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Lithium metal is a promising electrode material to increase the specific energy and energy density of
rechargeable batteries. The high reactivity of lithium in contact with the electrolyte leads to the
formation of a solid electrolyte interphase (SEI) that is inhomogeneous in composition and morphology.
The SEI is prone to cracking due to volume changes and favors high surface area lithium growth, pit
formation and an accelerated Li bulk consumption during electrodeposition/-dissolution due to
continuous SEI regeneration. These drawbacks result in low coulombic efficiency and cycle life, and
pose a safety risk to rechargeable lithium metal batteries with liquid electrolytes that must be addressed
before commercialization. Protective layers by ex situ surface modifications are an attractive strategy to
improve the cycle life and performance of lithium metal batteries as they mitigate Li metal degradation
reaction and homogenize the Li ion transport from/into electrolyte. Herein, a dual protective layer
consisting of an intermetallic LiZn and inorganic LizN layer deposited by thermal evaporation was
investigated. A deeper insight into the durability of the dual protective layer was gained by cross-sections
under cryogenic conditions before and after electrodeposition/-dissolution. Galvanostatic cycling
experiments in symmetric Li||Li cells revealed an increase in cycle life of 80% and the state of health
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allow faster Li ion diffusion, predisposing to pit formation and
various morphologies of high surface area lithium (HSAL, with
dendritic Li being the most prominent morphology) growth
during electrodeposition/-dissolution.”*'® During continuous

Introduction

Li ion batteries (LIBs) are approaching their theoretical and
practical limit in specific energy and there are rising concerns

that they will meet the increasing demand for various mobile
and stationary applications.’ Li metal as active material for the
negative electrode is a promising candidate for rechargeable
next generation battery systems to meet these demands, since Li
has the highest capacity (3860 mA h g~ ') and lowest electrode
potential (—3.04 V vs. standard hydrogen electrode).** The high
reactivity of Li metal towards liquid organic electrolytes leads to
electrolyte decomposition products that form a solid electrolyte
interphase (SEI) on the Li metal surface, which is inhomoge-
neous in composition and morphology.*” The heterogeneous
interphase consists of different domains of decomposition
products which were firstly described by E. Peled with a mosaic
model.® Between the domains are grain boundaries, which
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electrodeposition/-dissolution, the thickness of the HSAL layer
increases and inactive “dead” Li is formed, causing low
coulombic efficiency, rapid capacity decay and serious safety
issues.”** In response to these challenges, various strategies
were developed to reduce HSAL growth, including the addition
of additives to electrolytes,"** the creation of artificial 3D
structures,'>'® and the application of protective surface layers
through in and ex situ surface modifications. These approaches
aim to design an artificial protective layer that homogenizes and
facilitates Li ion diffusion, prevents further reactions between
the Li surface and the electrolyte, and remains stable and
effective during electrodeposition/-dissolution.'*® Ex situ coat-
ings have the advantage that their layer thickness and compo-
sition are easier to control. As a result, extensive studies have
been conducted on organic, inorganic and intermetallic layers
on Li metal to evaluate their protection properties."*® Organic
layers benefit from their mechanical flexibility and possibility to
withstand volume changes of the electrode during charge/
discharge, but lack in acceptable Li ion conductivity
compared to inorganic and intermetallic layers.”® Inorganic

This journal is © The Royal Society of Chemistry 2025
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layers, such as Li3N, provide a high Li ion conductivity
(107 S em ™), low electronic conductivity (>10~** S ecm™") and
(electro-)chemical stability against Li, resulting in an attractive
coating material for Li metal batteries (LMBs).>>>* However,
nanoscale Li;N layers suffer from poorly interconnected LizN
grains, that lead to coating cracks at grain boundaries during
cycling and subsequently facilitated HSAL growth. A pinhole-
free LizN layer proposed that improved the
electrodeposition/-dissolution behavior, but the observed
performance improvement was presumably due to a several
microns thick Li;N layer.*®

Intermetallic layers show a noteworthy reduction in over-
voltage and in Li metal reactivity towards the electrolyte, and as
a result a homogeneously distributed electrodeposition
behavior of Li ions.””** Nevertheless, HSAL deposition on the
surface, attributed to the electronic conductivity of the inter-
metallic layer was observed, along with coating cracks and
accelerated HSAL growth in these regions during cycling.
Additionally, the dissolution of the intermetallic layer into
HSAL and Li bulk was occurring.>*

While single protective layers are a viable strategy to over-
come specific challenges, they do not offer a comprehensive
solution for simultaneously enhancing energy and power
performance, cycle life, and safety — key factors needed for the
successful application of rechargeable LMBs. Consequently,
a combination of artificial layers that meet several requirements
for an optimal protective layer was investigated. A combination
of an intermetallic layer to provide uniformly distributed
nucleation sites for Li ions and an inorganic layer to block the
electron transport and ensure the Li ion deposition underneath
the protective layer was recently investigated.*-** Here, liquid-
phase reactions were used for surface modification, although
the layer thickness is difficult to control.**** A dual protective
layer based on thermal evaporation was investigated for solid-
state batteries with a LiF/LiAg coating showing a considerable
enhancement in cycling performance and stability.** The
effective combination of an intermetallic and inorganic layer
led to the encouragement of engineering a dual protective layer
by thermal evaporation. Hence, a dual protective layer
composed of an intermetallic LiZn and an inorganic Li;N layer
deposited by thermal evaporation and subsequent gas reaction
in the chamber is presented. Thermal evaporation is a physical
vapor deposition (PVD) technique that produces high purity
coatings, due to solvent- and organic free fabrication of thin
films under high vacuum, and is more cost- and energy efficient
compared to other PVD techniques.>**” The thickness control
during the coating process is adjustable, as recently demon-
strated for an intermetallic LiZn layer.”” Zinc deposition was
chosen to create an intermetallic LiZn layer due to its high Li
ion diffusion coefficient, homogeneous distributed Li ion
nucleation sites, low cost and toxicity.***° Li;N has a high Li ion
and low electron conductivity, and is therefore a suitable
protective layer on top of the intermetallic layer to reduce
electronic leakage. Integrating a dual protective layer on Li
electrodes is expected to effectively improve the cycle life and
performance in Li||Li and NMC622||Li cells compared to single
coated or uncoated Li electrodes. To gain a comprehensive

was
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insight into the beneficial behavior of the protective layer
during cycling, post mortem analysis of cycled electrodes was
conducted with a morphology preserving technique.

