylene HT reference sample was used, see Figure 3b for
comparison. The XP spectra of the polymer coatings show the
presence of sp* carbon, which indicates intact benzene rings,
but additional CF; and CFH groups in comparison to Parylene
HT, where only CF, groups are present. Also, some C—O
bonds can be identified, which probably originate from
contaminations in the plasma chamber. As the plasma
polymerization process is less predictable than a typical
chemical polymerization reaction and even a complete
fragmentation of the precursor is possible, different CF,
groups and branches in the polymer network are expected
compared to commercial Parylene HT. Additional ToF-SIMS
measurements of the surfaces of Parylene HT and plasma-
coated samples show intensities of the same m/z fragments for
both samples, which also indicates the formation of a polymer
chemically close to Parylene HT, see Supporting Information
S4.

The coated lithium foils were also examined by ToF-SIMS
depth profiling to get information on the coating composition.
After removal of the passivation layer and plasma polymer
coating, two or three regions are expected in a depth profile—
the polymer layer, the lithium metal substrate, and possibly a
thin newly formed passivation layer due to the effects
mentioned above. The results in Figure 3¢ do not fulfill this
expectation at first glance. We divided the ToF-SIMS depth
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Figure 3. (a) XP C 1s detail spectrum of a lithium foil coated with a plasma polymer for 1 min. (b) C 1s detail spectrum of a commercial Parylene
HT sample, which was used as a reference for peak fitting. (c) ToF-SIMS depth profile (sputter area 300 X 300 gm?, Cs* ion sputtering at 2 kV) of

a lithium foil coated for 1 min.
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profile into different regions depending on the intensity of the
chosen secondary ion signals. At the surface, the polymer is
clearly identified, and no lithium is found here. This is an
important observation, as it shows that indeed the whole
lithium surface is protected from contact with the atmosphere.
After a fluence of 7.0 x 10" ions/cm? the Li~ intensity
increases. This might indicate the diffusion of lithium from the
substrate into the polymer. However, the surface roughness of
the polymer layer (200 nm) can also induce this effect due to
earlier probing of the lithium signal in thinner coating regions.
Kern et al. also showed that the metal ion diffusion in polymers
is faster in amorphous regions than in crystalline regions.*”
Therefore, the interphase layer shown in Figure 3c is probably
on average thinner and the polymer layer thicker than
indicated by the depth profile. Analyses at different regions
of interest showed a decrease of the probable interphase layer
of about 50% in areas where the lithium signal is probed later
(not shown). The interphase layer shown here is the worst case

(earliest lithium detection), but even there was no lithium
probed at the surface. After a fluence of 1.5 x 10 ions/cm?,
all intensities increase with increasing sputter fluence, which
indicates a new matrix. This could be due to the formation of a
reaction layer between the gaseous precursor, residuals in the
plasma chamber, and the cleaned lithium foil before plasma
ignition (gas reaction layer). Additional experiments showed a
color change on cleaned lithium foils which were just exposed
to the precursor gas, which supports the finding of higher
reactivity of the cleaned foils. In our experiments, the plasma
polymerization layer could also be successfully deposited on
top of the native passivation layer without plasma cleaning,
compare Figure 7a later. After a fluence of 1.8 X 10" jons/cm?,
all intensities start to decrease, which is typical for lithium
metal®® and indicates that lithium metal is still present under
the polymer layer.

Mechanical Properties of the Plasma Polymer Coat-
ing. The mechanical properties of the ASEI coatings are of
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Figure 5. Pictures of uncoated (left) and coated (right) stainless-steel discs (diameter 1.5 cm) wetted with 50 pL electrolyte. (a) before wetting.
(b) directly after wetting. (c) 4 min after wetting. (d) 9 min after wetting. (e) 15 min after wetting. (f) 42 h after wetting.

great interest, as a high Young's modulus of about 10 GPa is
reported to be required to prevent dendrite growth.”'™** To
evaluate the mechanical properties of our plasma polymer
layers, non-air sensitive substrates such as Si-wafers and steel
were coated, and nanoindentation measurements were
conducted and compared with commercial Parylene HT. To
avoid substrate influence on the measurements, the values for
Young’s modulus and hardness were determined at a
displacement of 150 nm (about 10% of the layer thickness).
The CSMs of all samples can be found in Supporting
Information 85. In Figure 4 the values of the Young’s modulus
and hardness for the different samples are shown in
comparison to literature values for different parylenes.™ ¢
The error bars represent the standard deviation. Young's
modulus, hardness, and error bars for the commercial sample
are the largest. The commercial sample also shows the highest
roughness of about 1 ym, which results in a large scatter of the
nanoindentation data (see Supporting Information S5). We
cannot exclude that, due to the high surface roughness, a
substrate influence may have increased the measured values.
This can also be true for the plasma polymer (5 min) sample
on Si. Both samples on steel are well in agreement with
measured values from literature, with an average Young’s
modulus of 2.6 and 4.6 GPa. The very high values obtained for
parylene by Chiang et al.”" are surprising and may probably
also be explained by substrate influence. For the hardness, a
similar trend is found, and the plasma polymer (5 min) sample
on Si is closer to the steel samples, while the commercial
sample shows again a large error. The literature value for
hardness from Chiang et al. is slightly larger but much closer to
our measurements. All in all, the deviation for the hardness is
much smaller compared to Young’s modulus, with average
values of 0.10 and 0.16 GPa for the steel samples and 0.40 GPa
for the Si sample. This shows that the prepared polymer layers
are most likely not capable of preventing longtime dendrite
growth just by their stiffness—once the simple mechanical
criterion is taken as correct.

Electrochemical Characterization. For a stable SEI, a
homogeneous current density across the complete LMA/
electrolyte interface is essential, and accordingly, a good
wetting of the electrolyte is mandatory.®” In Figure Sa—f
coated and uncoated stainless steel discs, to avoid the reactivity
and influence of a lithium substrate, which were wetted with 50
#L of the used electrolyte, are shown. The uncoated disc is not

completely wetted, while the coated omes are completely
wetted. For comparison also an uncoated LMA (diameter 13
mm) was wetted with 50 uL electrolyte, which showed bad
wetting comparable to the stainless-steel disc, see Supporting
Information S6. After 9 min (shown in Figure 5d) and 15 min
(shown in Figure Se), we found that the polymer layer soaks
up the electrolyte and some salt remained on the surface.
Finally, after 42 h (shown in Figure 5f), no electrolyte is visible
any more on the surface. Considering this observation, an
amount of 50 uL electrolyte (for lithium metal anodes with a
diameter of 13 mm) used in symmetrical cells could be
insufficient for stable battery cycling. Therefore, we used 150
uL for battery cycling to provide enough electrolyte even after
absorption of electrolyte by the polymer layers. The cycling
data are shown in Figure 6a—f. For cells with 50 L electrolyte,
the pristine lithium cell (Figure 6b) shows a huge overpotential
after 10 h due to the SEI formation before a more or less stable
overpotential is reached. After around 140 h, a short-circuit
and cell failure occur. In contrast, the polymer cell (Figure 6a)
does not show a high overpotential at the beginning, but after
20 h, high overpotentials occur. Considering the results of the
wetting experiment, the polymer layer can protect the LMA for
the first hours and enables enhanced cycling performance, but
after increasing cycling time, the whole electrolyte is soaked up
by the protection layer and the cell runs dry, which results in
huge overpotentials. The performance of the cells with 150 gL
electrolyte can be seen in Figure 6¢,d. The cell with pristine
lithium metal in Figure 6d shows in the beginning the same
overpotentials as for 50 L electrolyte in Figure 6b, but this
time no stable overpotential was reached. Probably the formed
SEI is constantly dissolving due to the excess electrolyte and
being formed again, which eventually leads to dead lithium and
consumption of the electrolyte, resulting in the high over-
potential. Otherwise, excess electrolyte can enhance the
lifetime of the cell due to longer time before the cell dries
out. The cell with polymer-coated lithium shows one initial
voltage spike before a stable overpotential below 0.1 V is
achieved for over 300 h. Additionally, PEIS was performed to
get information about the SEI resistance. In Figure 6e,f, the
Nyquist plots of a cell with polymer-coated lithium (150 uL
electrolyte) and a cell with pristine Li metal (50 pL
electrolyte) are shown. PEIS was measured after 1 h of OCV
(0) and after every cycle with 0.1 mA/cm® The cells with
pristine lithium show a SEI resistance before cycling of 123 Q
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Figure 6. (a) Voltage profile of a symmetric cell with polymer-coated lithium electrodes and 50 L electrolyte. (b) Voltage profile of a symmetric
cell with pristine lithium electrodes. () Voltage profile of a symmetric cell with polymer-coated lithium electrodes and 150 L electrolyte. Inset:
zoom of the 0.1 and 0.2 mA/cm?® cycling current densities. (d) Voltage profile of a symmetric cell with pristine lithium electrodes and 150 pL
electrolyte. (e) Nyquist plot of the first 5 cycles at 0.1 mA/cm® for the cell with polymer coated lithium electrodes and 150 pL electrolyte. (f)
Nyquist-plot of the first 5 cycles at 0.1 mA/cm? for the cell with pristine lithium and 50 pL electrolyte.

