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1. Introduction

Anode-free all solid-state batteries (AF-ASSBs) employ “empty” current

collector with three active interfaces that determine electrochemical stability;
lithium metal - Solid electrolyte (SE) interphase (SEI-1), lithium — current
collector interface, and collector — SE interphase (SEI-2). Argyrodite LigPS;Cl
(LPSCI) solid electrolyte (SE) displays SEI-2 containing copper sulfides,
formed even at open circuit. Bilayer of 140 nm magnesium/30 nm tungsten
(Mg/W-Cu) controls the three interfaces and allows for state-of-the-art
electrochemical performance in half-cells and fullcells. AF-ASSB with

NMC811 cathode achieves 150 cycles with Coulombic efficiency (CE) above
99.8%. With high mass-loading cathode (8.6 mAh cm~2), AF-ASSB retains
86.5% capacity after 45 cycles at 0.2C. During electrodeposition of Li, gradient
Li-Mg solid solution is formed, which reverses upon electrodissolution. This
promotes conformal wetting/dewetting by Li and stabilizes SEI-1 by lowering
thermodynamic driving force for SE reduction. Inert refractory W underlayer is
required to prevent ongoing formation of SEI-2 that also drives electrochemical
degradation. Inert Mo and Nb layers likewise protect Cu from corroding, while
Li-alloying layers (Mg, Sn) are less effective due to ongoing volume changes and
associated pulverization. Mechanistic explanation for observed Li segregation
within alloying Li,Mg layer is provided through mesoscale modelling,
considering opposing roles of diffusivity differences and interfacial stresses.

All-solid-state  batteries (ASSBs) have
the potential to address the increasing
safety and energy demands for next-
generation electrochemical energy storage
systems, including for electric vehicles
(EVs).['81 ASSBs hold promise for achiev-
ing a specific energy of 500 Wh kg™' at
the cell-level, particularly when coupled
with high-voltage cathode materials such
as LiNij.4Mn,;Co,,0, (NMC811) and
LiNiysMn, ;O, (LNMO).>®] The incorpo-
ration of inorganic solid electrolytes (SEs)
further enhances the appeal of ASSBs as
these materials are either nonflammable
or exhibit exceptionally high ignition tem-
peratures, thereby offering superior safety
features compared to their counterparts uti-
lizing liquid electrolytes.['*'8] Sulfide-based
SEs stand out for their high Li-ionic con-
ductivities and advantageous physical “soft-
ness” that enables enhanced formability.
Argyrodite-type Li; PS;Cl (LPSCI) sulfide SE
has demonstrated a combined advantage
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of an acceptable ionic conductivity (%1 mS cm™2) with some
degree of self-passivation at both the anode-SE and cathode-SE
interphases,['*23] the later not typically possible with other
sulfide electrolytes.

Yet despite many advancements the implementation of any
sulfide SE, including of argyrodite, in ASSBs presents sev-
eral serious challenges. One critical issue is the inherent reac-
tivity between sulfides and both electrodes, resulting in elec-
trolyte/electrode decomposition that increases cell impedance
and fosters the formation of a mixed conducting interphase
(MCI).2*%] The interface between the metal anode and the SE
should ideally be thermodynamically stable or passivated to be ki-
netically stable. However, sulfide SEs are not thermodynamically
stable at 0 V versus Li/Li*, leading to the formation of either MCI
or a (partially) kinetically stabilized solid electrolyte interphase
(SEI).[2-311 It has been recently demonstrated that even LPSCI,
which was assumed to be kinetically self-passivated, continues
to decompose through reaction with Li during electrochemical
cycling.3234] Li et al. conducted a study on the corrosion behavior
of copper current collectors in relation to moisture levels. They
discovered that even minimal water presence causes Cu to re-
act with hydrogen sulfide (H,S), produced by the hydrolysis of
sulfide SE, resulting in the formation of a copper sulfide (Cu,S)
layer.®®] With LPSCI, Li-SE reaction induced voids in the metal
have been reported.®”! Kirkendall-type porosity in the lithium
foil may be caused by the significant site-to-site variations in the
thickness of the formed SEI during cycling or storage, as docu-
mented by cryogenic electron microscopy and Raman mapping.
At reacted region there was also voiding in the decomposed LP-
SCl due to the reaction products being denser than the parent ma-
terials. Such reactivity will also lead to the lithium metal and the
SE pulling away from each other. Lithium metal dendrite growth
has also been reported at the Li-SE interphase, with a recent study
employing site-specific electron microscopy to image a branched
intergranular sheet-like dendrite that has shorted an LPSCI sym-
metric cell.3*3%] For ASSBs utilizing sulfides, cell failure may
occur gradually through impedance rise or suddenly and catas-
trophically through short-circuiting.

A “conventional” ASSB employed a metallurgically rolled Li
foil as the anode.[**~*2] However for a relatively thick lithium foil
the capacity of the two electrodes is imbalanced and the cell en-
ergy is not optimized. For example, the capacity of a 100 um Li foil
is 20 mAh cm=2, versus a commercially relevant cathode that is at
4 mAh cm~2. To achieve ASSBs with the targeted 400 or 500 Wh
kg! energy, it is necessary to limit the amount of Li utilized.[**~!
This also reduces cell cost and increases safety, since oxidation of
Li metal is a highly exothermic process. An anode-free all-solid-
state battery (AF-ASSB) configuration emerges as the targeted ar-
chitecture, where all the active Li is stored in the cathode, the
same way it is in conventional LIBs.**1 AF-ASSBs may offer
over 50% higher energy by volume as compared to conventional
cells that employ rolled sheets of Li metal. Pioneering studies on
AF-ASSBs were focused on thin-film solid-state batteries using Li
phosphorus oxynitride (LiPON) electrolyte.’"l LiPON electrolyte
is kinetically stable with Li and is straightforward to deposit as a
thin film using magnetron sputtering.[>*>2| However its relatively
low ionic conductivity (#107° S cm™!) limits its applications. An-
other seminal study demonstrated the feasibility of a non-reactive
garnet solid electrolyte Li,La;Zr,0,, (LLZO) for AF-ASSBs.[**!
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Recently there have been a number of important advances in
the interfacial science and in architecture design of sulfide-based
ASSBs.>*61 Despite these findings, achieving long-term electro-
chemical stability in sulfide-based ASSBs is not feasible yet.

As will be demonstrated, with AF-ASSBs the critical unex-
plored challenge is that there are two solid electrolyte interphase
layers (SEI-1 and SEI-2) at the negative electrode. Electrochemi-
cal stability in an AF-ASSB based on argyrodite SE requires mi-
crostructural control of three interfaces; (i) the lithium metal - SE
interface has to remain uniform and passivated, forming the first
SEI layer (SEI-1), (ii) the Li-Cu current collector interface has to
remain wetted, (iii) and the Cu-SE interface has to remain min-
imally corroded, forming effectively what is a second SEI layer
(SEI-2). This work elucidates the necessary role of the underlying
refractory W layer in protecting the current collector from para-
sitic reactions with the sulfur species in the SE so as to control
SEI-2. To date, this second SEI layer has received minimal sci-
entific attention. With bilayer Mg/W-Cu state-of-the-art electro-
chemical performance is obtained using an AF-ASSB with com-
mercially relevant cathode mass loading.

This study provides a comprehensive explanation of the com-
plex functionality of the Mg layer in promoting uniform Li
metal electrodeposition/dissolution and consequently stabilizing
the Li-SE interphase. The electrodeposition stress promotes Li-
deficiency in the Li-Mg alloy next to the electrolyte, which is the
opposite of what is expected based on just diffusivity differences.
The Mg-rich portion of the Li-Mg layer is thermodynamically less
reactive with the electrolyte. While Mg is a known current col-
lector coating layer that enhances overall electrochemical stabil-
ity of solid and liquid electrolyte metal batteries, its functionality
to-date has not been well understood. Analytical techniques in-
cluding cryogenic focused ion beam (cryo-FIB) microscopy are
combined with atomic and mesoscale simulations to provide a
comprehensive phenomenological description of the underlying
phase transformations. Having identified the mechanisms by
which SEI-1 and SEI-2 may be controlled, this work may serve as
an important steppingstone for advancing AF-ASSB microstruc-
tural design.