Experimental
Materials

Battery grade Li metal was purchased from Honjo Lithium in
a thickness of 500 um and was roll-pressed to a final thickness
of 130 um (Li,,) between two siliconized polyester foils (50 um,
PPI Adhesive Products GmbH) using a roll-press calendar
(GK300L, Saueressig) in a dry room (dew point <—60 °C). The
roll-pressing method was employed to reduce the surface
roughness and dilute the native layer, consisting of Li,COs;,
LiOH and Li,0.** Li,, were then transferred to an Ar-filled
glovebox (H,O and O, values <0.1 ppm) for coating or elec-
trode preparation under inert atmosphere. Zinc (Zn) pellets
(Sigma Aldrich) with a purity of 99.99% were purchased to form
the LiZn-intermetallic layer, and nitrogen gas (N,, Westfalen
AG) with a purity of 99.999% was purchased to produce the LizN
layer.

Physical vapor deposition by thermal evaporation

The coating process was performed in a ProVap PVD System
(MBraun) chamber placed in an Ar-filled glovebox (H,O and O,
values <0.1 ppm). This system is based on a resistive heating
approach, where a high electric current and low voltage is
applied to melt and vaporize the source material. An SQC-310
thin film deposition controller (Inficon) operating at 6 MHz
was used to control the deposition rate during the evaporation
process. The substrate was protected by a shutter until the
desired deposition rate was reached and a shutter above the
deposition material protects the substrate against out-gassing.
Li,, metal foil (130 pm) was placed on the substrate holder
inside the PVD chamber facing downwards to the evaporation
source to deposit different thicknesses at a rate of 0.5 nm s~ .
For the deposition process, Zn pellets were placed in a tungsten
evaporation boat and Li in a tantalum evaporation boat, both
connected to a power supply. To obtain a Li;N layer, 100 nm Li
was deposited on the Li,, metal foil, and subsequently the PVD
chamber was flooded with N, gas up to 500 mbar to allow the
gas reaction between Li and N, to form LizN. The reaction was
stopped after three min by evacuating the chamber. For the dual
layer, 300 nm of Zn were deposited on the Li,, metal foil to
generate a LiZn-intermetallic layer followed by the Li;N-layer
fabrication process.

Electrochemical investigations

Liyp,, the single and dual layer protected electrodes were char-
acterized in a CR2032-type two-electrode coin cell* for
symmetric (Li||Li or LiZn||LiZn) and LiNiy¢Mng ,Cog,0,||Li
(NMC622||Li, NMC622||LiZn) based cells and cycled at 20 °C
using a MACCOR battery cycler (MACCOR series 4000).
Symmetric coin cells were assembled in an Ar-filled glovebox
(H,O and O, values <0.1 ppm) using J 12 mm Li electrodes and
a (J13 mm separator (2x Freudenberg (FS2190), 2x Celgard
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2500) soaked with 60 pL electrolyte containing 1 M LiPF¢ in EC/
EMC (3 : 7 by weight, EC: ethylene carbonate, EMC: ethyl methyl
carbonate). NMC622||Li cells were assembled under equivalent
conditions, but a different cell setup was used including
a J13 mm Li as negative electrode, 12 mm NMC622-based
positive electrode and J14 mm separator soaked with 80 pL
electrolyte. For symmetric cells the current density was varied
from 0.5 mA cm ™ to 2 mA cm > with a constant capacity of
0.5 mA h em? for long-term cycling experiments and cut-off
criteria of —1.5 V to +1.5 V. The NMC622||Li cells were cycled
after a rest period of 5 h in a voltage range of 3.0 V to 4.3 V at
a charge/discharge rate of 0.2C (0.2 mA cm ™2, 1C corresponds to
180 mA g '). As positive electrode 95% NMC622 (BASF) as active
material, 2% conductive additive (Super C65, IMERYS) and 3%
polyvinylidene difluoride (PVDF) binder (Solef 5130, Solvay) was
used to obtain positive electrodes with an areal capacity of
2.3 mA h em™? produced in an in-house battery line. The elec-
trode sheets were pre-dried under vacuum (3 x 10~° mbar) at
100 °C for 12 h and then punched into 12 mm electrodes.
Electrochemical impedance spectroscopy (EIS) was con-
ducted using a VMP3 potentiostat (Bio-Logic) in a frequency
range between 0.1 MHz and 0.1 Hz with an amplitude of 10 mV.
For the EIS analysis combined with galvanostatic cycling
symmetric Li||Li coin cells were used. Initially, EIS was
measured three times under open circuit conditions (OCP) at
0 V. Thereafter, Li||Li cells were cycled at 0.5 mA cm 2 and
0.5 mA h cm ™2 and EIS was conducted after each cycle for the
first ten cycles and then after every fifth cycle up to 50 cycles.

Morphological investigation

The surface morphology of Li, and coated Li,, before and after
charge/discharge cycling was analyzed by scanning electron
microscopy (SEM) using a Carl-Zeiss CrossBeam 550 working
station with a field emission gun at an acceleration voltage of 3
kv. For SEM characterization, symmetric cells were dis-
assembled after 20 and 50 cycles at 0.5 mA cm > to
0.5 mA h em™>. The samples were integrated inside an Ar-filled
glovebox in a custom-built cryo-transfer module (Kammrath&-
Weiss), which was installed inside the SEM chamber and con-
nected to liquid nitrogen and a temperature control element.
The temperature was set at —160 °C and maintained for 10 min
before the cross-section was started by focused ion bombard-
ment (FIB). The cryo-conditions resulted in a morphological
preservation of the Li metal and Li metal-containing structures,
and the acceleration voltage of the FIB was 30 kV with a current
ranging from 7 nA to 30 nA.