cm®. This resistance is decreasing with increasing cycle time
but also the shape of the semicircle changes. This indicates a
non-uniform and instable surface/SEI due to dendrite
formation. The instability of the SEI formation can be seen
especially well in the PEIS measurement after the first cycle
(purple) in Figure 6f Additionally, (electro)-chemical
reactions and measurement uncertainties can be expected in
the lower frequency range and can have an influence on the
measured data. For the cells with polymer-coated lithium, an
increased resistance before cycling of about 232 Q cm? is
measured. This is not surprising due to the additional 1 pm
thick polymer layer that was present from the start, compared
to the SEI that forms over time on the uncoated lithium. After

the first cycle, the resistance halves and decreases further with
continuing cycling. In comparison to the pristine cell, the
shape of the semicircle remains unchanged.

80 Diffusion Experiments. From literature, it is not clear
whether the native passivation layer (a bilayer of LiOH/
Li,CO; and Li,O) on lithium foils can prevent the reaction
with pure oxygen or not.>*™"' To examine the penetration of
oxygen through the native passivation layer and the polymer
layer, coated and uncoated samples were exposed to °O,
containing atmosphere for 30 min. Afterward, the samples
were cooled rapidly with liquid nitrogen, and ToF-SIMS depth
profiles were measured to track the local concentration and
penetration depth of '*0. To determine the native passivation
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Figure 7. ToF-SIMS depth profiles of a (a) polymer-coated and (b) pristine Li foil after 30 min of '®0, atmosphere exposure. On the left y-axis, the
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layer thickness, 50% of the initial LiO~ signal intensity was
used. The resulting depth profiles are shown in Figure 7a,b.
For the pristine Li foil in Figure 7b, the I("™*07)/(I("*07) +
1(*07)) ratio is enhanced to 1% in the native passivation layer
and also in the lithium metal area, which indicates diffusion of
oxygen through the passivation layer but can also be influenced
by the roughness of the lithium foils. The oxygen most likely
reacts with the lithium metal to Li,O, but since the amount of
oxygen is very, low lithium metal is still present, and the ToF-
SIMS measurements still indicate increasing lithium metal
content. The coated sample in Figure 7a shows a high ratio of
about 10% in the polymer layer decreasing to 1% in the
interphase layer, but inhibits the oxygen diffusion strong
enough to reach the natural ratio of I(**07)/(I(**07) +
I(*07)) before the beginning of the native passivation layer
and lithium metal. Thus, the plasma-derived polymer layer
does not only enhance the cycling performance of symmetric
lithium cells considering the larger amount of electrolyte but
also eases the short-term handling of LMAs and assembling of
batteries due to a protective effect against residual oxygen in,
e.g., gloveboxes or dry rooms. Additionally, the depth profile in
Figure 7a shows that without plasma cleaning, the polymer
layer is deposited on top of the native passivation layer and
that no further reaction layer with atmospheric gas is formed
(compare the gas reaction layer in Figure 3c).

With the sputter yields and erosion rates determined by
Otto et al,” the depth in Figure 7b can be calibrated, and the
diffusion coefficient of oxygen in the native passivation layer of
lithium can be estimated using the appropriate solution of
Fick’s second law. For depth calibration of the data in Figure
7a, the sputter yield of the polymer was determined by alpha
stepper measurements of a ToF-SIMS crater from a polymer
deposited on a non-air sensitive sample; see Supporting
Information S§7 for a detailed discussion. The resulting
diffusion coefficient of oxygen in the native passivation layer
of lithium at room temperature is D = (4.5 £ 0.3) x 107'¢
cm’/s, and for oxygen in the plasma polymer, D = (1.0 + 0.5)
X 107'* em?/s.

B DISCUSSION

The results from Takehara et al. showed that argon plasma
treatment can remove the native passivation layer consisting of
Li,CO;, LiOH, and Li,O on top of lithium metal foils. W15
Following plasma polymerization with 1.1 diflourethene
produced a uniform pinhole-free polymerization layer with
additional crosslinking. Our experiments demonstrate the
plasma polymerization of 1.4 bis(trifluoromethyl)benzene.
Obviously, plasma processing can be applied to many different
precursors, as long as they can be successfully added to the
plasma chamber as a gas. Our analytical, mechanical, and
electrochemical investigations revealed the structure of the
plasma polymerized layer in detail. Not only one homogeneous
layer is obtained. Depending on the reaction between the
precursor and the cleaned lithium foil, up to three layers are
formed during the polymerization process. Better wetting of
the coated electrodes could be confirmed, as well as a major
uptake of liquid electrolyte by the polymer layer. Takehara et
al.'""* neglected the absorption of the electrolyte into the
polymer layer and justified it with the low surface energy of the
plasma polymer layer, but our long time wetting and cell tests
showed that additional electrolyte is needed to avoid drying
out of the cells. Ogumi et al®? produced plasma polymer layers
from octamethlycyclotetrasiloxane (OMCTS). The ionic
conductivity could be increased to 2.6 X 107° S/cm by
soaking the polymer layer with butanol, poly (propylene
oxide), and LiClO,. This indicates that the soaking of the
polymer layer with the electrolyte might not only be an
additional phenomenon but also a requirement to obtain
sufficient lithium ion conductivity. This gives also the
possibility to pretreat the polymer layers with different
solutions before assembling the batteries and construct gel-
type polymer layers. The positive influence of the polymer
layers was shown by Takehara et al. by suppressed dendrite
growth and smoother Li plating on the coated electrodes. Our
symmetric cell tests confirmed the enhanced cycling stability
due to homogeneous plating and stripping. Additionally, our
80 isotopic exchange experiments showed that the plasma
polymerization layer can also ease the handling of LMAs and
the fabrication of lithium ion batteries due to its short time
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protection against oxygen. The mechanical tests showed typical
values from other parylenes from literature and a Young’s
modulus that is lower than the theoretically derived limit that
is claimed to block dendrite growth. We assume that Young’s
modulus will decrease after soaking with the electrolyte such
that the mechanical properties are probably decreased to even
lower values. However, the electrochemical results are
promising. All in all, the combined results show that plasma
polymerization may well be used in producing protective layers
for LMAs but that the choice of the polymer and pretreatment
are critical.'*"*

B CONCLUSIONS

Plasma polymerization of 1.4 bis(trifluoromethyl)benzene was
applied to form protecting polymer coatings on lithium metal
anodes, which enable stable cycling with overpotentials below
0.1 V for over 300 h at current densities between 0.1 and 1.0
mA h/em” The resulting coating layers were characterized
with SEM, EDX, ToF-SIMS, and XPS and showed a dense
Parylene HT like structure on top of a polymer lithium
interphase layer and a layer that has formed by reaction with
atmospheric gas or is a native passivation layer. Young’s
modulus and hardness of the formed polymer were measured
by nanoindentation and resulted in average values of 2.6 and
0.10 GPa (1 min deposition) and 4.6 and 0.16 GPa (5 min
deposition) for coated steel samples, respectively. With the 0O
diffusion experiments, the diffusion coefficients of oxygen in
the native passivation layer of Li and the plasma polymer at
room temperature could be estimated, and the experiments
showed that the protection layer prevents oxygen diffusion
through the native passivation layer and the formation of
additional Li,O for exposure times of at least 30 min despite
the larger diftusion coeflicient, which eases the handling and
assembling of LMAs in batteries. The results show that plasma
treatment/cleaning and plasma polymerization are promising
approaches for the fabrication of an ASEI to enhance the
cycling performance of lithium metal anodes.
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4. Conclusions

On the cathode side in LIBs or ASSBs, NCM-based CAMs are used in the majority. Despite
the change in composition and the resulting increase in stability, it is still not sufficient to
ensure long-term cycling. This is due to (electro)chemical degradation processes, which
occur mainly at the interfaces between the CAM and the electrolyte. To suppress these
degradation processes, thin protective layers are applied to the CAM particles. The most
important properties of the protective layers are their ionic conductivity and very low elec-
tronic conductivity. In addition, their chemical stability with respect to the electrolyte and
their mechanical deformability are of decisive importance. Suitable coating materials are
e.g. LINbOs or high k materials such as AlOs. The coatings can be applied to the NCM
particles in various ways, with ALD being a particularly suitable option due to its high con-
formity. Since the dimensions and topography of the coated particles are very small and
challenging, the analysis of the layers and interfaces is very difficult. In publication 1, this
problem was addressed and the conventional methods were supplemented with new
methods, as well as guidelines for a comprehensive analysis and to avoid pitfalls were
given.