2. Results and Discussion

Bilayer magnesium tungsten coated copper current collector
(Mg/W-Cu) was fabricated by physical vapor deposition (PVD,
magnetron sputtering). A schematic illustration of the process
being shown in Figure 1a with details being provided in the Sup-
porting Information. A battery-grade copper foil (5 cm X 5 cm,
9 um thickness) served as the substrate, which was mounted onto
a holder and subsequently transferred into the sputtering cham-
ber and evacuated to a base pressure below 107® torr. Pure Mg
and W metal disks with a diameter of 2 inches and a thickness of
0.25 inch were used as the targets. A layer of W followed by a layer
of Mg was successively deposited onto the Cu collector foil with
the sputter rate calibrated using a quartz crystal monitor. The W
layer interfaced the Cu, while the Mg layer would interface with
the SE when joined in a cell. For comparison, magnesium-coated
copper foil (Mg-Cu) and tungsten-coated copper foil (W-Cu) were
prepared using a similar approach.

Figures S1 and S2 (Supporting Information), and Figure 1b
present the top down scanning electron microscopy (SEM) and
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Figure 1. a) Schematic illustration for the fabrication process of Mg (top) and W (bottom) coated Cu foil, termed Mg/W-Cu. b) Cross-sectional FIB-SEM
image, ¢,d) TOF-SIMS depth profiles and 3D rendering of Mg,™, W*, and Cu,™ fragments, e) XRD profile, and f,g) High-resolution Mg 2p, W 4f, and

Cu 2p spectra of Mg/W-Cu.

cross sectional focused ion beam (FIB) SEM analysis of Mg/W-
Cu, Mg—Cu, and W-Cu current collectors. Figure 1c,d show-
case the topological information of the Mg/W-Cu sample us-
ing time-of-flight secondary ion mass spectrometry (TOF-SIMS).
Figures le and S3 (Supporting Information) compare the X-
ray diffraction (XRD) profiles of Mg/W-Cu, Mg-Cu, and W-Cu.
Figure 1f,g shows the high-resolution X-ray photoelectron spec-
troscopy (XPS) spectra of Mg 2p, W 4f, and Cu 2p for Mg/W-
Cu. Figure 1b, Figure S2c¢f (Supporting Information) provides
the cross-sectional images of Mg/W-Cu, Mg-Cu, and W-Cu, re-
spectively. ~1 pm thickness platinum (Pt) layer was deposited us-
ing the gas injection system (GIS) and cured with a Ga-ion beam
prior to ion milling to protect the surface from beam damage.
The measured thickness is #140 nm for the sputtered Mg layer
and =30 nm for the sputtered W layer in the Mg/W-Cu sam-
ple. The images were captured using an ion conversion and elec-
tron (ICE) detector in secondary electron (SE) mode, where heavy
elements typically exhibit a brighter contrast compared to light
elements due to the emission of more backscattered electrons.
Consequently, the Mg layer appears darker than the Cu substrate
while the W layer appears brighter. The thicknesses of Mg layer
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and W layer in the Mg-Cu and W-Cu specimens are measured to
be 160 and ~260 nm, respectively.

To further elucidate the bilayer structure of the Mg/W-Cu
sample, Figure 1c shows the TOF-SIMS depth profiles of three
representative species: Mg,*, W+, and Cu,*. During the initial
2850 s of sputtering, only Mg,* signal can be detected. Subse-
quently, the W+ signal emerges and followed by the appearance
of the Cu,* signal after 3500 s. The sudden increase of Mg,*
intensity at the Mg/W interface is likely associated with the so-
called matrix effect that indicates a change in ionization proba-
bility of the detected species due to the electron work function
difference at the interface: 3.7 eV for Mg versus 4.6 eV for W.(¢%]
Figure 1d shows a 3D rendering of the selected species repre-
senting Mg, W, and Cu, indicating the uniform deposition of Mg
and W to form the bi-layer structure. It should be noted that per
the equilibrium phase diagram the Mg and the W possess mini-
mal miscibility. Sputtering Mg onto the W layer could introduce
some non-equilibrium mixing at the atomic scale. However it
should be low since W (183.84 u) is much heavier than the Mg
(24.305 u) and is not expected to be resputtered during the Mg
deposition.
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Figures S1, S2a,b, and S2d,e (Supporting Information) pro-
vide the top-down SEM images of Mg/W-Cu, Mg-Cu, and W-
Cu, respectively. The surfaces of Mg/W-Cu and Mg-Cu display a
morphology dictated by the hexagonal shaped Mg crystals. Both
the Mg/W-Cu and Mg-Cu surfaces exhibit homogeneously dis-
tributed hexagonal Mg grains with lateral dimensions ranging
from 200 to 300 nm. By contrast, the surface of the W-Cu sam-
ple is dense, relatively planar, and without discernible crystal-
lites. This is expected since the lower melting Mg will diffuse
faster and therefore undergo greater degree of grain growth dur-
ing sputter deposition versus refractory W. XRD measurements
were performed to analyze the crystal structure of the coating lay-
ers, and the results are presented in Figures le and S3 in the
Supporting Information. All samples exhibit diffraction peaks
at 43.3°, 50.43°, and 74.13°, corresponding to the (111), (200),
(220) reflections in fec Cu (@ = 0.3615 nm, #04-0836) with Fm-
3m space group. An additional peak at 34.4° is observed for the
Mg-Cu sample, which is attributed to the (002) reflection in hcp
Mg (a = 3.2096 nm, ¢ = 5.2112 nm, #35-0821) with P63/mmc
space group. This agrees with the hexagonal grain morphology
of the Mg films, with (001) basal plane of the crystallites be-
ing parallel to the substrate surface and [100] and [010] being
the fast growth directions. Such film growth kinetics are well-
known for hexagonal metals such as Mg and Zn. For the W-
Cu sample, three additional peaks occur at 40.26°, 58.27°, and
73.2°, which are ascribed to the (110), (200), and (211) planes
of bec W (a = 3.1648 nm, #04-0806) with Im-3m space group.
The Mg/W-Cu sample only displays the Bragg peak at 34.4°, cor-
responding to (002) plane of Mg. The absence of W diffraction
peaks is due to the 30 nm thickness, where the scattered intensity
falls below the detection limit of the benchtop XRD instrument.
Additionally, the mean grain size of the 30 nm film is expected
to be finer than that of the 260 nm W-Cu film, causing more
peak broadening and making it more difficult to detect above the
background.

XPS analysis was conducted to investigate the surface chem-
istry of Mg-W/Cu, Mg-Cu, and W-Cu. Figure 1f shows the high-
resolution Mg 2p spectrum, revealing two distinct peaks. The
peak at 49.6 eV is attributed to Mg metal while the peak at 51.5 eV
is ascribed to the native MgO layer spontaneously formed on the
surface. Magnesium oxide is thermodynamically stable with a
standard enthalpy of formation of -601.6 k] mol~!, which is on
the same order as for Li,O —598.7 k] mol~'. At ambient condi-
tions surface growth of MgO effectively ceases once 2-3 nm thick-
ness is reached. However it appears that additional oxidation may
have occurred during the sputtering process due to residual water
vapor and oxygen in the system, giving a stronger peak intensity
that would be expected from 2 to 3 nm. Figure 1g presents the
high-resolution W 4f and Cu 2p spectra of the Mg-W/Cu sample.
No characteristic peak for either element is observed, indicating
that the Mg layer fully covers the surface. This observation aligns
with the TOF-SIMS analysis results. Surface XPS analysis for Mg-
Cu is provided in Figure S4a,b in the Supporting Information.
Both Mg and MgO are detected, while representative Cu signals
are absent. The results for W-Cu are illustrated in Figure S4c,d
in the Supporting Information. The W 4f spectrum of W-Cu ex-
hibits three doublets of peaks, corresponding to tungsten metal
(31.3 and 33.5 eV for 4f;,, and 4f;),), tungsten suboxide (WO,
32.0 and 34.2 eV for 4f,, and 4f; ), and tungsten oxide (WO,
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35.5and 37.7 eV for 4f, , and 4{; ), respectively. The Cu signal is
absent, indicating coverage of the surface by the W layer. In sum,
the XPS findings confirm that the bilayer and single layer films
are conformal to the current collector.