The elemental composition of the electrode surface and
cross-section was investigated by energy-dispersive X-ray spec-
troscopy (EDX) using an Ultim Extreme detector from Oxford
Instruments. The spectra were analyzed with the integrated
AZtech software (Oxford Instruments) and recorded with an
acceleration voltage of 5 kV and a current of 1 nA.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

ToF-SIMS measurements were performed on a TOF.SIMS 5
instrument (Iontof GmbH) equipped with a 30 keV Bi primary
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ion source and a 2 keV Ar sputter ion source. For the analysis the
primary ion source was tuned in the spectrometry mode
(bunched mode) for high mass resolution. The analysis was
performed in a 100 x 100 um? field of view, scanned in random
mode with 128 x 128 pixels and a cycle time of 60 ps. Bi;" ions
were used as primary ions with an ion current of 2.3 pA. During
the measurement, the surface was sputtered with Ar" sputter
ions at an ion current of 600 nA. Measurements were taken at
different but comparable sample positions in both secondary
ion polarities. For each sample a set of a minimum of three
measurements at different positions was performed. Data
evaluation was performed with SurfaceLab7.2 software (Iontof
GmbH).*

Results and discussion

The fabrication of the single and dual protective layer with
a deposited intermetallic LiZn and/or inorganic LizN layer is
schematically illustrated in Fig. 1 and was conducted in a PVD
chamber as depicted in Fig. S1.f First, Li metal foil was roll-
pressed (Liy,) to dilute the native layer, consisting predomi-
nantly of Li,COs, LiOH and Li,O components, and to decrease the
surface roughness, as previously reported by Becking et al.*****¢ In
a second step, an intermetallic LiZn or inorganic LizN layer was
deposited on Liy, by thermal evaporation. For the LizN layer
fabrication, 100 nm Li were deposited on Li,, under vacuum,
followed by N, gas exposure. The freshly deposited, reactive Li
quickly formed a Li;N layer in N, gas atmosphere. After with-
drawing the samples from the chamber, a red-brown color was
observed on the Li metal surface indicating a successful coating
procedure to fabricate a Li;N layer (Fig. S2b;t Liy,|LizN layer
further referred as LN and coated on a Li,, electrode as Liyy).**
Intermetallic LiZn layers were thoroughly investigated in
a previous report regarding the optimal thickness of the inter-
metallic layer and the effect of roll-pressing pristine Li foil before
coating.” Especially the preceding roll-pressing showed a benefi-
cial influence regarding the homogeneity of the coating

Single Dual
Layer Layer
Roll-pressing Li coating Li.N
+N,gas 3
)
Lizn Li coating LZLN
: : +Nygas [
LIpristine ) LI
coatlng
=
Roll-pressed LiZn layer Li;N layer

Lithium metal

Fig. 1 Ex situ fabrication process for the dual protective layer starts
with roll-pressing of Li metal foil to obtain Li,, followed by PVD coating
with either Zn or Li with subsequent N, exposure to obtain a single
protective layer. An additional LizN layer is deposited on top of the
LiZn-intermetallic layer to form the dual protective layer.

This journal is © The Royal Society of Chemistry 2025
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morphology and an enhanced cycling performance by combining
these methods. Based on these results, 300 nm Zn were deposited
on Li, and considered as appropriate layer thickness to study the
combination of an intermetallic LiZn and inorganic Li;N layer
and its behavior during electrodeposition/-dissolution. Fig. S2af
shows the intermetallic LiZn layer on Liy, with a distinctive
golden color, indicating the formation of an intermetallic
phase'27,28,30

The dual protective layer on Li,, electrodes (Liyp|LiZn|Li;N
layer sequence further referred to as LZLN and coated on a Liy,
electrode as Li;z; ) was fabricated by applying the two coating
methods in sequence by depositing 300 nm Zn on Li,, and
subsequently 100 nm Li followed by exposure and reaction with
N, gas. Therein, the deposition of 100 nm Li (prior to N,
exposure) was determined as optimum in preliminary studies
including Li thicknesses of up to 400 nm. The optical image of
the LZLN layer Li,, foil (Fig. S2ct) shows a homogeneous
coating with a mixed golden and red-brown color. The advan-
tage of this method is that the coatings are deposited under
ultra-high vacuum, which prevents detrimental side reactions.
In addition, thermal evaporation creates homogeneous coat-
ings with a tunable layer thickness that can be adapted to the
requirements of the cell chemistry. The Li;N layer was chosen as
top layer above the LiZn layer, due to its and electronic insu-
lating properties, which promotes the deposition of Li ions
under the protective layer.

The morphology, composition and thickness of the LN and
LZLN layer were analyzed by SEM and EDX top-view and cross-
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section images and compared to the Li,, reference surface
(Fig. 2, corresponding EDX images: Fig. S37). Cross-sections
were performed under cryogenic conditions at —160 °C in
order to preserve the morphology of the Li containing layers and
the Li bulk by avoiding Li melting effects. SEM top-view images
of Li,, show linear grooved patterns from the roll-press method
(Fig. 2a and b), but the overall surface roughness was reduced
and the native layer was diluted compared to the pristine Li
metal foil.>>** The corresponding cross-section image of Liy,
(Fig. 2c) presents a flat surface, which is essential for the
subsequent coating process, as the surface roughness is for-
warded to the applied coating. Fig. 2d-f displays the top-view
and cross-section images of Lijy and Fig. S3b and df the cor-
responding EDX images. The top-view images show finely
dispersed, well-connected particles of the LN layer on the Liy,
surface, and the corresponding EDX images reveal a homoge-
neous distribution of nitrogen. The thickness of the LN layer
was determined from cross-section images to be 110 nm
(Fig. 2f). Thus, the freshly deposited, highly reactive Li formed
primarily with the induced N, gas and the subjacent Li,, was
not involved. The top-view and cross-section images of the
Li; 71 5 are demonstrated in Fig. 2g-i and the corresponding EDX
images in Fig. S3f, g, i and j.f The top-view image in Fig. 2¢g
shows a LZLN surface with a homogeneous coating and the
formation of protrusions, that were caused by volume expan-
sion during formation of the LiZn-intermetallic phase. After Zn
deposition on Li foil (Zn: hep structure; Li: bee structure), Li
atoms migrate into the Zn layer and form an intermetallic phase