It should be mentioned once again that an understanding of the protective properties of
the protective coatings is only possible through comprehensive analysis and thus plays an
important role in the development of new coatings. The results of publication 1 show that,
in addition to established methods such as XPS and SEM, LEIS and ToF-SIMS in partic-
ular are useful additions to the investigation of protective coatings. LEIS, the most surface-
sensitive method, can be used to elucidate the elemental compositions at the surface,
which later has contact with the electrolyte. Additionally, LEIS can provide information on
whether most of the substrate is completely coated, since the investigated area is very
large (mm). ToF-SIMS imaging combines the ability to combine semi-quantitative chemical
information with imaging information to provide a more accurate picture of the protective
layer and degradation products. For XPS the energy calibration is very important, since a
shift from the surface into the bulk can be attributed to charging effects due to carbon
impurities at the surface and vertical charging due to insulating layers on conductive sam-
ples®®. With SEM/FIB-SEM the determination of the protection layer can be very challeng-
ing, since contrast differences depend on the composition of the protection layer and might
not be sufficient. Additionally, re-deposition takes places and may form a much thicker and
better visible layer than the original protection layer. Nevertheless, it might still be a rather
fast and easy method to see if a coating process was successful. The Raman spectros-
copy offers in combination with reference samples of the pure coating material a fast and
experimental easy approach to check if a coating process was successful, as long as the
used material is Raman-active. Furthermore, it has been shown that a proper sample prep-
aration plays an important role in obtaining meaningful results. For ToF-SIMS, embedding
of the coated NCM particles in Technovit® enables the analysis in the same z-plane and
suppresses differential sputter effects at the cost of total ion intensity. With TEM it is pos-
sible to grind the coated particles beforehand with ethanol, which breaks the secondary
particle structure and enables the examination of the single particles. Since a large number
of “inner” primary particles are not coated, it is statistically harder to find a coated particle
but if found the layer thickness can be easily determined. Last but not least a clean working
environment during sample preparation and the measurement are mandatory to avoid
degradation and sample changes.
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In the second publication the composition of the native passivation layer of lithium metal
(foils) could be elucidated which is an important step for enabling the LMA, which is con-
sidered the holy grail for battery systems. The native passivation layer, which is always
present and also forms immediately after removal consists of a bilayer of Li,COs/LiOH and
Li.O. For lithium metal the sample handling and preparation are even more crucial than
for NCM, since lithium metal will react with residuals such as water, oxygen or nitrogen.*®
Another very important point to be considered is to avoid lithium plating during the analysis
due to electron beams and an electronically grounded sample.

Since the native passivation is not sufficient to protect the lithium during cycling, ASEIs
have to be applied. The plasma polymerization presented in publication 3 is a very prom-
ising method due to the possible combination of a cleaning step with e.g. an Ar plasma
and a coating step in one setup. Plasma polymerization has not been utilized for battery
materials since the 1990s by Takehara et al.6”¢8%_Especially the high number of possible
precursors makes the plasma polymerization an interesting method. To ensure a proper
deposition the lithium plating has to be avoided. Since free electrons are also present in
the plasma, the samples must not be grounded. A possible solution is to affix the lithium
foils with ceramic clamps onto a ceramic plate. Plasma polymerization of 1.4-bis(trifluoro-
methyl)benzene lead to a polymer with a similar structure as Parylene HT® with additional
crosslinking. Symmetrical cell tests with coated LMAs showed an enhanced cycling stabil-
ity with low overpotentials for over 300 h at current densities between 0.1 and 1 mA/cm?
in comparison to uncoated LMAs. Since the polymer layers soak up electrolyte more elec-
trolyte is needed to avoid cell dry out. Protection layers should ideally also ease the han-
dling and cell manufacturing of LMAs. The results of 0 diffusion experiments showed
that even though the diffusion coefficient of oxygen in the polymer layer is several times
greater than in the native passivation layer, the combination of thickness and diffusion
coefficient is sufficient to protect the LMA at least for 30 minutes against oxygen.

Overall this thesis emphasizes that the combination of electrochemistry and comprehen-
sive analytics is key to understand the protective effects and develop new coatings. The
thesis shows that ALD and plasma polymerization are two very promising methods to ap-
ply coatings on battery electrode materials. It gives an overview of different coating mate-
rials, as well as advice and guidelines on a proper analysis in order to avoid pitfalls with
the available analytical machines. Last but not least the presented polymer coating en-
hances the cycling stability of symmetric LMA cells and might be another step into enabling
next generation batteries with a working LMA.
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5. Outlook

i. Compiling a database of electrochemical performance and coating properties

A systematic and comprehensive analyses is key to ensure reproducibility and a deeper
understanding of the protective properties of coatings. Therefore, different coating thick-
nesses have to be applied and correlated to their electrochemical performance. A thorough
analysis with a combination of the presented methods in this thesis could then be the start
of databases, which help to predict ideal precursors and requirements for protective coat-
ings. This can be done both on the cathode and anode (LMA) side. It is also important to
have a look at the coatings post-mortem to examine the degradation products that form
during cycling.

ii. Pretreatment

Of course, other coating techniques besides the ALD and plasma polymerization are usa-
ble in further studies but the high conformity and controllability of the ALD make a strong
case to be a leading technique for applying coatings on CAMs. The plasma polymerization
gives the great opportunity to combine a cleaning step and coating step in one setup under
vacuum conditions, which minimizes the risk of contaminations during the coating process
in contrast to e.g. liquid based processes. The produced polymer layers can be pre-treated
with different electrolyte solutions to enhance the Li-ion conductivity and reduce the uptake
of electrolyte in the liquid cells.

iii. Coating of different battery parts

It is also thinkable to apply the protective coatings on the electrolyte in ASSBs or current
collectors in anode free setups. The mentioned techniques should work for that as well,
since the requirements for lithium metal a much greater. Nevertheless, the coatings might
behave different on these substrates and therefore have to be analyzed again.

iv. Coordination between research and industry

Regardless of which coating technique or substrates are selected, close communication
and cooperation between research and industry is very important, which has been patrtially
neglected in the past. In industry, equipment is already available for many processes, so
it would be advantageous to develop improvements for such approaches. In addition, the
coatings produced on a laboratory scale must also be realistically scalable in order to be-
come a competitive product. Especially when it comes to large-scale production, the sys-
tematic analysis and influencing factors of protective coatings should have been thor-
oughly investigated in advance in order to avoid expensive re-designs.
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In Figure S1, the SE image and EDX mapping of a coated NCM622 cross-section are shown. The image
quality is influenced by charging effects and also shadowing because of the EDX detector position. All

in all, EDX can be used to identify Ti around the particles but the quality is not good enough to use a

FIB-EDX analysis as definite proof for a successful coating.

Figure S1: SE image and EDX Mapping of Ni and Ti of the NCM particle cross-section. While Ni can

be detected on the whole particle, Ti is only visible around the particle and not in the cross-section.

Figure S2 shows the BSE image of TiO, coated NCM851005 particles. At a first glance, one could
identify the brighter part as the coating layer but it consists of redeposition products due to the FIB
process. The bright layer is also too thick to represent the coating. Interpretation of FIB-SEM images

requires care, and needs to be complemented by other techniques.
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SEMHV: 6.0kV WD:497mm | SEMHV: 5.0 kV WO: 497 mm
View field: 19.0ym  Det: In-Beam BSE & ym View field: 300y Det: In-Beam BSE 500 nm
SEMMAG: 18.2 kx  Date(m/dly): 01/18/19 SEM MAG: 116 kx  Date(midly): 0117119

Figure S2: BSE images of the cross-section of TiO; coated NCM851005 particles. The big contrast
difference is misleading and not showing the original coating layer. It is a layer which formed due to

redeposition during the FIB process, because the thickness is considerable too thick for a coating layer.