The mechanical properties of the Cu foils before and after sput-
tering were measured using a nanoindentation system equipped
with a Berkovich diamond tip. The load function involved load-
ing the sample to a maximum displacement of 500 nm over
10 s, holding that displacement for 10 s, and then unloading over
3 s. The elastic modulus was calculated by fitting the unload-
ing force—displacement curve. Figures S5 and S6 (Supporting In-
formation) present the load—displacement curves and the corre-
sponding elastic modulus values. The measured elastic moduli
were 63.5 + 4.2 MPa for baseline Cu, 60.5 + 6.8 MPa for W-
Cu, 64 + 2.9 MPa for Mg-Cu, and 58.9 + 2.5 MPa for Mg/W-Cu.
Since the 500 nm displacement exceeds the thickness of the sput-
tered layer, the measured elastic modulus reflects a combination
of both the deposited material and the underlying bulk Cu. These
results indicate that the thin metal coatings do not significantly
alter the mechanical properties of the Cu substrate.

Electrochemical measurements were performed using
polyether ether ketone (PEEK) cells with a two-electrode config-
uration. The working electrodes included modified Mg/W-Cu,
Mg-Cu, W-Cu current collectors as well as baseline unmodified
Cu. As a reference and counter electrode, an ~100 pum thick
Li metal disk with a diameter of 8 mm was employed. A wet
ball-milled argyrodite-type Li;PS;Cl solid electrolyte (SE) was
used as the separator. The electrochemical experiments were
performed at room temperature and a stack pressure of ~9 MPa.
This stack pressure is on the lower end of the range reported
in previous ASSB studies, either with Li foils or with Si anodes,
with up to 20 MPa being employed.[63-6°]

Figure 2 presents the electroanalytical results for the
Li|SE|Mg/W-Cu, Li|SE|Mg-Cu, Li|SE|W-Cu, and Li|SE|Cu
half-cells. Figure 2a,b compares galvanostatic electrodeposi-
tion profiles of modified and baseline current collectors in the
initial and second cycles, tested at a current of 1 mA cm™
with a fixed capacity of 1 mAh cm~2. Figure 2c provides the
Coulombic efficiency (CE) measurement during Li electrode-
position/dissolution. Figure 2d,e presents the cycling profiles
and CEs at 1 mA cm™2. Figure 2f-h offers galvanostatic profiles
at selected time periods. Figure 2i shows the electrodeposition
and electrodissolution overpotentials during cycling at the same
testing condition. Per Figure 2a, all samples exhibit a distinctive
“dip” at the onset of the profile during the first cycle, which
is the nucleation overpotential for metal electrodeposition.
Overpotential behavior during alkaline metal electrodeposition
on nonalloying supports consist of two stages: Initially the
voltage profile shows a sharp dip. This is followed by a plateau
at a less negative voltage, with a slope of zero or that is weakly
negative or positive. The plateau is present for the duration of
the electrodeposition. The sharp dip is associated with crystallite
layer nucleating on the support surface, while the subsequent
plateau is associated with grain growth during film thickening.
A slight negative slope is expected when grain growth becomes
more facile as the film thickens, while a slight positive slope is
expected when the opposite occurs. Such behavior is observed
for Li electrodeposited on W-Cu and on baseline Cu working
electrodes.
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Figure 2. Electrochemical characterizations in asymmetric half cells using different current collectors, tested at 1 mA cm~2 to a fixed electrodeposition
capacity of 1 mAh cm~2. Galvanostatic electrodeposition profiles during a) 1st cycle and b) 2nd cycle. c) Coulombic efficiency measurement. d,e) Overall
galvanostatic cycling performance with CE test. f~h) Representative galvanostatic profiles. i) Electrodissolution and electrodeposition overpotentials.

The other more complex electrodeposition voltage behavior
consists of three stages. First there is the initial sharp dip, which
is followed by a more gradual spike, which is then followed by a
plateau. This behavior is observed with the Mg/W-Cu and Mg-
Cu specimens. The nucleation overpotentials (initial sharp dip)
are measured at 55 + 7 and 47 + 4 mV for baseline Cu and W-
Cu, respectively. For Mg/W-Cu and Mg-Cu these values are 27 +
3 and 28 + 2 mV, respectively. The reduced nucleation overpo-
tential on a Mg surface known for alloying supports such Li-Mg,
Li-Au, and Li-Ag, being correlated with more facile nucleation ki-
netics and enhanced wetting.[®®) The more gradual voltage spike
is associated with an alloying reaction barrier between Mg and
Li, leading to the formation of an extended Li-Mg solid solution.
During electrodeposition, pure Li is deposited onto a Mg (and
then Mg-Li alloy) surface, diffusing into the parent metal per its
thermodynamic solubility. However, the alloying process is kinet-
ically difficult due to the associated volume changes in the parent
material and the stresses that results. The kinetic impediment to
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achieving the thermodynamically favored solid-solution is man-
ifest as the observed voltage spike. This effect is quite apparent
for electrodeposition/dissolution at a relatively high current den-
sity of 1 mA cm™2. As stresses are relieved and the Li-Mg alloy is
homogenized and diluted (increasing Li, constant Mg reservoir),
the voltage spike decays into the terminal plateau.

Figure S7a (Supporting Information) shows the initial gal-
vanostatic profile for the baseline Cu and W-Cu samples at a low
current (0.05 mA cm~2) between 0 and 1 V. It may be observed
that there is negligible reversible or irreversible capacity, i.e., that
Cu and W-Cu are inert with Li. It also indicates that during acti-
vation there is minimal SEI formed between the Li and the SE.
Figure S7b (Supporting Information) shows the same activation
protocol for Li|SE[Mg/W-Cu and Li|SE|Mg-Cu. In this case there
is 0.23 mAh cm~2 of reversible capacities and an initial Coulom-
bic efficiency (ICE) of 72%. The capacity loss is attributed to some
irreversibility in the alloying of Li with Mg. For example the as-
sociated lithiation stresses may be physically damaging in the
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Mg film, with limited pulverization, cracking or delamination.[’]

Based on the Li-Mg phase diagram, Mg forms a random solid so-
lution (a-phase with 0-15 at% Li) and an ordered solid-solution
(B-phase with 30 at% Li and above).l®*7!] Counting only the re-
versible capacity, the Mg layer alloys to Li; Mg (f-Mg), with the
associated film swelling being in effect a volume summation of
the inserted Li atoms.I”] For Li|SE[Mg-Cu, the reversible capacity
achieved above 0 V is 0.17 mAh cm~2, with an ICE of 66%.

Figure 2b shows the galvanostatic profiles of the half-cells in
the 2nd cycle, where both Mg/W-Cu and Mg-Cu samples exhibit
a notable absence of both the nucleation dip and the alloying
spike. This is synonymous new film growth occurring epitaxially
with the pre-existing Li-Mg alloy, thereby not requiring a distinct
nucleation step at the onset. The alloying spike is absent since the
material is a single phase. If distinct new Li grains were formed
on the surface of the pre-existing Li-Mg alloy, a nucleation dip
would have to occur, such as it did at cycle 1. At cycle 2 the nucle-
ation overpotentials on the W-Cu and baseline Cu surfaces are
49 + 3 and 41 + 4 mV, respectively. With Li|SE|Mg/W-Cu and
Li|SE|Mg-Cu, from cycle 2 onwards there is no discernable nu-
cleation overpotential for Li electrodeposition. This indicates that
the crystallites in the pre-existing Li-Mg intermetallic (that is not
dissolved) serve as templates for further film thickening, possibly
through an epitaxial process.

Figure 2c presents a comparative analysis of the CE dur-
ing Li electrodeposition/dissolution process. The measurements
were carried out following a standard protocol, as reported pre-
viously for evaluating the efficiency of Li deposition in liquid
electrolytes.”?] The evaluation comprised three steps: First, an
initial formation cycle was performed by electrodepositing Li at
1 mA cm™ to a capacity of 1 mAh cm=2, followed by electrodis-
solution at the same current to an anodic limit of 0.2 V. Secondly,
a reservoir of 5 mAh cm™? Li was electrodeposited at the same
current, followed by ten cycles of electrodissolution/deposition
(from that reservoir). Finally, the entire reservoir was electrodis-
solved to the 0.2 V anodic limit. The CE was calculated based
on the cumulative electrodeposition and electrodissolution ca-
pacities from the reservoir. For Mg/W-Cu, Mg-Cu, W-Cu, and
baseline Cu the calculated CEs are 98.83%, 98.75%, 98.73%, and
98.32%, respectively. The minimal difference of CEs (<1%) ob-
served among these samples further supports negligible differ-
ences in the degree of early-stage capacity loss. This early loss,
which is roughly equal in the four specimens, is due to SEI forma-
tion as well as electrochemically inactive “dead Li” that is formed
on the collector surface. As will be demonstrated next, it is the
longer-term cycling stability and the associated CE that are sig-
nificantly influenced by the presence of the Mg and W layers on
the Cu substrate.