Fig. 2 Top view SEM images before cycling of (a) and (b) Lir, (d) and (e) Liy and (g) and (h) Liiz n electrodes. Cross-section images under

cryogenic conditions of (c) Liyp, (f) Liin at Lir, and (i) Liizin.

This journal is © The Royal Society of Chemistry 2025
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(NaTl-type structure) resulting in volume expansion and curva-
ture of the layer.* The cross-section image (Fig. 2i) confirms the
volume expansion, indicating a layer thickness increase to
800 nm of the intermetallic LiZn layer with 300 nm of deposited
Zn. Additionally, a distinct and homogeneous Zn signal was
detected in the EDX cross-section image (Fig. S3jt). Moreover, it
should be noted that beyond the flat Li,;, surface the deposition
morphology of the LN layer is determined by the lattice struc-
ture and chemical properties of the corresponding substrate
leading to different appearance in Fig. 2f (Li,, substrate) and
Fig. 2i (LiZn substrate) despite having the same chemical
composition.

At higher magnifications, the LZLN layer shows connected
grains over the entire surface. The corresponding EDX images
confirmed the presence of Li;N as top layer with detection of the
nitrogen signal (Fig. 2h with corresponding EDX image in
Fig. S3e and ff). However, areas with protrusions exhibited
a reduction in the nitrogen signal and an increase in the zinc
signal (Fig. S3f and gt). In flat regions, the LN layer is assumed
to act as a shield, masking the zinc signal from the LiZn layer. In
areas with protrusions, a higher signal intensity of zinc was
detected by the EDX detector. The excitation bulb in areas with
protrusions likely contains a higher quantity of zinc in the
vicinity, which exceeds the detection limit for the nitrogen
signal.

Consequently, the contrast between the nitrogen and the
zinc signal in the respective regions was leading to the obser-
vation of an absence of the nitrogen signal. This is confirmed by
the consistent structure of the LZLN layer in the top view
images, which demonstrated a homogeneous distribution and
well connected Liz;N grains (Fig. 2g and h). The cross-section
image of the Li;zn (Fig. 2i) shows a consistent layer thickness
of the LN layer with a thickness of 700 nm on top of the LiZn
layer compared to 110 nm LN layer on the Li,, surface. The
thickness determination was conducted in an additional cross-
section with a platinum layer on top of the LZLN layer to exclude
the potential co-measurement of and LN edge as total thick-
ness. The observed increase in layer thickness was caused by the
reactivity of Li within the intermetallic phase, which reacted
with N, in addition to the vapor deposited Li. Overall, a homo-
geneously distributed LN and LZLN layer on Li,, metal foil was
deposited by thermal evaporation and/or gas treatment. The
corresponding layer thicknesses and consistency of the layers
were determined by means of cryogenic cross-sections and the
EDX analysis revealed the presence of the LiZn and LN layer.

Time-of-flight secondary-ion mass spectrometry (ToF-SIMS)
depth profiling was employed to further investigate and
confirm the composition of the single LN and dual LZLN layer
and to assess the transition of interfaces. Fig. 3 shows the ToF-
SIMS sputter depth profiles and the corresponding 3D recon-
structions of the Lijy or Lij -

On the surface of the Lipy (Fig. 3a) a LiyN" fragment (I, red)
was detected, assigned to the deposited LN layer. As sputtering
continued, the Li,N" intensity decreased while the Si~ intensity
increased (II, green). The Si~ fragment indicated that the top
surface of Li,, was reached and derived from the siliconized
Mylar foil, used as release liner during roll-pressing of the Li
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metal foil. A decrease in the Si~ intensity was accompanied by
an increase in the Ar;' intensity (II, black). The Ar;" fragment
was interpreted as an indicator of Li metal foil due to the
integration of Ar" ions into the Li metal surface during sput-
tering. The described assignment of the Si~ and Ar;" fragments
was also reported by Mense et al. in a previous study regarding
ToF-SIMS sputter depth profiling of Li metal electrodes.*
Fig. 3b illustrates the depth profile of Lipz . First, the LiyN"
fragment (I, red) was detected on the outer surface and implied
the presence of the LN layer. A higher sputter ion dose was
required to sputter through the LZLN layer and indicated
a thicker LN layer for the dual layer compared to the single layer.
The thicker LN layer was also observed in the cross-section
images of Lipzn as compared to Lipy (LN layer: Fig. 2f, LZLN
layer: Fig. 2i). The LN layer was followed by an underlying layer
represented by a LiZn" fragment (II, yellow, Fig. 3b) with an
unexpectedly low intensity, but co-located with a more intense
Li," fragment (x = 79, II, blue, Fig. 3b).** The LiZn" and Li,"
fragments measured below were associated to the LiZn inter-
metallic phase as described by Mense et al.*® The observed low
intensities for the LiZn" fragment in the intermetallic phase are
likely attributed to matrix-effects during the SIMS ionization
process. Since Li has a lower electronegativity compared to Zn it
may get preferentially ionized in the collision process resulting
in the observed behavior.*® Below the described dual layer
consisting of a LN and LiZn layer, the Si~ intensity maximum
(ITL, green, Fig. 3b) with subsequent increase of the Ar;" inten-
sity (LI, black, Fig. 3b) indicated the Li,, metal surface. 3D
reconstruction of the depth profiles from Li; and Lijz n were
generated (Fig. 3c and d) and the individual spatial distribu-
tions of selected secondary ions are displayed in Fig. S4.7 The
homogeneous distribution of the LN layer on the outer surface
and the thicker LN layer on top of the LiZn intermetallic layer
were visualized for both Li;y and Li;, N in 3D reconstruction
(Fig. 3¢ and d). Underneath the LN layer, detected by the Li,N"
signal (red), the Li bulk (Ar;" signal, grey, Fig. 3c) or the inter-
metallic phase (LiZn" and Li," signal, blue, Fig. 3d) is illus-
trated. Consequently, the individual components of the LN and
LZLN layer were confirmed using ToF-SIMS analysis. The
sputter ion dose spectra offered a detailed analysis of the single
components and the impact of the roll-pressing method, while
the 3D reconstructions provided a clear overview of the main
fragments (Li,N", LiZn, Li,", Ar;").