Figure S3 shows a sketch of coated NCM primary particles after the ALD process. Depending on the
position and tilt of the primary particles in the secondary particle structure different coating thicknesses
result. It is also possible that some primary particles or areas of primary particles are not coated at all

because of missing surface contacts.

d,>
Tio,

NCM622 NCM622

primary primary
particle particle

Figure S3: Sketch of the NCM primary particles after the coating process. Depending on their position
and tilt in the sccondary particle structure different coating thicknesses can result. Primary particles

with no surface contact are not being coated.
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Figure S4: SEM secondary electron images, (a) coated secondary particle, (b) coated secondary
particles protected with surface protection layers, (c¢) particle attached to FIB micro-manipulator
needle, (d) particle being attached to TEM grid, (e) cross-section of the secondary particle and (f)
sample for TEM analysis.

In Figure S5 (a) the XPS detail spectra of Cls of all samples are shown. The carbon signal decreases
with increasing ALD cycles. Only the Cls component which was used for calibration is shown. In
Figure S5 (b) the Cl 2p spectrum from the survey spectrum of the 50 ALD cycles sample is shown.
The binding energy of the Cl 2p peak is at the position for metal chlorides.
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Figure 85: XPS detail spectra of Cls of the different samples (a) and Cl 2p spectrum from the survey
spectrum of the 50 ALD cycles sample (b). Only the Cls component which was used for calibration is

shown in (a).

In Figure S6 the different sample preparation methods for ToF-SIMS and their results are depicted
schematically. The easiest method is to attach the particles to a copper tape, which is shown in A). But
this preparation technique has several disadvantages. Firstly, the particles can fly into the analyzer and
sccondly because of the valleys between the particles different heights are analyzed at the same time
resulting in information from deeper regions projeceted to the top. If depth profiling is executed on
attached particles, this will result in triangle formation, which is shown in B), due to the formation of
preferred surface orientations. The coating will also be destroyed before it can be analyzed. The second
preparation method is to press the particles into a pellet, which is shown in C). This will lead to improved
results compared to A), because the void between the particles are reduced. However, the particles will
be mechanically damaged and cracks in the coating result. The most promising sample preparation

method is to embed the particles in an embedding material, as depicted in D). In the ideal case,
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embedding material and sample have the same sputter yield and no differential sputtering is observed.
E) depicts a situation, in which the sputter yield of the embedding material is much larger compared to

the sputter yield of the coated CAM.

® Analysis spot @ Sputter spot . NCM622 particle with coating
Cu tape Triangle formation while sputtering Pressing
A) B) C)
b) Embedding Different sputter yields
E)
k‘(c
]

Figure S6: Illustration of different sample preparation methods for ToF-SIMS and challenges. A)
Attaching particles to a Cu tape, which leads to analysis in different heights. B) Triangle formation while
sputtering due to formation of preferred surface orientations. SE image of the triangle formation. C)
Pressing of particles, which improves imaging in different heights, but deforms the particles. D)
Embedding of the particles in an embedding material, which leads to imaging within a horizontal plane.
E) A greater sputter yield of the embedding material compared to the particles leads to A) and finally
B).

Figure S7 shows the sputter rates of the different mixing ratios for Technovit 4004. The sputter rate gets
smaller with an increasing amount of powder. As a reference, a Si-Wafer was also sputtered. To get a
sputter rate as low as for the Si-Waler, a ratio of almost 3:1 of powder and liquid would be required.
Since a ratio larger than 2:1 leads to a comparably high viscosity of the polymer, the handling becomes

unpractical and is therefore not recommended.
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Figure S7: Sputter depth vs. mass ratio of Technovit 4004 powder and liquid. The crater depths (Cs'

2 keV, 200 pm x 200 um, 900 s, 451 sputter frames) were measured by an optical profilometer (red) and

an alpha stepper (blue). As areference, the crater depth under the same conditions in a Si-Wafer is given.

The experiment shows that the sputter rate of Technovit 4004 can be tailored by the mixing ratio of the

two compounds but is still much higher than the sputter yield of the used particles, which is comparable

to Si0x.
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S1: Characterization of reference samples with XPS

To enable the identification of the different compounds on the lithium samples, we analyzed reference
samples of several lithium compounds. Since XPS is one of the most common characterization methods
for the investigation of lithium metal anodes, the binding energies for commen lithium compounds have
been reported by many authors and were for example reviewed by Wood et al. in 2018." In their
publication, the authors discuss that charging during the XPS measurements is the main reason for the
wide spread of the reported absolute XPS core level binding energies. They used the separations between
different core levels and the valence band of the different compounds to define a set of binding energies
for lithium compounds. In addition to this report, we analyzed the lithium compounds LiOH, Li>O,
Li2COs, Li2O and LiH as reference samples, to determine the absolute binding energies for our study,
i.e. for our XPS instrument. Besides, to clean the compounds and to evaluate their stability against Ar'-
sputtering, depth profiles were measured. The carbon contaminations were removed through sputtering.
Also, LiOH, Li;O; and Li;CO; partly decomposed to Li>O, as reported previously.>* The influence of
this decomposition on the investigation of lithium samples is discussed in S3. The decomposition was
more pronounced for Li»0; and LiOH than for Li,CO;. Furthermore, a little amount of carbide formed
on the Li:2CO; sample through sputtering. The LioO sample was sputter cleaned without any sights of
decomposition. For LiH, the carbonate and hydroxide peaks in the O 1 s region vanished completely
through sputtering and only the oxide peak remained. In the Li 1s region a peak evolved at 52.6 ¢V and
plasmon-loss features appeared. These observations indicate the formation of lithium metal. Possibly
LiH decomposes to Li and H: through sputtering. Therefore, no Li s binding energy for LiH was
determined. The O Is and Li 1s binding energies for the other measured lithium compounds are
summarized in Figure S1. We like to emphasize that the absolute values can vary due to charging, as
discussed above.' Nevertheless, the relative positions of the different compounds do not change and
were used by us for the interpretation of XPS spectra. The Li 1s binding energy for lithium metal is also
shown in Figure S1. The value was determined [rom depth profiles of lithium foils.
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Figure S1. a) Li 15 and b) O Is binding energies of lithium compounds and lithium metal. The sigma
values are displayed as error bars. The error of the values for lithium oxide was applied 10 the values

Jfor lithium metal and peroxide, as the oxide signal was used for calibration of the corresponding spectra.

$2: XPS depth profiling

On the surface of all lithium samples (before sputtering), peaks were observed at 531.7 eV for O 1s and
at 54.6 eV for Li 1s. These values fit in general with the ones determined for LiOH, Li>COs and Li0a,
as well as with common surface adsorbates. However, the existence of Li>O: is unlikely, as the peroxide
is thermodynamically unstable against lithium metal. Therefore, Li2O: is not taken into further account.
Apart from this assumption, LiOH and Li2O: are hard to distinguish in the XPS by just evaluating the O
1s and Li s spectra. Even though the binding energies for Li>COs and LiOH are also very similar, the
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compounds can be fitted with separate peaks using an area constraint from the C 1s carbonate peak for
the corresponding O 1s and Li Is peaks. Surface adsorbates were minimized by always keeping the
samples under inert gas or vacuum and were neglected as the fit quality was satistying without
considering them. Adventitious carbon was delected on the surface and removed through sputtering.
After longer sputlering, the formation of minor amounts of carbide was observed. Schmitz et al.
highlighted Li>C> as important surface and bulk contamination of battery grade lithium metal based on
Raman, MS, ICP-OES and EDX anaiyses.4 Nevertheless, Ar*-sputtering of metal carbonates or oxides
with carbon contaminations is known to induce the formation of carbides. Therefore, carbide is not
regarded as a component of the passivation layer but as a decomposition product of carbon from different
sources. This interpretation is in accordance with previous XPS studies.** After the first sputter cycle,
additional peaks at lower binding energy appeared for the O 1s and Li 1s regions. These peaks were
attributed to Li>O (528.5 eV for O Is and 53.8 eV for Li 1s). With longer sputter time, the carbonate
vanished completely, the intensity of the hydroxide peak dropped significantly and the oxide peak
intensity became virtually stable. At the same time, another peak at even lower binding energy evolved
in the Li 1 s region (52.6 eV). The peak came with plasmon-loss features at around 60 eV, which is a
clear indication for lithium metal.