Figure 2d-h compares the long-term cycling performance and
CEs of Li|SE|Mg/W-Cu, Li|SE|Mg-Cu, Li|SE|W-Cu, and Li|SE-Cu
half-cells, tested at a current density of 1 mA cm~2 with a Li elec-
trodeposition/dissolution capacity of 1 mAh cm=2. The bottom
panels in Figure 2f-h display enlarged profiles of selected re-
gions in Figure 2d. With a half-cell configuration the working
electrode is an “empty” current collector. Since CE is never ex-
actly 100%, an anodic cutoff voltage of 0.2 V is employed, after
which the current is switched. Distinct differences in the voltage—
time profiles are observed among the four working electrodes.
Per Figure 2f with the baseline Li|SE|Cu and Li|SE[W-Cu cells
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deteriorate after 48 and 49 h (26 and 25 cycles), respectively. Ac-
cording to Figure 2g the Li|SE|Mg-Cu cell exhibits stable cycling
up to 383 h (193 cycles), at which point a sudden voltage drop
occurs, indicating a short circuit. Instability is also evident by
the fluctuating CE values that start at the 193rd cycle. By con-
trast, the Li|SE|Mg/W-Cu cell demonstrates stable electrodeposi-
tion/dissolution for over 600 h (300 cycles) without any signs of
deterioration. This is illustrated in Figure 2h. The accumulated
electrodeposition/dissolution capacity reaches 300 mAh ¢cm™2.
Since 1 mAh cm~? of Li metal corresponds to &5 um film, a cu-
mulative 300 mAh cm~2 capacity corresponds to 1.5 mm of metal
that is cumulatively electrodeposited and electrodissolved. Figure
S8 (Supporting Information) shows the cycling performance for
the Li|SE|Mg/W-Cu cell tested at a higher current of 2 mA cm=2
to 1 mAh cm™2, maintaining a stable CE up to 200 cycles.

Figure 2i provides a comparison of Li electrodeposi-
tion/dissolution overpotentials during cycling, extracted from
the 1 mA cm™2 to 1 mAh cm™ results. For the baseline Cu
cell, both electrodeposition/dissolution overpotentials gradually
increase until a sudden drop in voltage occurs at the 26th cycle
(48 h), indicating a short circuit. The cycle 1 electrodeposi-
tion/dissolution overpotentials are 57 and 45 mV, while cycle 25
overpotentials are 58 and 54 mV. It may be observed that W-Cu
cell exhibits more stable and lower electrodeposition/dissolution
overpotentials as compared to the baseline Cu, although a short
circuit occurs nearly at the same cycle number. The cycle 1 elec-
trodeposition/dissolution overpotentials are 41 and 35 mV, while
cycle 25 overpotentials are 28 and 24 mV. It may be therefore
concluded that the W layer by itself has a minimal effect on the
cell’s electrochemical stability but does allow for incrementally
improved kinetics while the cell remains active. The Mg-Cu cell
displays electrodeposition/dissolution overpotentials measured
as 33 and 34 mV at cycle 1. Additionally, it demonstrates ex-
tended cycling stability for up to 193 cycles, with overpotentials
being 46 and 45 mV before the onset of instability.

The Mg/W-Cu cell exhibits the lowest electrodeposi-
tion/dissolution overpotentials, being 32 and 30 mV at cycle
1. Even at cycle 300, the overpotentials remain low at 29 and
28 mV, underscoring its distinct electrochemical stability. Both
Mg/W-Cu and Mg-Cu cells show a similar trend; decreasing
overpotentials up to 50 and 30 cycles followed by an increase after-
ward. The initial overpotential decrease is likely associated with
the enhancement of interfacial contact between the SE and cur-
rent collector with repeated Li electrodeposition/dissolution.!*?]
As will be demonstrated, the subsequent overpotential increase
is mainly attributed to the corrosion reactions at the SE-Li and
SE-Cu interphases. For Mg-Cu the electrodeposition/dissolution
overpotentials increase by ~0.1 mV per cycle until the cell is
short circuited. The overpotentials in the Mg-W/Cu cell is more
stable, between 50 and 300 cycles the increase is 0.02 mV per
cycle. The difference in overpotential increase rates between the
Mg/W-Cu and Mg-Cu cells is associated with the difference in
the corrosion resistance of the W coated versus the unmodified
Cu surface.

Electrochemical impedance spectroscopy (EIS) analysis was
conducted to further investigate changes in interfacial resistance
during cycling. Figure S9 (Supporting Information) provides the
Nyquist plots for Li|SE|Mg/W-Cu, Li|SE|Mg-Cu, and Li|SE|Cu
cells. The cells were analyzed at cycle 1 through cycle 10, cycle

© 2025 Wiley-VCH GmbH

d *11°6T0T ‘S60v1TsT

ssdny wouy p

ASUIIT SUOWO)) dANEa1) d[qearidde gy Aq pauISA0S I SI[ONIE Y SN JO SI[NI J0F AIRIQIT AUI[UQ AS[IA UO (SUONIPUOD-PUR-SULI)/WOD K3[1m” KIeIqIaur[uoy/:sdny) suonipuo) pue sua ], oy 298 *[Sz07/H0/41] U0 K1eIqr auruQ AS[IA ‘SSLIRIQIT SEXA, JO ANSISAIUN £q 8+601HT0OT BWPE/Z00T 01 /10p/Wod K3[im’&:


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

15, 20, 25, and 30, all tested at 1 mA cm™ and 1 mAh cm™2.
Figure S10 (Supporting Information) extends the analysis for
Li|SE|Mg/W-Cu, Li|SE|Mg-Cu, focusing on cycles 40 and higher.
The plots were fitted using Z-view software with the correspond-
ing results being detailed in Tables S1 and S2 in the Supporting
Information. As shown in Figure S9d (Supporting Information),
during cycles 1-10, all three cells exhibit a gradual decrease in
bulk resistance (R;,), which stabilizes in subsequent cycles. This
reduction is likely due to improved contact between cell com-
ponents and the gradual densification of LPSCl under pressure
during cycling. The calculated resistivity is the intrinsic resis-
tance divided by the geometric contact area and multiplied by
the geometric ionic path length (i.e., SE compact thickness). A
reduction of the overall pore volume in the SE would result in
an increase of effective contact area despite the geometric con-
tact area being fixed, due to more SE contacting the electrodes.
It would also result in a reduction in the effective path since
ions have to diffuse around the pores, making their path more
circuitous.

It should be noted that a large and sudden drop in R;, has been
directly correlated with dendrite-induced short circuiting, the re-
sultant dendrite being imaged by cryo-FIB SEM.[*¥] This sharp
(rather than gradual) decrease in R, is associated with electronic
conduction through the 2D sheet-like metal dendrite becoming
dominant, while ionic conduction through the SE becoming sec-
ondary. However, prior to the cell being short circuited, it is diffi-
cult to ascribe changes in R, to dendrite motion per se. To under-
stand the complex dendrite-impedance interrelations, authors
have performed comprehensive analysis of the entire Nyquist
plot, particularly considering the low-frequency region.”*7¢ The
interpretation of how dendrite motion through sulfide SE’s af-
fects the impedance response prior to short circuiting is further
complicated by recent observations that dendrite growth occurs
concurrently with SEI growth and with reactivity-induced pore
formation.3233] These factors would influence the frequency re-
sponse in several ways, including changes in the charge transfer
resistance and in the SEI resistance.