Raman spectroscopy was further employed to verify the
formation of the LN layer via gas phase reaction, since the EDX
and ToF-SIMS analysis solely verified the components of the
individual compounds (Zn and Li for LiZn; N for LN). Fig. S6+
shows the Raman spectra of the LN layer on Li,,, Li3N powder
and Li,, as reference samples. The signal at 1845 cm ™! was
assigned to the C-C-triple bond of a carbide species, which was
formed as a decomposition product of Li,CO; from laser irra-
diation during the measurement and was also observed in the
Li, reference spectra (Fig. S5a and ct).”* Due to the fact that the
LN layer on Li,, is relatively thin (100 nm), the underlying native
layer was reduced by the laser beam and Li,C, was detected. A
characteristic band at 515 cm™ %, 575 cm™* and 610 cm™* and
a broad band from 930 cm ™" to 1375 cm ™" was observed for the

This journal is © The Royal Society of Chemistry 2025
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LN layer on Li,, (Fig. S5at). The characteristic and broad band
was assigned to the Li;N species, because both signals were
detected in the Li;N powder reference spectra (Fig. S5bt). In
summary, the analysis of the LN layer on Li;, by Raman spec-
troscopy supported the conclusion that Li;N was formed as
a top layer through comparison with Li;N powder and Li,, as
a reference material.

The LN and LZLN protective layers were electrochemically
analyzed in a symmetric cell setup with Li;y||Lipn (red) and
Lipzin||Lipzin (blue) electrode configurations and compared to
Li,p||Liyp, (grey) as a reference. The beneficial influence of the LN
and LZLN layer was observed in the long-term cycling experi-
ment at different current densities (Fig. 4a and b). Notably, the
cycling stability was increased with both LN and LZLN layer
compared to bare Li,, before reaching the cut-off voltage, due to
an enhanced protection of the Li bulk and an improved
homogeneity during Li electrodeposition/-dissolution. This
trend was observed for low, moderate and high current densi-
ties (Fig. 4a for 0.5 mA cm 2, Fig. 4b for 1.0 mA cm™?, Fig. S6+
for 2.0 mA em ™). At moderate current density of 1.0 mA em ™2,
an 80% increase in cycle number before reaching the cut-off
voltage was reached for symmetric cells built with Lijz N
compared to Li,, (from Table S1:f Liy,: 200 cycles, Lijzin: 360
cycles), compared to a 42% increase at higher current densities
of 2.0 mA cm? (Fig. S6 and Table S11). The Lipy electrodes
showed an improved cycling stability compared to Li,, but
areduced cycling stability compared to the Li; ;1 electrodes for
the three investigated current densities (Fig. 4a, b, S6 and Table
S1t). Fig. 4c-e emphasizes the electrodeposition/-dissolution
behavior of symmetric cells with Liy||Liy,, Lipy||Lipy and

This journal is © The Royal Society of Chemistry 2025

Lipzin||Lipzin at different cycling stages with a fixed current
density of 1.0 mA cm 2. The voltage profile of Lip|[Liy, is
magnified in Fig. 4c and shows a small peak at the beginning of
the first half cycle and a larger one at the end. The first peak was
associated to the nucleation of Li ions onto HSAL at the Li
surface.” Since a large volume of HSAL accumulated after 75
cycles at the Li electrode surface, the energy barrier for nucle-
ation was low (Fig. S71). Once the initial kinetic barrier for Li
ion deposition on existing HSAL was overcome (first peak),
there was a continuous deposition of Li ions onto the surface,
leading to a decrease in overvoltage (area between the first and
second peak). The second peak demonstrated a higher energy
barrier for electrodissolution, as Li ions need to dissolve from
the Li bulk and diffuse through a porous layer consisting of
mossy HSAL and a dead Li layer.'*”> After advanced
electrodeposition/-dissolution, the second peak becomes more
dominant and the overvoltage for the Li,,||Li,, cell continued to
increase until the cut-off voltage was reached after 200 cycles.
Lipn||Lipy and Lijzpn||Lipzn showed a similar voltage profile for
the initial charge/discharge cycling phase compared to Liy,
||Lirp. With increasing cycle number, the voltage profile turned
into an arc profile followed by a plateau for each half cycle
(Fig. 4c—e). The arcing behavior reflects the state of facilitated Li
ion deposition, resulting from a reduced kinetic barrier due to
an enhanced Li ion diffusion through the protective layer or the
Li ion deposition on HSAL. The plateau profile characterizes
a facilitated growth of HSAL at the negative electrode and
dissolution from HSAL/pits from the positive electrode. This
voltage profile was stable for an extended cycling period, while
an overall increase in overvoltage was observed.'®** The increase
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Liin||LiLn and Lipzin]LiLzin after () 75, (d) 200 and (e) 275 cycles at a current density of 1.0 mA cm
. (9) Rint evolution determined by EIS within the first 50 cycles at 0.5 mA cm™2.