The residual standard deviations (STDs) of all fits were between 1 and 2 for the Li 1s and O 1s regions.
These values are sufficiently low to gnarantee that no major fraction of other compounds, such as LiH,
was probed, but minor amounts in the range of the quantification error cannot be ruled out. The
quantification error was estimated to be +/- 5 at% and is dominated by the low sensitivity of XPS
towards Li. It is worth mentioning that the STD is a measure for the mathematical fit quality and a low
value does not ensure that the sample composition is determined correctly, as the physicochemical
model underlying the fit is more important. Also, it should be emphasized that oxidation of lithium metal
during measurement and decomposition of lithium compounds through sputtering influence the
quantitative results and the accuracy of the fit. Still, since the carbonate vanished completely, the
compound can only be present on the sample surface. The LiOH fraction was most likely reduced
through decomposition (see S3) and the fraction of lithium metal decreased through reactions. It is also
important to note that the spectra were measured after each other and therefore represent different
reaction states, what influences the accuracy of the fit which is based on area constraints, too.

$3: Decomposition by argon sputtering

In order to evaluate the influence of argon sputtering and the extent of sputter-induced decomposition
during depth profiling of the lithium foils, the decomposition by argon sputtering was evaluated on
reference compounds and compared to the lithium samples. As mentioned before, LiOH and Li>CO;
were identified on the lithium foil (S2) and were found te decompose partly to Li2O by argon spultlering
(S1). Pure carbonate was observed on the surface of the Li2CO; reference sample (Figure S2a). After
two sputter intervals of 3 min at 1 kV and 8 min at 2 kV, the composition changed to about 79%
carbonalte and 21% oxide. For the LiOH reference sample (Figure S2b), some carbonate contamination
was observed on the surface. Neglecting the carbonate and its decomposition to obtain the highest
possible degree of hydroxide decomposition, the same sputtering steps yield 59% hydroxide and 41%
oxide. However, for a lithium sample 17% hydroxide and 83% oxide were observed after the same
sputter steps under the same conditions. Even the calculated maximum degree of decomposition of
hydroxide cannot explain this ratio, what leaves an oxide-rich region under the carbonate and hydroxide
passivation layer as most likely explanation. Please note that sputter steps were chosen which do not
lead to lithium metal for the lithium sample, so that the reactivity of lithium metal does not need to be
considered for this comparison. Also, the ratio of hydroxide to oxide always shifted towards a higher
hydroxide fraction during these XPS measurements. Accordingly, detrimental reactions cannot explain
the observed excess oxide fraction. However, the decomposition by sputtering is an important factor
which underlines that conclusions based on absolute quantification are not valid for the discussed
measurements. Although other groups published nondestructive methods to probe lithium-containing
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samples, for example by using high-energy photons to increase the XPS probing depth®, our approach
has the advantage that most XPS machines are capable of such measurements.
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Figure 52: Comparison of the decomposition induced by argon sputtering (3 min at 1 kV and 8 min at
2 kV) for a) a LixCOs-reference, b) a LiOH-reference and c) a lithium surface. The oxide fraction on the
lithium sample after sputtering cannot be explained only by the degree of decomposition which was
observed on the reference samples. The given numbers are atom fractions of the examined lithium
compounds.

S4: Characterization of reference samples with ToF-SIMS

To identify secondary ions that are specific for the different lithium compounds, the reference samples
LiOH. Li>0s, Li;COs, Li,O and LiH were investigated with ToF-SIMS, similarly as reported for other
lithium containing samples.” In a first step, depth profiles of pressed pellets were analyzed to distinguish
between signals originating from contaminations and from the reference compound. Signals with rising
or constant intensity in the depth profile were regarded as potentially specific; signals with decreasing
intensity were defined as contaminants. Depth profiles for characterization of the reference samples
were performed on pressed pellets in spectrometry mode. Bi™ primary ions (25 kV, 1.2 pA,
100x100 um?) and Arisoo’ sputter ions (10kV, 10 nA, 300x300 pm?) were used. For charge
compensation a flood gun with an energy of 21 eV and a current of 10 pA was used. Between two sputter
frames, analysis was done after 2 s of waiting time, in random raster mode, measuring 2 frames with
128x%128 pixels and 1 shot/pixel. In a second step, ToF-SIMS spectra of the sputter-cleaned samples
were measured with a defined ion dose density. The potentially specific signals, which showed highest
intensity in comparison to all other investigated compounds, were defined as specific for the
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corresponding lithium compound. Spectra of the reference samples were measured after sputter cleaning
with Arisp’ using a dose density of 4 - 10" ions/cm®. For each sample, 12 areas of 100x100 um?® were
measured with a primary ion dose of 10'? jons/cm®. To compare the secondary ion signal intensities of
different compounds, the average intensity of all areas from one compound was taken. As error, the
standard deviation was calculated. The procedure is shown for the secondary ion Li;H™ as a specific
signal for LiH in Figure S3. The specific signals, which were used for the interpretation of the depth
profiles, are summarized in Table S1. They were chosen because they do not overlap with other peaks.
Other related secondary ions which showed similar profiles and were used as group of specific signals
are also given. It is important to note that signals, which are discussed as specific for one compound,
may also be quite intense for another one. Consequently, the intensity of the signal can be high even
though the corresponding compound is only present in minor amounts.
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Figure §3. Example for the classification of a specific secondary ion for a lithium compound: a) Depth
profile of the LiH pellet. The signal intensity of LiO:H™ dropped, while the intensity of Li;H increased
with sputtering. Therefore, LiH™ was identified as a potentially specific secondary ion for LiH, whereas
LiO:H™ was regarded as originating from a surface contamination of the sample. b) Comparison of the
signal intensity of LizH ™ for all spectra measured on sputter-cleaned pellets of the reference compounds
with the same ion does density: The intensity is highest for the LiH sample. Consequently, the LixH™
signal was classified as specific for LiH.

Table S1. Representative specific secondary ions which were used for the interpretation of the ToF-
SIMS depth profiles and other specific signals with similar profiles.

Compound Specific signal(s) | Related signal(s) Specific signal(s) Related

negative polarity positive polarity signal(s)
Hydrocarbons CH" CH>", CH ,C:Hy, CsH3" CH*, CH,",
CHs, GH , GH» CHs", C:H3'
Carbonate COs” LiCOs~
Hydroxide OH™ and LiO,H~ | HO:", LiOzH2~ Li;OH™ and LiOH™ | LiOH»*
Oxide O~ and LiO~ LiOy” Li,O" LiO"
Hydride LiHy °LiH, LiH, Li.H™ | LicH" SLiLiH*
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S5: ToF-SIMS depth profiling
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Figure S4. ToF-SIMS depth profiles of lithium foil 1 as-received measured in (spectrometry) positive
ion mode. The unspecific secondary ions °Li* and Li>* are shown to visualize that all signal intensities
drop for higher sputter dose.

Other elements than Li, C, O and H, which could be identified in the negative mode ToF-SIMS spectra
of lithium foils, are P, F, S, Cl, Br and N. In the positive ion mode Mg, K, Si, Na, Ca and Fe were
identified as additional trace elements.

S6: Determination of sputter rates with ToF-SIMS

In order to access sputter rates of lithium and lithium compounds, sputter craters were prepared with
defined sputter doses. Sputter rates and yields were calculated from the sputter time and current that
were necessary to prepare the craters. The depth of the sputter craters ranged from 5to 15 um. 3 to 5
craters were prepared on as received lithium foil for each sputter species, namely for Cs* (2 keV —
190 nA), Ar® (1 keV — 210 nA), Arzso* (10 keV — 9 nA), and Arisoe” (10 keV — 10 nA). The rates for
sputtering lithium compounds were determined with Arise™ (10 keV — 10 nA) by preparing 2 craters on
pressed pellets. The crater size was 300x300 pm? in all cases. The depth of the craters was measured
with a profilometer (Alpha-Step IQ Surface Profiler, KLA Tencor) under argon atmosphere. The
obtained sputter rates and yields for the different sputter species are given in Figure S5. In literature
some estimates for the sputter rates of lithium and its compounds are given®'°, but no experimental
values for lithium foils and different sputter species are reported.