The Li|SE|Mg/W-Cu cell displays an initial bulk resistance (Ry,)
of 54.0 Q and a combined SEI and charge-transfer resistance
(Rsg; + Ry) of 6.2 Q. With cycling the R, gradually decreases,
becoming 50.5 Q at cycle 30. The Rgp; + R, value remains sta-
ble, being 6.2 Q at cycle 30, with some fluctuations in between.
This indicates that at these cycle numbers the cell interphases
undergo minimal degradation. The interface stability with Mg-
Cu is not as good, with Ry + R, going from 5.8 Q at cycle 1-
9.1 Q at cycle 30. In the Li|SE|W-Cu cell, the initial R measures
89.0 Q, which decreases to a lower value of 57.0 Q by cycle 30.
The Ry + R, starts at 28.2 Q at cycle 1 and increases slightly
to 30.0 Q after 30 cycles. The Rg; + R, for the baseline Cu cell
increases significantly with cycling, to a point where by cycle 5 it
is possible to separate Rg; + R, into two distinct overlapping
semicircles, the Ry being at the higher frequency. At cycle 1
Rgp + R, for the baseline Cu is 13.6 Q. By cycle 5 the semicir-
cle Rg is 9.2 Q, while the semicircle R, is 72.8 Q. Both Ry,
and R, continue to increase, reaching 18.7 and 90.1 Q by cycle
30. Figure S10 and Table S2 (Supporting Information) present
the Nyquist plots and associated fitting results for the extended
cycling of the Mg/W-Cu and Mg-Cu specimens. The Li|SE[Mg-
W/Cu cell exhibits a relatively stable R, throughout the cycling
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up to 300 cycles, with some fluctuations. For instance, R, mea-
sures 51.0, 50.1, 52.2, and 53.2 Q at cycles 40, 140, 240, and 300,
respectively. Additionally, the Rqp; + R, exhibits a slightly increas-
ing trend, measuring 5.6 Q at cycle 40, 8.0 Q at cycle 140, 7.2 Q at
cycle 240, and 7.4 Q at cycle 300. In the Li|SE|Mg-Cu cell, both R,
and Rg; + R, demonstrate an increasing trend, measuring 60.6
and 8.8 Q, 67.2 and 13.1 Q, 78.2 and 18.0 Q, at cycle 40, 140, 240,
respectively.

To investigate the impact of Mg and W layer thicknesses on
electrochemical performance, four additional specimens were
prepared. The sample that is the primary focus of this work is
140 nm Mg/30 nm W (Mg/W-Cu). The samples used for this
study are 5 nm Mg/30 nm W (5Mg/W-Cu), 50 nm Mg/30 nm W
(50Mg/W-Cu), 140 nm Mg/5 nm W (Mg/5W-Cu), and 140 nm
Mg/100 nm W (Mg/100W-Cuy). Figure S11a presents the cycling
performance of Mg/5W-Cu and Mg/100W-Cu in half-cells. The
Mg/5W-Cu cell, with a thinner 5 nm W coating, shows signifi-
cant CE fluctuations after 215 cycles, though it performs slightly
better than the Mg-Cu cell without the W coating. In contrast,
the Mg/100W-Cu cell, with a thicker 100 nm W coating, demon-
strates stable cycling up to 300 cycles. This indicates that a 5 nm
W coating is insufficient to protect the Cu from corrosion, likely
due to incomplete surface coverage, pinhole defects, microcracks
etc. Conversely the 100 nm W layer provides comparable protec-
tion to a 30 nm layer, albeit with added weight and with higher
deposition cost. Figure S11b (Supporting Information) compares
the performance of Mg/W-Cu collectors with different Mg thick-
nesses. The 5Mg/W-Cu sample exhibits fluctuating CE from the
onset, while the 50Mg/W-Cu specimen demonstrates stable cy-
cling for up to 78 cycles before cell failure. The worse perfor-
mance of the 5 nm Mg layer is likely due to more rapid physical
degradation of the film, at the activation step and during subse-
quent electrodeposition/dissolution cycling. To take up the same
amount of Li atoms into a solid-solution, a 5 nm Mg layer will
expand approximately ten times more than a 50 nm Mg layer
would. This generates much greater stress levels at every cycle,
leading to accelerated pulverization. The as-deposited 50 nm Mg
layer may also display incomplete surface coverage and may be
cracked and contain pinholes from the onset. Combined these
factors would lead to a reduction in cell’s electrochemical stabil-
ity. While a sufficient Mg and W film thickness is necessary to
achieve stable cycling performance, there are practical limits to
how thick the films can be. With increasing thickness, the thin
films will be more stressed (especially the refractory W), and will
be more costly to sputter deposit onto the Cu substrate. Thicker
layers will also add weight and volume to the cell, without increas-
ing reversible capacity.

The SEI layer formed by the reduction of Li,PS;Cl by the Li
is well known, having terminal products such as Li,S, Li,PS,,
Li,P, and LiCL[?®] However, it is not the only SEI formed in
the negative electrode during cycling and/or storage. Therefore
it will be termed SEI-1, keeping it distinct from SEI-2 which
forms through the reaction of Li;PS;Cl with the Cu current col-
lector. Figures 3 and S12 (Supporting Information) display cross-
sectional cryogenic focused ion beam (cryo-FIB) SEM and asso-
ciated energy-dispersive X-ray spectroscopy (EDXS) microstruc-
tural analysis of post-electrodeposited and post-electrodissolved
Li|SE|Mg/W-Cu cells. All tests were conducted at a current
of 1 mA cm™2. Figure 3a—c presents the cell microstructure
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Figure 3. Cryo-FIB cross-sectional SEM and EDXS of Li|SE|Mg/W-Cu cells, tested at T mA cm~2. a—c) Electrodeposition of 1 mAh cm~2, d—f) electrode-
position of 3 mAh cm™2, g—i) electrodeposition of 5 mAh cm~2, j-I) electrodissolution to 0.2 V. The scale bar is 5 um.

2. Figure 3d-f displays

after electrodeposition of 1 mAh cm~

the cell microstructure after electrodeposition of 3 mAh cm=2.
Figure 3g-i shows it after electrodeposition of 5 mAh cm=2.
Figure 3j-1displays the microstructure after electrodissolving the
remaining Li to the 0.2 V anodic limit. Figure S12 (Support-
ing Information) shows the EDXS line scan of the cell cross-
sections at corresponding electrodeposition/dissolution condi-
tions. Schematics representing the cell structure are provided
in front of each row with the following color schemes: SE
(green), Li/Mg solid solution (grey/red), W (yellow), and Cu
(blue). At accumulated capacities of 1, 3, and 5 mAh cm=2,
the measured metal thickness is 4.4, 14.6, and 24.2 ym, com-
parable to the theoretical values of 4.9, 14.7, 24.5 pm, respec-
tively. The electrodeposited Li at 1 mAh cm™ is observed to be
largely free of pores and of imbedded SEI. This Li microstruc-
ture remains consistent after accumulating capacities of 3 and
5 mAh cm™2.

Further evaluating the Li|SE[Mg/W-Cu cells microstructure,
it may be observed that within the resolution of the EDXS area
and line scans the alloying of Li with Mg in nonuniform. In the
1 mAh cm™2 specimen the region of the Li-Mg film facing the
W underlayer shows reduced Mg signal intensity relative to the
region facing the SE. This indirectly indicates that Li is segre-
gated to that interface. As shown in Figures S13 and S14 (Sup-
porting Information), early stage segregation of Li toward the
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current collector is also present in the Li|SE|Mg-Cu specimens.
These figures present analysis of the Li|SE|Mg-Cu cells, illustrat-
ing cell microstructures after electrodeposition of 3 mAh cm=2,
electrodeposition of 5 mAh cm=2 and electrodissolution to the
0.2 V anodic limit. Figure S14 (Supporting Information) provides
the EDXS line scan scans at these test conditions. At accumulated
capacities of 3 and 5 mAh cm™2, the electrodeposit remains uni-
form and free from pores and embedded SEI.