first electrodeposition at 0.5 mA cm™2

in overvoltage for the arc and following plateau profile with
advanced electrodeposition/-dissolution was associated to
limited Li ion diffusion processes through the protective layer
or HSAL/dead Li accumulation at the surface, as the diffusion
pathway through the HSAL/dead Li layer was growing. The
observed arc and plateau profile for Liyn||Lipx and Liyzrn| |Lirzrn
was associated to the Li ion diffusion through the single or dual
protective layer (Fig. 4c and d). Fig. 4e displays a less dominant
plateau and an increase in the second peak overvoltage at
higher cycle numbers, which indicated that Li ions need to
overcome a larger volume of HSAL and more energy is required
for Li ion dissolution from Li bulk at the positive electrode.
Overall, the long-term cycling experiment revealed an extended
cycle life for symmetric cells with dual layer protected Liy,
electrodes compared to Liy, or single layer protection. A detailed

7482 | J Mater. Chem. A, 2025, 13, 7476-7487

2

~2_(f) Nucleation overvoltage profiles from the

analysis of the overvoltage profiles showed a facilitated and
more homogeneous Li electrodeposition/-dissolution behavior
with single and dual layer protected Li,,, which was accompa-
nied with a decelerated consumption of the Li bulk.

In order to gain further insight into the Li ion diffusion
through the Li;N and LZLN dual layer on Li,p,, the nucleation
overvoltage of the initial Li electrodeposition and interphase
resistance Ry, within the first 50 cycles was investigated (Fig. 4f
and e). The observed nucleation overvoltage provided infor-
mation about the kinetic hindrance for Li ions to diffuse
through either a protective layer or the SEI layer on Li,,. The
nucleation overvoltage is defined as the difference between the
sharp voltage tip and the flat voltage plateau, as shown in Fig. 4f
for a Liyzpn||Lipzin symmetric cell.* Liy,||Liy, has the highest
nucleation overvoltage with 0.26 V compared to LN and LZLN

This journal is © The Royal Society of Chemistry 2025
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protected Li,, electrodes. This trend was observed due to the
formation of a SEI which creates an additional barrier for Li ion
electrodeposition. For the protected Li,, electrode, a substantial
reduction in nucleation overvoltage was observed. Thus, the
nucleation overvoltage dropped to 0.20 V for Liy 7y n||Lirzry and
to 0.19 V for Lijy||Lipy. The observed nucleation overvoltage
decrease was interpreted as either a lowering of the kinetical
hindrance for Li ions to diffuse through the protective layer or
a deposition of Li ions on top of the protective layer. In order to
elucidate the deposition behavior of Li ions by electrochemical
analysis, EIS measurements were conducted and analyzed the
Rine of symmetric cells before and after electrodeposition/-
dissolution (Fig. 4g). The R;,, depends on the Li ion and elec-
tron conductivity between the interface and electrolyte and
allows an assessment of the protective property and the Li
electrodeposition/-dissolution behavior. Li||Li,, showed
a high R;, prior to electrodeposition/-dissolution, due to SEI
formation between Li and the electrolyte, followed by a rapid
reduction in R;,, owing to an increased surface area caused by
pit formation and HSAL growth.*®* R;, of Lijn||[Lipxy and
Lirzrn||Lizzin showed overall a higher value before and during
electrodeposition/-dissolution compared to bare Liy,. The
increased R;,, value at 0 cycles for Lijy and Lijzn was inter-
preted as a successful protection of Li surface against degra-
dation processes with the electrolyte. However, after repeated
charge/discharge cycles, cracking of the LN layer was
observed, leading to reduced kinetic hindrance for Li ion
deposition, which was observable in the decrease of R, for
Liyn||Lipy to a similar R;y as for Liyp||Liyp. Further cracks in the
LN layer, induced by volume changes, lead to accelerated pit
formation and HSAL growth in areas of Li electrodeposition/-
dissolution. This was indicated by a continuous decrease of
Rin for Lipy||Lipn from cycle 30 to 50. The Lipzn||Lirzin cells
showed a Rj, drop within the first 10 cycles, followed by
a virtually constant R;, up to 50 cycles. The initial R, drop
implied that the LZLN layer was suffering from coating cracks
similarly to the LN layer. Yet, during the subsequent cycling
period (cycles 10 to 50), the LZLN layer was found to improve the
overall stability of both layers. Therefore, it was concluded that
the benefits of the dual layer combination are an electronically
insulating top layer, more homogeneously distributed nucle-
ation sites due to the LiZn layer, and an overall higher stability
towards volume changes (if LN layer cracks, LiZn layer remains
protective character). This improvement resulted in a superior
protection of the subjacent Li surface from electrolyte decom-
position and an improved behavior during Li electrodeposition
and dissolution.

The higher stability and improved protection of Liyzx was
verified by SEM top-view and cross-sections with corresponding
EDX images after 25 and 50 cycles and compared to bare Liy,
and Lipy (Fig. 5).

Fig. 5a-c shows aged Li,p,, Lipy and Liyz;y electrode as top-
view images after 25 cycles and the area of the cross-section is
marked with a red bar. Cross-sections were performed in
regions at boundaries between HSAL growth and intact surface
to analyze the cracking mechanism of the protective layer on the
Liy, surface upon continuous electrodeposition/-dissolution.