For bigger argon cluster ions (Ariso”, 10 kV, 10 nA, 300x300 um?) a sputter rate of about 0.15 nm/s
was obtained for lithium foils, when using 100 s sputter steps. The rate was also determined for 2 s
sputter steps (0.17 nm/s). Considering the error range, the sputter rates for sputter steps between 2 and
100 s can be regarded as approximately constant. For continuous sputtering a significantly higher value
of 0.33 nm/s was determined, showing that the estimation cannot be applied for very long sputter steps.
The given values are averages over the passivation layer and the bulk of the lithium foils. As the
thickness of the passivation layer was at least two orders of magnitude smaller than the crater depth, the
given sputter rates represent approximate values for the bulk lithium. The sputter rates for lithium
compounds were determined for pressed pellets of the materials (Figure S5b). For Li>COs and Li>O the
sputter rate with Arisoo” (10kV, 10 nA, 300x300 um?) was about (.25 nm/s. For LiOH a value of about
1.20 nn/s was determined. As the XPS results showed that these three compounds are the main
components of the lithium foil passivation layer, an intermediate rate of 0.5 nm/s was used to estimate
the thickness of the passivation layer. It is important to note that varying rates within the passivation

84



Appendix

85

layer were neglected. Also, sputter rates depend on many factors, such as crystallographic orientation.?
Consequently, the given value remains an estimate, especially as the determined thicknesses on the
lithium samples are close to the depth resolution limit of the GCIB. The actual value for the sputter rate
and thickness of the passivation layer could be accessed by applying AFM in combination with SIMS
depth profiling. Alternatively, synchrotron-XPS measurements with varying high photon energies may
be used to access detailed information about the passivation layer structure and thickness.
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Figure 85. Sputter rates and yields for a) lithiwm foils with different sputter species and for b) lithium
compounds with Arisoo”, 10 keV. All shown values were determined in 100 s sputter sieps.

S$7: ToF-SIMS imaging

While the lateral resolution is better in imaging mode, mass resolution and count rates are worse than in
spectrometry mode. Consequently, it is necessary to invest longer measurement time, and signal
interpretation becomes more complex. In general, mass spectra obtained in the imaging mode need to
be compared with mass spectra taken in spectrometry mode and only m/z-regions without overlapping
peaks can be used. Alternatively, single-pixel normalization of multiple m/z-regions, which include
peaks giving the same information but overlap with other peaks, can be applied.!!

In Figure S6 high resolution images from depth profiles of the lithium foils are shown. In most regions
the passivation film was layered as described in most XPS-based literature.'” On the very surface, a
homogeneous coverage with hydrocarbon species that were quickly removed by sputtering, was
detected. Below, hydroxide and oxide signals, also indicating homogeneous distribution, were more
prominent. The hydroxide signal intensity decreased after a lower sputter dose than the oxide signal
intensity. Beside the regions, which were homogeneously covered with the layered passivation, organic
and inorganic contaminations were detected. As already found in the spectrometry mode, chemical
information about the samples was easier to access in negative ion mode. For example, hydroxide
contaminations were hard to visualize in the positive ion mode.

Contaminations on lithivm foils are also reported in literature. For instance, Harry ef al. used synchrotron
hard X-ray micro tomography to study battery failure caused by dendrite growth and found crystalline
impurities in the lithium anode that lead the nucleation of dendritic structures.'? Similarly, Maslyn et al.
reported, based on X-ray tomography analyses, the presence of impurity particles with diameters
between 2 and 30 pm in commercial lithium metal foils.'* With ToF-SIMS depth profiles in imaging
mode, the contaminations can be visualized and chemically characterized, what allowed Meyerson et al.
to identify inhomogeneously distributed organic material on a lithium anode as dominating factor for
dendrite nucleation.!?
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Figure S6. Single scan ToF-SIMS images of the depth profiles in imaging positive and negative ion
mode. The evolution of organic contamination is shown in a) negative and c¢) positive ion mode. A region
with hydroxide contamination is presented only in b) negative ion mode, as the information cannot be
accessed properly in positive ion mode. Scan 1 shows the surface of the lithium foil before sputtering.
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S8: Variation in ToF-SIMS depth profiles
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Figure §7. Homogeneity of the ToF-SIMS depth profiles measured for lithium foil 2. Two different
measurenents of lithium foil 2 are shown in blue. The one presented in dark blue is a representative
measurement, the one in light blue an example for the possible spread of the results. For comparison, a
representative measurement for lithium foil 1 is shown in red. The spread for the thinner passivated foil
is not significant.

$9: EDX analysis of lithium samples with thicker passivation layers

For an electron acceleration voltage of 1 kV, the average generation depth of Li K, emission in lithium
is 47 nm, which is an order of magnitude more than the thickness of the upper surface passivation layer.
Using an even lower beam energy is not resonable as the count rates become very low, and a minimum
energy is needed for excitation. Consequently, the information that is accessible by EDX analysis comes
mainly from deeper regions of the lithium foils than the upper passivation layer probed by XPS and
ToF-SIMS. This offers the chance to get additional information on the samples and to probe thicker
passivation layers, that require very long sputter time. For EDX no sputtering is necessary to probe
deeper regions of the sample (static depth profile). Therefore, deeper regions are analysed in their
pristine state and no unwanted reactions with the chamber atmosphere disturb the analysis like in the
case of XPS after sputtering. However, it is important to note that the typical SEM chambers operate
under HV conditions. Consequently, the risk of surface contamination is even higher than during XPS
or SIMS analyses (UHV conditions). Furthermore, the lack of sputtering is also a drawback, since many
tactors influenence the analysis result at once, For example, the lateral spread of the X-ray generation
also changes with the beam energy, material out of different depths is probed and all factors vary for the
different elements due to their distribution and characteristic X-ray energy. Also, the sensitivity and the
quantification error for lithium are unknown for the used software so far. Probably the error is quite
high, as there is an intense background in the corresponding low-energy region. Defined model systems
and careful data evaluation are needed to extract useful information. To show that differenes between
lithium samples can be investigated with EDX, a stored lithium foil 1 is compared to an as received
lithium foil 2. The results are shown in Figure S8. For every beam energy, we determined a higher
lithium fraction and a lower oxygen fraction for the as received foil than for the stored one. As error the
standard deviation of three measurements is given. Please note that small changes of few at% occur
between successive measurements at the same spot, what is attributed to damage induced by the electron
beam. We took this into account by using a new spot for each measurement and by starting the
measurement immediately after reaching the spot to make the damage comparable for different samples.
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Figure §8. a) O and b) Li atomic fractions as a function of the electron beam energy determined from
EDX analyses for an as received lithium foil 2 in comparison to a stored lithium foil 1.

$10: Lithium plating through ToF-SIMS measurements
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Figure S9. Lithium plating on a grounded lithium foil through electron beam exposure: comparison
between spectrometry mode surface scans without (upper row) and with (bottom row) electron beam
exposure using the flood gun. While the surface did not change without electron beam exposure, lithium
was plated on the surface with the electron flood gun. The lithium was inhomogeneously distributed
which explains the dark color of the plated lithium in the XPS camera images. Interestingly, all
secondary ion intensities, such as the shown °Li* signal intensity, decreased through the lithium plating.
Only some very weak signals of trace metals, like Ni and Cu, increased. The observation indicates that
the ionization probability of all lithium related secondary ions is lower for metal than for lithium
compounds. Consequently, there are no specific secondary ions for lithium metal.

S11: Lithium plating through EDX measurements

EDX is used in literature to characterize for example reactions of lithium samples.!®!” Typical EDX
detectors cannot detect Li K, emission because of its low energy. Improved EDX detectors without a
vacuum window can detect elemental lithium in high concentration, as in lithium metal.'® Lithium ions
have no 2s electrons, therefore no X-ray emission takes place and lithium ions cannot be detected. As
for XPS and ToF-SIMS analyses, the sample preparation can influence the results quite strongly. In
Figure S10 the effect of electron neutralization on a stored lithium foil 1 prepared in electrical contact
(grounded) or isolated (floating) is shown. A higher lithium metal fraction and a lower oxygen fraction
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were determined for the contacted sample, what indicates that the sample changed due to lithium plating.
The changes observed through this effect varied for the different samples. For example, no significant
changes were observed for as received lithium foils. For the EDX measurements electron beam impact
is unavoidable since the SEM electron beam causes the X-ray emission. Consequently, measuring
isolated samples is the only valid option. It is important to note that isolated preparation leads to

charging, especially at higher acceleration voltages.
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Figure §10. a) O and b) Li atomic fractions as a function of the electron acceleration voltage determined
from EDX analyses for a stored lithium foil | prepared in electrical contact with the sample holder
(grounded, light blue) or isolated from the holder (isolated, dark blue).

89



Appendix

90

References

(1) Wood, K. N.; Teeter, G. XPS on Li-Battery-Related Compounds: Analysis of Inorganic SEI Phases and a
Methodology for Charge Correction. ACS Appl  Energy Mater. 2018, 1 (9), 4493-4504. DOI:
10.1021/acsaem.8b00406.