The room temperature diffusivity of Li in Mg is about an or-
der of magnitude lower than Li self-diffusion (~10~'! vs 10710
cm? s71).7777%1 Moreover it has also been reported that the on-
going alloying/dealloying process for Li Mg is somewhat slug-
gish at the higher electrodeposition/dissolution rates.”®! This
would result in a kinetically-driven effect during electrodeposi-
tion where Li in the Li, Mg alloy is segregated towards the inter-
face with the SE. The opposite is observed during early stage of
electrodeposition with both the Mg/W-Cu and Mg-Cu collectors.
We propose that shear stress effects are responsible for creating
this distinct Li concentration gradient in Li,Mg, one that is op-
posite to what is expected from diffusivity differences. However
before advancing to understand the role of stress in driving segre-
gation, we will consider the role of diffusivity by itself. The details
of the models used for Figure 4 are provided in the Supporting
Information. Figure 4a—c examines the effect of Li diffusivity on
the Li transport, concentration gradients, and the utilization of
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Figure 4. a) Li distribution within the 5 um thick substrate (Li-Mg alloy) for diffusion coefficient and current density of 6 x 10" cm? s™1 and 1 mA

cm~2

, respectively. b) Effect of current density on Li distribution profiles. c) Utilization (6) of the substrate (Li-Mg alloy) as a function of Li diffusivity

and current density. d) Schematics of the Li,Mg layer under lateral shearing from the SE and W layer and constant current density from the SE. e)
The spatial distribution of Li molar fraction x in the Li,Mg particle within the first 10 s. f) The equivalent von-mises stress distribution after charging for
10's. g) The potential as a function of the distance from the SE to the W. The dashed green line represents the Li open-circuit potential without mechanical
constraint. The dashed blue line represents the mechanical potential, or the strain energy due to the stress state in (f). The solid black line represents
the total Li open-circuit potential under mechanical constraint, which is the summation of the two dashed lines.

the substrate using a mesoscale model. It is assumed that there
are no interfacial stresses. Figure 4a shows the Li concentration
profile for a 5 um thick substrate at an applied current density of
1 mA cm~ and Li diffusivity of 6 x 107! cm? s~1. Here, the dif-
fusion process is simulated until the Li concentration reaches its
maximum value (69.6 mmol cm~3 for Li-Mg alloy) at the top sur-
face of the substrate. After this instance in the Li deposition pro-
cess, Li can potentially deposit at the top of the substrate, marking
the onset of interface instability.

Figure 4b shows the Li concentration through the anode depth
for different current densities (0.1, 0.5, and 1 mA cm™2). It is
observed that significant concentration gradients arise with an
increase in current density from 0.1 to 1 mA cm™ owing to
the sluggish Li transport. Such a phenomenon will result in sig-
nificant underutilization of the alloy near the current collector,
which is the opposite of what is observed. Figure 4c shows the
effect of Li diffusivity on the substrate utilization (i.e., the de-
gree of lithiation achieved) for different applied current densi-
ties. The performance is observed to improve greatly with the Li
diffusivity, suggesting that the high Li diffusivity within the al-
loy can contribute towards enhanced rate capability, while main-
taining stable Li metal/SE interface. It is important to note that
this analysis, which is based on the Li diffusivity of the substrate
does not explain the trends observed in the experiments. Specif-
ically, the Li content after the electrodeposition is observed to in-
crease from SE to the current collector, whereas the diffusion
model predicts the opposite. This discrepancy between the ex-
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perimental and modeling trends suggests that the lithiation dy-
namics is not solely dependent on the Li diffusivity within the
Li-Mg alloy and the chemo-mechanical effects play an important
role.

Rather than being driven by diffusivity differences, the ini-
tial Li segregation towards the W (or Cu) interface is a stress-
driven effect. It originates from the different interfacial adhesion
of the SE-Li Mg and the Li Mg-W interfaces, the former being
mechanically coupled through the reacted SEI-1 layer. During
electrodeposition, the Li Mg alloy increases in volume propor-
tionally to the Li content. This creates a mixed stress state at the
SE-Li, Mg interface, the shear stresses driving the segregation be-
havior. For Li, Mg-W or the Li,Mg-Cu interface shear stresses are
not generated since the interface is free to slide as the Li, Mg alloy
widens. An electro-chemo-mechanical model was developed to
further understand this effect, using SE-Li, Mg-W as the targeted
system. The interfacial friction (also known as lateral adhesion)
was found positively correlates with the surface adhesion ener-
gies of contacting layers. An adhesion energy of 1 ] m=2 would
lead to an accumulated interfacial friction up to 1 GPa with non-
negligible change to the open-circuit potential up to 100 mV.[2%81]
Figure 4d-f provides a quantitative description on this effect af-
ter the initial lithiation of a plate-like bee Li,Mg particle for half
minute. Itis assumed that the Li, Mg plate has an initial thickness
of H, ~ 140 nm and an initial radius of R, ~ 100 nm. A sim-
plified model in Figure 4d shows the cross-section of one such
Li Mg plate, with half of it being shown. Figure 4e shows the
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200 cycles

30 cycles

30 cycles

Figure 5. Cryo-FIB cross-sectional SEM and linear EDXS analysis of asymmetric cells at the fully electrodissolved state after cycling at 1 mA cm~2 to
1 mAh cm~2. a—c) Li|SE|Mg/W-Cu cell after 200 cycles, d—f) Li|SE|[Mg-Cu cell after 200 cycles, g—i) Li|SE|W-Cu cell after 30 cycles, and j-I) Li|SE|Cu cell

after 30 cycles. The scale bar is 5 um.

spatial distribution of Li molar fraction x in the Li Mg after lithi-
ation for t = 30 s. The Li diffusivity in bcc Li Mg is taken as
D;; #1071 cm? 71178

As the plate gradually expands (R > R,) during lithiation, its
internal strain/stress accumulates due to the different Li con-
centration difference and frictions from the SE and the W layer.
Figure 4f presents the von-mises stress distribution of the cross-
section. The developed stress reaches a maximum of 2 GPa at
the SE side, with a gradient toward the W side to 0.02 GPa. This
stress/strain state causes a considerable strain energy accumula-
tion, which further modifies the Li open-circuit potential substan-
tially, as shown in Figure 4g. The Li open-circuit potential (OCP)
under mechanical constraint is the sum of Li OCP without con-
straint (— p;/F) and the mechanical potential (E, /F, with E, being
the stored strain energy). The value of — ;; /F as a function of x in
Li,Mg is provided in Figure S15 in the Supporting Information.
It is 307 mV when x = 0.17 (corresponds to Li content near the
SE side) and 342 mV when x = 0.06 (corresponds to Li content
near the SE side). This alloying composition driven potential dif-
ference (35 mV) would drive segregation of Li away from the SE
interface and towards the W (or the Cu) interface. Lithium segre-
gation away from the SE would be further promoted by the poten-
tial difference (96 mV) originating from the chemo-mechanical
stress effects. What the model indicates is that there is a kinetic
difficulty for electrodepositing Li near the SE-Li Mg interface.
The SEI layer keeps it mechanically coupled and results in shear
stresses. The Li atoms diffuse into the bulk Li Mg and segregate
toward the Li-W (or Li-Cu) interface instead. Qualitatively this
is analogous to the stress-driven segregation reported by Tu and
Ceder for Li-Ag compounds.[3?!
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Figures 5 and S16 (Supporting Information) provide the cross-
sectional cryo-FIB SEM and EDXS line scan spectra of the mi-
crostructural analysis of post-cycled half-cells cells employing
Mg/W-Cu, Mg-Cu, W-Cu, and baseline Cu current collectors.
Due to its sensitivity to elements with varying atomic number,
backscattered electron (BSE) imaging was utilized to study the in-
terphases between Li and SE. All cells were cycled at 1 mA cm™
to 1 mAh cm™? with an anodic limit of 0.2 V. Figure 5a—c,d—f
shows the Mg/W-Cu and Mg-Cu cell microstructures at the elec-
trodissolved state after 200 cycles. Figure 5g—i,j—I present the mi-
crostructures of W-Cu and baseline Cu cells at the electrodis-
solved state after 30 cycles. Additionally, Figure S16 (Supporting
Information) displays the Mg/W-Cu cell microstructure at the
electrodissolved state after 30 cycles, electrodeposited state after
300 cycles, and electrodissolved state after 300 cycles. Schematics
representing the cell microstructures after cycling are provided in
front of each row.

As shown in Figure 5a—c, uniform Li electrodeposi-
tion/dissolution was observed for the Mg/W-Cu cell after
200 cycles without noticeable pores and electrolyte or current
collector fragments. Of course the LPSCI SE still reacts to some
extent with the Li in the Li-Mg alloy. However the kinetics of
this parasitic reaction are markedly suppressed. In parallel
the W effectively eliminates the corrosion of the Cu by the
LPSCI, at least as long as it maintains physical integrity on the
collector surface. As expected, EDXS analysis indicates that
the Mg layer is recovered after full electrodissolution. Figure
S16c—d,e f (Supporting Information) provides additional analysis
of the electrodeposition and electrodissolution behavior, after
300 cycles at 1 mA cm™ to 1 mAh cm~2. The electrodeposit
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morphology remains uniform as it forms a Li-Mg solid solution.
There are no discernable W signals originating from the alloy,
agreeing with phase diagram data that shows minimal Li-W
and Mg-W miscibility and no known ternary compounds. In
the electrodissolved state, there is minimal corrosion products
present. The EDXS line scan results highlight the stability
of the unreactive W layer. In summary, the W layer remains
attached to the Cu surface at all testing conditions, while the
Mg layer reversibly alloys and dealloys with the Li. After com-
plete electrodissolution there is no obvious presence of dead
metal or clump-like SEI. Rather the Mg/W layer reverts to its
original geometry, with the W facing the Cu and the Mg facing
the SE.