This journal is © The Royal Society of Chemistry 2025
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With repeated electrodeposition/-dissolution, pits are formed
and HSAL is deposited on the surface and in the pits. The pits
grow deeper with increasing cycle number and were refilled
with growing HSAL. The surface analysis of Li, after 25 cycles
proofed the degradation behavior by showing HSAL growth at
the surface (Fig. 5a). Cross-section analysis, supported by cor-
responding EDX images, further demonstrated HSAL penetra-
tion in deeper regions (Fig. 5d and g: HSAL in green). HSAL was
represented by a mossy/chunk-like morphology and an oxygen
signal (green), since Li reacted with the carbonate-based elec-
trolyte to form oxygen-containing species. The LN layer is rep-
resented by the associated nitrogen signal (purple) and the
intermetallic LiZn layer by the zinc signal (yellow). The top-view
image of the Lijyn electrode after 25 cycles exhibited HSAL
structures on the surface, that cracked the LN layer and pene-
trated into the Li bulk (Fig. 5b). Cross-section images and cor-
responding EDX analysis showed pit formation in regions of
HSAL growth, while the adjacent LN layer remained intact. The
LN layer underneath the HSAL showed a weaker nitrogen signal,
indicating the rupture of the rigid layer (Fig. 5h: HSAL in green,
Li;N in purple). The HSAL growth was also observed on the
surface of the LZLN layer (Fig. 5b). However, in the top-view
image, the LZLN layer appeared undamaged in regions of
HSAL growth and an undamaged dual layer was also confirmed
by the cross-section image and EDX analysis (Fig. 5f and i).
HSAL growth (Fig. 5i, green) was observed on top of the LZLN
layer (Fig. 5i, LizN: purple, LiZn: yellow), with an intact LZLN
layer and no visible cracks in the region of HSAL growth.

After 50 cycles, deeper pit formation and a higher amount of
HSAL on top of the Li,, or protected Liy, electrode surface was
observed in both SEM and optical images (Fig. 5j—o and S77).
Cross-section images with corresponding EDX analysis of Liy,
showed a distinctive HSAL layer with mossy structure (Liyp:
Fig. 5] and m). The HSAL layer of the Li,, electrodes was overall
less dense and consisted of a thicker layer compared to the
protected Li, electrodes (Liy,: Fig. 5j, Lipn: Fig. 5k, Lipzin:
Fig. 51). The Li;y electrode showed a cracked LN layer in areas
with advanced HSAL growth as a continuous nitrogen signal
was absent (Fig. 5k and n). HSAL was found in a higher depth of
penetration into the Li bulk with a dominant mossy structure
and a few denser Li deposits in predominantly deeper regions
(Fig. 5k, denser HSAL deposits framed red). Denser Li deposits
are resulting from a better contact of Li ions with the Li bulk
during electrodeposition, while they are effectively protected
against electrolyte decomposition and SEI formation during the
deposition process. Therefore, the cross-section image derived
that the LN layer was first intact, causing thicker Li deposits,
and with continued cycling, mossy and less dense HSAL was
growing due to a ruptured LN layer with less protective prop-
erties (Fig. 5k). Cross-section images and EDX analysis of Li; 7
electrodes showed HSAL growth (green) with a mossy structure
on top of the protective layer and a higher amount of denser Li
deposits below the protective layer compared to Liyy and Liy,
electrodes (Fig. 51 and o, denser HSAL deposits framed red).
Presumably, the higher amount of denser Li deposits was
found, because the LZLN layer featured a higher degree of intact
protective properties shielding the Li deposits from electrolyte
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Fig.5 Top-view SEMimages of (a) Lir,, (b) LiLny and (c) Li 7. electrodes after 25 cycles at 0.5 mA cm~? with red bars that are indicating the cross-
section area. The left column belongs to Li,, electrode, the middle column to the Li y electrode and the right column to the Li 7 electrode.
(d)—(f) Shows the cross-sectional SEM images after 25 cycles and (g)—(i) the corresponding EDX mapping images. (j) and (1) Displays the cross-
sectional SEM images after 50 cycles and (m)—(0) the corresponding EDX mapping images. (k) and (1) Display red framed areas that are marking

thicker Li deposits.

decomposition. The LiZn layer (Fig. 50, yellow) was found after
50 cycles with severe cracks and advanced dissolution into
HSAL and the Li bulk. However, the LN layer (purple) on top was
found as intact layer in regions of HSAL growth above and below
the LZLN layer. Consequently, the improved cycling stability of
the Lipz;n electrodes during electrodeposition/-dissolution was
explained by the morphological analysis. A single intermetallic
LiZn layer dilutes into the HSAL and Li bulk during the cycling
process and a rigid, single LN layer cracks in certain areas where
HSAL growth and pit formation are subsequently facilitated.
The described process occurred delayed with the LZLN layer,

7484 | J Mater. Chem. A, 2025, 13, 7476-7487

since the LN layer protects the LiZn layer from early dissolution
into HSAL and the LiZn layer homogenizes the Li ion flux
during electrodeposition/-dissolution. Based on the results of
the cross-section images and the electrochemical analysis,
a combination of protective layers with different properties is
proposed. This approach aims to reduce the overall thickness of
the protective layer while increasing its effectiveness. Thus, the
delayed initiation of coating cracks, higher homogeneity of Li
ion electrodeposition/-dissolution and a subsequently delayed
exposure of the reactive Li bulk resulted in an enhanced cycle
life.

This journal is © The Royal Society of Chemistry 2025
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After studying the protective layer on Li,, electrodes in
symmetric cells and analyzing their morphology before and
after cycling through cryogenic cross sections, the next step was
to investigate its practical application in NMC622||Li cells.
Therefore, NMC622||Li cells with Li,, Li;x and Liy 7y electrodes
were assembled and their practical application in LMBs was
investigated. Fig. 6a shows the progression of the specific
discharge capacity and coulombic efficiency of the NMC622||Li
cells.