(2) Dedryvére, R.; Laruelle, S.; Grugeon, S.; Poizot, P.; Gonbeau, D.; Tarascon, J.-M. Contribution of X-ray
Photoelectron Spectroscopy to the Study of the Electrochemical Reactivity of CoO toward Lithium. Chentistry of
Materials 2004, 16 (6), 10561061, DOI: 10.1021/cm0311269,

(3) Edstrém, K.; Herstedt, M.; Abraham, D. P. A new look at the solid electrolyte interphase on graphite anodes
in Li-ion batteries. Journal of Power Sources 2006, 133 (2), 380-384. DOIL: 10.1016/j.jpowsour.2005.05.062.

(4) Schmitz, R.; Miller, R.; Kriiger, S.; Schmitz, R. W.; Nowak, S.; Passerini, S.; Winter, M.; Schreiner, C.
Investigation of lithium carbide contamination in battery grade lithium metal. J. Power Sources 2012, 217, 98—
101. DOI: 10.1016/j.jpowsour.2012.05.038.

(5) Kanamura, K. X-Ray Photoelectron Spectroscopic Analysis and Scanning Electron Microscopic Observation
of the Lithium Surface Immersed in Nonaqueous Solvents. J. Electrochem. Soc. 1994, 141 (9), 2379. DOL:
10.1149/1.2055129,

(6) Ciosek Hogstrdm, K.; Malmgren, S.; Hahlin, M.; Gorgoi, M.; Nyholm, L.; Rensmo, H.; Edstrdm, K. The
Buried Carbon/Solid Electrolyte Interphase in Li-ion Batteries Studied by Hard X-ray Photoelectron Spectroscopy.
Electrochimica Acta 2014, 138, 430-436. DOI: 10.1016/j.electacta.2014.06.129.

(7) Karen, A.; Ito, K.; Kubo, Y. TOF-SIMS analysis of lithium air battery discharge products utilizing gas cluster
ion beam sputtering for surface stabilization. Surf. Interface Anal. 2014, 46 (81), 344-347. DOI: 10.1002/sia.5508.

(8) Bessette, S.; Paolella, A.; Kim, C.; Zhu, W.; Hovington, P.; Gauvin, R.; Zaghib, K. Nanoscale Lithium
Quantification in LiXNiyCowMnZO?2 as Cathode for Rechargeable Batteries. Sci. Rep 2018, § (1), 17575. DOI:
10.1038/541598-018-33608-3,

(9) Stark, J. K.; Ding, Y.; Kohl, P. A. Role of Dissolved Gas in Ionic Liquid Electrolytes for Secondary Lithium
Metal Batteries. J. Phys. Chem. C 2013, 117 (10), 4980-4985. DOI: 10.1021/jp4001303.

(10) Zu, C.; Dolocan, A.; Xiuao, P.; Stauffer, S.; Henkelman, G.; Manthiram, A. Breaking Down the Crystallinity:
The Path for Advanced Lithium Batteries. Adv. Energy Mater. 2016, 6 (5), 1501933, DOLI:
10.1002/aenm. 201501933,

(11) Walther, F.; Koerver, R.; Fuchs, T.; Ohno, S.; Sann, J.; Rohnke, M.; Zeier, W. G.; Janek, J. Visualization of
the Interfacial Decomposition of Composite Cathodes in Argyrodite-Based All-Solid-State Batteries Using Time-
of-Flight ~ Secondary-lon Mass  Spectrometry. Chem. Mater. 2019, 31, 10, 3745-3755. DOL:
10.1021/acs.chemmater.9b00770.

(12) Naudin, C.; Bruneel, J. L.; Chami, M.; Desbat, B.; Grondin, J.; Lasségues, J. C.; Servant, L. Characterization
of the lithium surface by infrared and Raman spectroscopies. J. Power Sources 2003, 124 (2), 518-525. DOI:
10.1016/50378-7753(03)00798-5.

(13) Harry, K. J.; Hallinan, D. T.; Parkinson, D. Y.; MacDowell, A. A.; Balsara, N. P. Detection of subsurface
structures underneath dendriles formed on cycled lithium metal electrodes. Nat. Mater. 2014, 13 (1), 69. DOL:
10.1038/nmat3793.

(14) Maslyn, I. A.; Frenck, L.; Loo, W. S.; Parkinson, D. Y.; Balsara, N. P. Extended Cycling through Rigid
Block Copolymer Electrolytes Enabled by Reducing Impurities in Lithium Metal Electrodes. ACS Appl. Energy
Mater. 2019, 2, 11, 8197-8206. DOI: 10.1021/acsaem.9b01685.

(15) Meyerson, M. L.; Sheavly, J. K.; Dolocan, A.; Griffin, M. P.; Pandit, A. H.; Rodriguez, R.; Stephens, R. M.;
Vanden Bout, D. A.; Heller, A.; Mullins, C. B. The effect of local lithium surface chemistry and topography on
solid electrolyte interphase composition and dendrite nucleation. J. Mater. Chem. A 2019, 7, 513. DOIL:
10.1039/C9TAQ3371H.

(16) Li, N.-W.; Yin, Y.-X.; Yang, C.-P.; Guo, Y.-G. An Artificial Solid Electrolyte Interphase Layer for Stable
Lithium Metal Anodes. Adv. Marer. 2016, 28 (9), 1853-1858. DOI: 10.1002/adma.201504526.

90



Appendix 91

(17) Otero, M.; Lener, G.; Trincavelli, J.; Barraco, D.; Nazzarro, M. S.; Furlong, O.; Leiva, E. P. M. New kinetic
insight into the spontaneous oxidation process of lithium in air by EPMA. Appl. Surf. Sci. 2016, 383, 64-70. DOIL:
10.1016/j.apsusc.2016.04.060.

(18) Zachman, M.; Tu, Z.; Archer, L. A.; Kourkoutis, L. F. Nanoscale Elemental Mapping of Intact Solid-Liquid
Interfaces and Reactive Malerials in Energy Devices Enabled by Cryo-FIB/SEM. ACS Energy Lett. 2020, 5, 4,
1224-1232. DOT: 10.1021/acsenergylett.0c00202.

91



Appendix 92

7.1.3 Publication 3

Supporting Information
Protective Coating for Lithium Metal Anode
Prepared by Plasma Polymerization

ab

, Hannah Hartmann **, Svenja-Katharina Otto ° Xufei Fang®, Marcus Rohnke %’ *,
Jirgen Janek “° *

Yannik Moryson

A Institute of Physical Chemistry, Justus Liebig University Giessen,
Heinrich-Buff-Ring 17, D-35392 Giessen, Germany

* Center for Materials Research (ZfM), Justus Liebig University Giessen,
Heinrich-Buff-Ring 16, D-35392 Giessen, Germany

“ Department of Materials and Earth Sciences, Technical University of Darmstadt,

Peter-Griinberg-Strasse 2, D-64287 Darmstadt, Germany

Corresponding Authors:

* E-Mail: Jucrgen.Janck{@phys.chemie.uni-gicssen.de, Marcus.Rohnke@phys.chemie.uni-giessen.de

S1

92



Appendix

93

S1 — Supporting Information 1:

In Supporting Information 1, a schematic sketch of the gas lines to the plasma reactor is shown. The
reactor can be filled with Ar, N, 02 and the polymer precursor gas or a mixturc of them. The pressurc
and flow rate can be controlled via mass flow controllers (MFC1-3) in combination with the manometer.
For operation, a LabView programm was created. Aditionally, a self-constructed transfer module (TM)
was build, which can be seen in Figure S1 b). The transfer module can be filled with argon and closed
with an hand valve to transport the lithium sample under air exclusion between the plasma chamber and
a glovebox. Inside the TM is a z-axis manipulator which can be moved up and down fully motorised,
see Figure S1 ¢) and d). This allows the respective sample to be placed in the TM and then retrieved
again. In picture ¢) an argon-plasma with inserted TM and sample can be seen. The sketch in f) shows
the resulting £ and B fields due to the current flow through the copper coil around the plasma chamber
glass tube.
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Figure S1: a) Schematic sketch of the plasma chamber with the different valves and gas lines. b) Photo
of the self-made transfer-module (TM). ¢) and d) Sketch of the TM with valve a to close the chamber
and valve b to close the TM. The z-manipulaior can be moved into the plasma chamber when both valves

are open. e) Picture of an Ar-plasma with the TM driven in. f) Sketch of the emergence of the E and B
fields due to the current in the copper coil around the plasma chambe
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S2 — Supporting Information 2:

In Supporting Information 2, the different sample attachments are depicted. The first approach to attach
the lithium foil on the z-axis manipulator was using a metal frame or a ceramic, scc a). After plasma
treatment the lithium foil was tarnished, which results from formation of lithium metal on the surface
(i.e. through the passivation layer) via lithium metal plating. The free electrons in the plasma can reach
the surface and the native passivation layer on the foil acts as a solid clectrolyte, evoking Li* ion
diffusion towards the surface to create lithium metal. This process occurs due to the electrical grounding
of the sample. Another possibility to attach the lithium foil is by tesa® or copper tape, see b). While
tesa® tape can electrically isolate the sample, copper tape has electrical conductivity. The bigger
problem for both tapes is the thermal degradation during plasma treatment and therefore contamination
of the lithium foils. The best way to plasma-clean and deposit a polymer layer on top of lithium foils is
to clamp them between two ceramics, which prevent lithium metal plating and degradation during the
plasma treatment, see c¢). Still the ceramics has an influence on the plasma and the edges around the
ceramic clips look a little different after plasma treatment than the middle part of the lithium foil.