The microstructure of the Mg-Cu cell after 200 cycles is pre-
sented in Figure 5d-f. At the interface between the SE and Cu
collector there is a dark contrast layer interspersed with numer-
ous detached brighter particles. EDXS line scan spectra reveal
strong Cu signals in these particles while Mg is mostly concen-
trated in the SE interface, indicating that a single Mg layer is not
fully effective in protecting the Cu from reacting with the SE. Dur-
ing repeated alloying—dealloying, the associated volume changes
and stresses will cause cracking and local pulverization of the Mg
layer. This may also lead to the layer’s partial detachment from
the collector surface during extended cycling. Shear stresses gen-
erated during lithiation/delithiated of Li,Mg were presented in
Figure 4. Such stresses would drive cycling-induced cracking in
the delithiated Li,Mg layer. Aided by the 9 MPa external stack
pressure, the SE comes into contact with the Cu collector at the
break points in the Mg layer to form SEI-2. Without the Mg layer
the formation of SEI-2 is accelerated since Cu directly contacts
the SE at every 100% depth-of-discharge (DOD). Since Mg under-
goes cycling-induced damage, it cannot fully prevent this reaction
from occurring with extended cycling. The corrosion of the Cu by
the LPSCI to form SEI-2 and the role of W in preventing this will
be detailed later in the manuscript.

Figure 5g—i illustrates the microstructural analysis of W-Cu
after 30 electrodeposition/dissolution cycles, shown in the elec-
trodissolved state after the cell obtained the 0.2 V anodic cutoff
limit. The BSE image reveals a very thin, bright layer of W closely
adhered to the Cu surface, with no evidence of detached particles.
EDXS analysis confirms that the sputtered W layer remains con-
formal and intact after cycling, effectively protecting the Cu from
corrosion. It may also be observed that interface between the SE
and the current collector is filled with inactive Li metal. Li dis-
plays a darker contrast in back scattered mode imaging as com-
pared to the denser LPSCL. This result indicates that the W layer
is effective in protecting the Cu from corrosion by the sulfide.
However, it does not mitigate issues related to nonuniform Li
electrodeposition/dissolution (due to poor wetting), as indicated
by the relatively low CE of the half-cells.

Figure 5j-1 provides the microstructural analysis of the base-
line Cu cell after 30 cycles. The cross-sectional BSE image reveals
a corrosion layer consisting of multiple phases with varying con-
trast. The EDXS results show a strong Cu signal in the brighter
particles, which appear to be the corrosion products. Additionally,
a relatively thick layer of inactive Li metal is present between the
SE and the collector, being attributed to the poor wetting of Li on
the Cu surface. Without the W or the Mg, both Li/SE (SEI-1) and
SE/Cu (SEI-2) reactivity is ongoing, while wetting is poor. This
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explains the lowest electrochemical stability of all specimens in
the baseline Cu.

To further understand the role of the W layer in preventing
SEI-2, static corrosion experiments were performed at room tem-
perature and at 60 °C, comparing baseline Cuand W-Cu symmet-
ric cells. The relevant 9 MPa external pressure was employed, but
the cells were not electrically connected. Figure S17 (Supporting
Information) shows digital photographs of the Cu current collec-
tors after 1, 4, and 7 d at room temperature and at 60 °C. At room
temperature the Cu surface noticeably changes in color after the
4 d hold, indicating macro-scale corrosion of the Cu surface by
the LPSCIL. The amount of corrosion product increases after the
7 d hold. As expected, the corrosion reaction is significantly ac-
celerated at elevated temperatures. At 60 °C the Cu foil is heavily
reacted after even 1 d, being further corroded by day 4 and day 7.
There is no evidence of surface passivation with prolonged expo-
sure, indicating that the formed sulfides are not kinetically pro-
tective. In contrast, Figure S18 (Supporting Information) shows
the W-Cu foil held at 60 °C. Even after 7 d there is no macro-
scopically discernable corrosion of the collector surface. Thermo-
dynamically, the W layer will react with LPSCI to form WS,.[#]
However due to the low diffusivity of W at 60 °C (corresponding
to homologous temperature 0.08549) this reaction is kinetically
limited.

Next, microstructural analysis was performed on these two
types of collectors. Figures S19 and S20 (Supporting Informa-
tion) present top-down and cross-sectional FIB-SEM images and
the EDXS maps of the baseline Cu cell that was held at room
temperature. For milling the cross-sections, a protective Pt layer
is present on the sample surface. Figures S21-S22 and S24-S25
(Supporting Information) show this analysis for baseline Cu and
W-Cu, held at 60 °C. Figure S23a provides an average thickness
of the corrosion layer for the baseline Cu; measuring 62 nm at
day 1, 83 nm at day 4, and 462 nm at day 7. At 60 °C these values
are 243, 2005, and 2337 nm, respectively. Figure S22 (Supporting
Information) presents the corresponding EDXS line scan spec-
tra at the baseline Cu cross-sections, indicating these layers pri-
marily consists of Cu, S, and O signals, suggesting compositions
such as copper sulfide, copper oxide, and copper sulfate. In addi-
tion, multiple layers within the corrosion region are evident, as
reflected by the contrast difference. Figures S24 and S25 (Sup-
porting Information) present an analogous corrosion study with
the W-Cu sample at 60 °C. It is evident that the surface of W-Cu
remains microscopically smooth. There are minimal signs of sur-
face corrosion, such as pitting or secondary phase formation. Per
EDXS line scan there is also no evidence (as expected) of physical
intermixing of the two layers.

AF-ASSBs will experience high anodic voltages as a result of
Li exhaustion if the cells were overdischarged. This will place a
high oxidative voltage on the interface of the “empty” current
collector and the SE. Since conventional LIBs do not contain a
secondary Li reservoir at the anode either, the Cu collector sur-
face is known to corrode in the overdischarged state.%) This
is the primary reason why LIBs are not fully discharged in prac-
tice. The oxidative electrochemical stability of the four current
collectors against LPSCI SE was evaluated in symmetric config-
urations, without the presence of Li metal. These cells are la-
beled Mg/W-Cu|SE|Mg/W-Cu, Mg-Cu|SE[Mg-Cu, W-Cu|SE|W-
Cu, and CulSE|Cu. This was done by holding the cells at 4.2 V.
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Figure S26a (Supporting Information) presents the corrosion
currents observed in different samples held at 4.2 V for up
to 100 h, with selected regions detailed in Figure S26b—d in
the Supporting Information. All cells initially exhibit a rapid
drop in the anodic current, followed by stabilization. After 10
h for Cu|SE|Cu, W-Cu|SE|W-Cu, Mg-Cu|SE|Mg-Cu, and Mg/W-
Cu|SE|Mg/W-Cu, the currents are 39, 3, 3, and 4 pA, respec-
tively. After 50 h these values are 35, 3, 2, and 2 pA. After 90 h
they are 16, 2, 1, and 1 pA. This indicates that at all stages of
the test the baseline Cu collector corrodes the most, while the
Mg-Cu|SE|Mg-Cu and Mg/W-Cu|SE|Mg/W-Cu corrode the least.
However, as indicated by cryo-FIB SEM analysis, electrochemical
cycling damages the integrity of a single Mg layer, allowing corro-
sion products to accumulate during cycling. Therefore, a bilayer
Mg/W approach is necessary to ensure long-term cell stability
through a range of conditions.

The reactivity of Mg-Cu, W-Cu, and baseline Cu current collec-
tors against sulfide SE was further investigated by XPS character-
ization, sampling approximately top 5 nm of the specimen sur-
face. To investigate the chemical stability, these current collectors
were pressed onto sulfide SE and left undisturbed for 48 h with-
out an applied voltage. Subsequently, they were separated from
the SE and subjected to the XPS analysis. All cells were disas-
sembled in an Ar-filled glove box and transferred to XPS analysis
chamber using a dedicated holder to avoid exposure to air. As has
been demonstrated, the Cu support is significantly corroded by
the SE. However this underlying corrosion layer will not show up
in XPS analysis since it samples only the top ~5 nm of material.