The initial capacity of NMC622||Li cells with Li,, Lipyx or
Lirzrn as negative electrode was =160 mA h g%, based on the
discharge capacity of the positive electrode. Fig. 6a shows
a rapid capacity decay of NMC622||Li,, followed by
NMC622||Li;xy and an enhanced capacity retention with
NMC622||Li;zrn. The state of health (SOH) values of 80% are
visualized in Fig. 6a. For cells with Li,;, as negative electrode the
SOH (80%) was reached after 70 cycles, for the ones with Lipy
after 71 cycles and for the ones with Li; 7~ after 105 cycles. This
represented a 50% improvement in SOH (80%) for cells with
Li 7~ as a negative electrode compared to the ones with Li,.
The comparatively poor cycle life and accelerated capacity fade
of NMC622||Li cells in comparison to Li||Li cells was attributed
to the 4-5 times higher areal capacity of the NMC622||Li cells
associated with a correspondingly enhanced amount of shut-
tled lithium.

Post mortem analysis of cycled Li electrodes showed that Liy,
has already after 25 cycles a higher HSAL growth and pit
formation compared to the coated Li electrodes (Fig. 5d-i). It is
therefore reasonable to observe a premature capacity fading for
Li;, negative electrodes. However, the discharge capacity of
NMC622||Liy cells showed a similar capacity decay as with Li,,
electrodes, emphasizing that a single LN layer with 100 nm layer

View Article Online
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thickness lacks in a comprehensive Li surface protection in
combination with NMC622.

A lower surface protection with was visible in the cross-
section images of aged Liyy with a cracked LN layer in regions
of HSAL growth after 25 cycles (Fig. 5h). These regions accel-
erate a rollover failure with continues charge/discharge cycles.>
The undamaged LZLN layer after 25 cycles and the intact Li;N
layer of the dual layer after 50 cycles (Fig. 5i and o) emphasized
the elevated surface protection that was observed in Fig. 6a for
NMC622||Litzn. The corresponding charge/discharge voltage
profile (Fig. 6b) of the initial cycle revealed a similar voltage
polarization for Li;x and Li;zx and a higher polarization for
Li;, as negative electrode. The higher polarization of
NMC622||Li,, compared to cells with Li;  and Liy 75 electrodes
indicated a higher internal resistance and kinetical hindrance
for Li ion deposition during charge and for Li ion dissolution
during discharge. After 100 cycles, the charge/discharge voltage
polarization sharply increased for Li,, and Li;y until reaching
4.2V, followed by a kink and slower voltage rise. The discharge
profile displayed a rapid voltage decline, suggesting low
capacity for NMC622 cells equipped with both Li,, and Lijx
negative electrodes. In contrast, NMC622||Liyz;y cells retained
a classic voltage polarization profile with a lower capacity loss.
Overall, the analysis of NMC622||Li cells proved an improved
performance of Lir, electrodes with a dual protective LZLN layer
compared to single protective LN layer or bare Liy, electrodes.

Conclusion

In this study, a dual protective layer consisting of an interme-
tallic LiZn bottom layer and an inorganic Li;N (LN) top layer was
fabricated via thermal evaporation. The PVD technique offered
the possibility of thickness control and high purity of both

""""""""""""""" 100" cycIe/
Liizn R
0 T T T T (p— S T B 3 . . .
0 20 40 60 80 100 120 140 160 180 200 0 50 100 150 200
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Cycle number

Fig. 6

(a) Electrochemical performance of NMC622|[Li cells with Liy, (grey), Liin (red) or Liizin (blue) electrodes as negative electrode. (a)

Capacity retention and the coulombic efficiency in a long-term cycling experiment at 0.2C. (b) The corresponding charge/discharge voltage

profiles after initial cycle and (c) after 100 cycles.
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deposited layers. The selection of the LiZn layer was based on its
high Li ion diffusion coefficient, which reduces nucleation
overvoltage and promotes a uniformly distributed electrode-
position of Li ions. The Li;N layer was chosen as the top layer for
its high Li ion and low electronic conductivity, encouraging Li
ions to deposit under the protective layer. SEM, EDX and ToF-
SIMS analysis revealed a homogeneously distributed and
a well-defined LiZn and LN layer. Intensive analysis of the
protected surface before and after cycling by SEM, in particular
cross-sections under cryogenic conditions, revealed the reason
for the increased protection of the Li metal surface provided by
the LZLN layer. Compared to the Li,, surface or LN layer, which
showed a cracked surface, pit formation and HSAL growth, the
LZLN dual layer presented an intact coating with absence of
cracks in areas of HSAL growth. In fact, even after 50 cycles, the
LZLN layer was still intact, with the intermetallic layer starting
to dissolve into HSAL and Li bulk. Electrochemical analysis
revealed an 80% increase in cycle life for symmetric cells and
a50% increase in SOH (80%) for NMC622||Li cells with Li;,;  as
negative electrode compared to the ones with Li,,. Overall, an
enhanced cycling performance for both symmetric Li||Li cells
and NMC622||Li cells was demonstrated with the LZLN pro-
tected Li,, electrodes. The performance increase resulted from
a mitigation of premature cracking of the brittle Li;N layer due
to a more homogeneously distributed Li ion electrodeposition/
dissolution attributed the LiZn layer. Additionally, the Liz;N
layer inhibited an accelerated dissolution of the LiZn layer into
HSAL and Li bulk during cycling. In combination, the LZLN
layer produced a superior protection of the Li surface and an
improved Li electrodeposition/-dissolution behavior.

In conclusion, this study highlights the synergistic effects
achieved by combining protective layers with diverse properties,
leading to a noteworthy improvement in the cycle lifetime of
Li||Li and NMC622||Li cells. The study of aged coated/uncoated
Li electrodes exhibited the importance in understanding how
coating degradation leads to a subsequent capacity loss. Espe-
cially the post mortem morphology-preserving analyses of
protective layers demonstrated that the failure analysis is
essential for a continuous improvement regarding coating
development on Li electrodes for symmetric cells, full cells, but
also for future investigations involving solid-state batteries. For
further thickness optimization of dual protective layers,
combined simulation calculations and insights into perfor-
mance behavior of protective layers from experimental data
could be used for predicting the optimal design of next-
generation lithium metal anodes.
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