Li plating

plasma

plasma

plasma

Figure S2: a) Photographs of a lithium foil before and after argon plasma treatment with the metal
Sframe affixing approach. Schematical sketch of the Li plating process during argon plasma treatment
for grounded samples. b) Photographs of lithium foils before and after argon-plasma treatment attached
with tesa and Cu-tape. ¢) Photos of lithium foils before and after argon plasma treatment clamped
between ceramics.
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S$3 — Supporting Information 3:

In Supporting Information 3, a SEM image of a cracked polymer layer after a deposition time of 15 min
is shown. Duec to the crack the layer thickness can be estimated to be about 2 pum.

Figure S3: SEM image of a cracked polymer layer after a deposition time of 15 minutes.

S4 — Supporting Information 4:

ToF-SIMS surface spectra of lithium foils coated by plasma polymerization, compared with
spectra of commercially available Parylene HT®. The following Figure $4 shows sections of
the ToF-SIMS spectra of a representative plasma polymer sample and a Parylene HT® sample
as a reference. The polymer fragments detected for Parylene HT®, which are formed when the
polymer breaks between the CeHa- or CF2-groups, were also detected for the layer formed in
the plasma. This supports the hypothesis that the layers formed in the plasma are polymers
similar to Parylene HT®. In Figure S5 the whole line spectra from m/z = 1 to m/z = 480 for both
samples are shown. The line spectra for both samples look very similar over the whole mass
range, which also indicates the formation of a Parylene HT® like polymer (identical mass
spectrometric finger print). At m/z = 34.968 and m/z = 336.39 the Parylene HT® sample show
significant higher intensities than the plasma polymer the signals can be attributed to CI™ and
Ca4Has™, respectively, and are probably surface contaminations due to sample handling.
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Figure S4: Sections from ToF-SIMS surface spectra of Parylene HT® (red) and a layer formed by
plasma polymerization (black). The fragments detected for the reference sample are also detected for

the plasma coated sample.
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Figure S5: ToF-SIMS line spectra of Parylene HT® (red) and a plasma polymer sample (black) for
m/z = 1 to m/z = 480.
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S5 — Supporting Information 5:

In Figures S6-S9 the continuous stiffness measurements (CSM) of the Si-wafer, the commercial
Parylenc HT® and the plasma polymer on Si (5 min) and steel (60 s and 5 minutes) for the load, Young’s
modulus and hardness are shown. The measurements of the Si-wafer S6 show nearly no scattering (3 of
16 measurements were removed) and provide values of 170 GPa for Young’s modulus and 12.5 GPa
for the hardness, which fit well with literature'=. This serves as a benchmark for the calibration of the
nanoindentation system.

In Figure S7 the CSM measurements for commercial Parylene HT® are shown. The measurements
exhibit a large scatter and also Young’s modulus values are very high, particularly at larger
displacements. The big scatter can be explained by the high surface roughness of the sample (R, about
1 um) and therefore substrate effects influence the measured values at higher depths.

The measurements of the plasma polymer in Figure S8 on Si and Figure S9 on steel show less scatter
than the commercial sample. At larger displacements (>150 nm), however, the substrate starts to
influence the modulus and hardness. To minimize the substrate influence due to the layer thickness (~
1-2 pm), the values at a displacement of 150 nm were taken and plotted in the main text. This depth also
corresponds to the rule of thumb for measuring “film-only” propertics using nanoindentation, namely
to limit the indentation depth to about 1/10 of the film thickness *
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Figure S6: CSM measurements of a Si-Wafer: a) load, b) Young's modulus, ¢) hardness. The differently
colored curves represent different measurement spots on the sample.
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Figure S7: CSM measurements of commercial Parylene HT": a) load, b) Young’s modulus and c)
hardness. The differently colored curves represent different measurement spots on the sample.
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Figure S8: CSM measurements of a Si-Wafer coated with the plasma polymer for 5 mins: a) load, b)

Young'’s modulus, and c) hardness. The differently colored curves represent different measurement spots

on the sample.
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Figure S9: CSM measurements of steel coated with the plasma polymer for 5 min (top) and 60 s
(bottom): a) the load, b) Young's modulus and c) hardness. The differently colored curves represent
different measurement spots on the sample.
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S6 — Supporting Information 6:

In Figure S6 a picture of an uncoated LMA (13mm diameter) a) wetted with 50 uL electrolyte directly
after wetting and b) after 5 minutes is shown. In comparison to the plasma coated steel discs (see Figure
5 main manuscript) the wetting is worse, which Icads to inhomogencous SEI formation and current
densities during cycling. Therefore, the plasma coating does improve the wetting behavior of the used
clectrolyte.

Figure S10: Pictures of uncoated LMAs wetted with 50 uL electrolyte a) directly after wetting and b)
after 5 minutes. It can be seen that the surface is not completely wetted with the liquid electrolyte.

S7 — Supporting Information 7:

In Figure S11 the solution of Fick’s second law for a source with constant surface concentration into
semi-infinite space, see equation S1, was fitted to the ToF-SIMS data of the '*0, exposed lithium foil.
Due to the large amount of excess oxygen and the slow diffusion, the surface concentration can be
assumed to be constant. Oxygen exposures between 6 and 7 Langmuir (L) at 300 K are sufficient to
form a Li-O monolayer coverage on lithium® For this diffusion experiment the samples were exposed to
10 mbar "0, for 30 minutes which is equivalent to roughly 1:10'° L. For depth calibration a comparison
measurement carried out with Cs™ sputtering (2 kV) and a sputter yield of 1.72 as determined by Otto
et al.® was used. The depth was then adjusted to the measurement shown in Figure SI11 and fitted with
cquation 1. A stainless-stecl sample coated with the polymer was sputtered to the interface
(polymer/steel) and the crater depth was determined by alpha stepper measurements. A sputter yield of
3.30 with an estimated atomic density of 5-10* atoms/cm?® was calculated and used for depth calibration
of the lithium coated samples, since the same sputter settings were used. This sputter yicld was used till
a depth of 1181 nm and after that the sputter yield of lithium was used. The numeric value of 3.30 might
be incorrect due to a wrong atomic density but should still provide the correct values for the depth, since
the measurement settings were identical.

Due to a maximal diffusion time error of about 2 minutes (180 s), due to pumping of oxygen, transferring
the sample into the glovebox and cooling down of the sample the diffusion coefficients were also
determined for # = 1920 s, in addition to the original diffusion time of #= 1800 s, and the resulting values
were considered in the stated errors for the diffusion coefficients.
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c(x) :L'D+(cl—cn)-[1—erf( as )] (S1H

24Dt

with D = diffusion coefficient, co= the natural isotopic background concentration of '*0 in the bulk of
the sample, ¢; = the 'O concentration of the infinite source at the surface of the sample at x = 0, x =
depth and ¢ = diffusion time = 1800 s. The deviation between fit and data points in Figure S11 a} can be
assigned to the high roughness of the polymer layer, an ion mixing effects during sputtering.
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Figure S11: Fit of equation S1 to the obtained I("*0)/ (1(*0) + 1(*°0)) ratio from a ToF-SIMS depth
profile of a) a coated lithium foil and b) untreated lithium foil. The fit can be realized due 1o the
proportionality  between species conceniration and secondary ion intensity from ToF-SIMS

measurements.
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