Figure S27a,b (Supporting Information) presents the results
for the samples held for 48 h without cycling, showing high-
resolution S 2p and Li 1s spectra. A key difference is observed
in the baseline Cu, which exhibits stronger S signals than that of
Mg/W-Cu, Mg-Cu, and W-Cu samples. There are three pairs of
S 2p peaks for the Cu sample, corresponding to Li,S (160.4 eV
(S 2ps ;) and 161.6 eV (S 2p, ,)); LigPSsCl (161.2 €V (S 2p5 ,) and
162.4 eV (S 2p,,)); and SO, (166.9 eV (S 2p; ;) and 168.1 eV (S
2p;))). The dominant Li, S signal originates from the decompo-
sition of the sulfide SE, which appears to be catalyzed by its phys-
ical contact with the Cu. By contrast, the surfaces of Mg/W-Cu,
Mg-Cu, and W-Cu samples lack Li,S signals, with weak peaks
attributed to the trace amount of residual electrolyte. The Li 1s
spectra further support the relatively strong Li signals (Li,S and
Li,0) on the Cu surface, in contrast to the absence of Li signals
on the Mg/W-Cu, Mg-Cu, and W-Cu surfaces. A separate set of
XPS experiments was focused on interface stability during elec-
trodeposition/dissolution. A fixed capacity of 1 mAh cm~2 Li was
electrodeposited onto the surface at 1 mA cm~2, followed by elec-
trodissolving to an anodic limit of 0.2 V. Figure S27c,d (Support-
ing Information) provides the S 2p spectra after 1 and 10 cycles.
By cycle 10, all samples show an increasing Li, S peak ratio, with
14% for Mg/W-Cu, 19% for Mg-Cu, 27% for W-Cu, and 43% for
the baseline Cu. A higher Li,S content typically indicates more
pronounced electrolyte decomposition, likely due to the corro-
sion of Li metal and/or the Cu collector. The introduction of Mg
and W coatings significantly reduces electrolyte decomposition
and helps stabilize the interface. Since the current collector must
be physically peeled from the SE to expose the interface for XPS
measurements, separating them after extended cycling appears
to introduce significant specimen preparation-related artifacts.
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Because of this concern, interfacial analysis between the SE and
different current collectors is not presented for longer cycle num-
bers.

The thermodynamic reaction energy diagram shown in Figure
S28 (Supporting Information), considers the reactivity between
the Li-Mg alloy or pure Li/Mg and Li;PS;Cl. This analysis was
performed using Materials Project database.®®] It may be ob-
served that the reaction energy becomes less negative (lower driv-
ing force) as Li is alloyed with Mg. This explains the reduced re-
activity of the Li-Mg layer versus pure Li, especially at low elec-
trodeposit thickness where the film is Mg-rich. However, Mg by
itself is insufficient for achieving extended electrochemical sta-
bility because it cannot fully prevent the SE from contacting and
reacting with Cu current collector. This occurs near 100% DOD
when most of the Li is electrodissolved. As was demonstrated,
with cycling the Mg loses its full conformality with the Cu sup-
port, allowing for contact points where Cu and LPSCI will react
to form SEI-2 based on mixed copper sulfides. Copper sulfides
(CusS and Cu,S) are known for their favorable electrical conduc-
tivity, ranging from 30 to 2400 S cm™! for CuS and Cu, .18
In fact, copper sulfides have been considered as potential cath-
ode materials due to these electrical and ionic conduction prop-
erties and their high voltage reversibility (likely not relevant for
anode voltages).l®!] Being a mixture of copper sulfides, SEI-2 is a
good electronic conductor and a reasonable ionic conductor, and
is therefore highly deleterious to the electrochemical stability of
the sulfide-based AF-ASSBs. As was shown, rapid formation of
copper sulfides does not require an external voltage. The Cu foils
were extensively corroded by the S species in LPSCI while in stor-
age. The refractory W blocking layer has a positive influence on
the electrochemical stability of cells by preventing the formation
this SEI-2. According to the equilibrium binary phase diagram,
W does form sulfides WS, and WS,.[83) Tungsten is refractory
(T,, = 3422 °C, highest of any element) and is known to be kinet-
ically resistant to various forms of sulfidic corrosion at room tem-
perature. The W layer is also thermodynamically stable against Li
and against Mg, having minimal mutual solubility at room tem-
perature and not forming intermetallic phases.[%

To broaden the methodology of using a refractory metal-based
underlayer to stabilize SEI-2, molybdenum (T, = 2623 °C) and
niobium (T, = 2477 °C) films were examined. Just as with the
W layer, 30 nm thick Mo or Nb layers were sputter deposited
onto the Cu collector along with 140 nm Mg layer on top of
them. These samples are denoted as Mg/Mo-Cu and Mg/Nb-Cu,
respectively. Figure S29a,b (Supporting Information) shows the
electrochemical cycling performance of these samples, measured
in half-cells at 1 mA cm~2 to 1 mAh cm~2. Both Li|SE|Mg/Mo-Cu
and Li|SE[Mg/Nb-Cu cells exhibit stable cycling up to 300 cycles
without any signs of failure. This result indicates that the design
concept is broadly applicable to other refractory metal coatings,
which effectively prevent Cu corrosion and stabilize the SEI-2
layer. A nonrefractory metal coating of tin (T,,, = 232 °C) was also
fabricated using a similar approach, and the sample being labeled
Mg/Sn-Cu. Figure S29¢ (Supporting Information) presents the
cycling performance of the Li|SE|Mg/Sn-Cu cell, which remained
stable for 200 cycles before the CE begins to deteriorate. This per-
formance is not significantly better than that of the Li|SE|Mg-
Cu cell. The diminished performance of the Sn-coated sample
is likely due to the formation of Li-Sn alloys, which experience
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Figure 6. a) Cycling performance of NMC full cells, tested at 0.33C after initial 3 cycles at 0.1C. b) Galvanostatic profiles at 1st cycle at 0.1C. c) Rate
capability of Mg/W-Cu|SE|[NMC cell. d) Cycling performance of Mg/W-Cu|SE|NMC cell with high NMC mass-loading at 0.2C.

significant volume expansion, causing delamination of the Sn
coating from the Cu current collector and reducing its effective-
ness in preventing Cu corrosion.

The diffusion mechanism of Li on the surface of W was in-
vestigated using nudged elastic band (NEB) and adaptive kinetic
Monte Carlo (aKMC) calculations to determine the diffusion en-
ergy barriers of Li atoms within the W bulk region and on the
surface of W layer. The free energy diagram and schematic illus-
tration of specific diffusion pathways for a single Li atom in the
bulk and on the surfaces of W are shown in Figure S30 in the
Supporting Information. As summarized in Table S3 (Support-
ing Information), the diffusion barrier of a single Li atom within
the W bulk (0.28 eV) is higher than that on the W (110) surface
(0.1 eV). This indicates that Li atoms preferentially remain on the
surface rather than diffusing into the bulk region and the W un-
derlayer remains truly inactive towards Li ions, avoiding any al-
loying effects beyond the minimal thermodynamically — dictated
solubility. Due to analogous phase diagrams with Li (negligible
room temperature solubility, no intermediate phases), one would
expect similar findings for diffusivity of Li on/in refractory Mo
and Nb layers. Such behavior is distinct from the well-studied
Li-active metals such as Mg, Sn, Ag, Au, and Sb. These metals
possess significant solubility with Li, which may be reversed at
every electrodissolution cycle depending on the rate and the cut-
off voltage. It is also distinct from lithiophilic intermetallics such
as Li,Te, which contain stoichiometric amounts of lithium in
their equilibrium structure, but that cannot be extracted at anode-
relevant voltages.[**! Combining an alloying film facing the SE
with an inert protective film facing the Cu collector therefore
appears to be optimum for tuning electrodeposition/dissolution
while minimizing corrosion.
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As proof of concept, AF-ASSBs were fabricated and tested us-
ing Mg/W-Cu, Mg-Cu, W-Cu, and baseline Cu current collectors.
With AF-ASSBSs, it is necessary to achieve cycling CEs approach-
ing 100% since there is no secondary Li reservoir apart from the
Li stored in the cathode. The anode-free full cells were assembled
using a composite cathode consisting of commercial LiNbO;-
coated LiNij¢Mn,;Co,;0, (LNO@NMCS811) and LPSC], at a
weight ratio of 7:3 without any carbon additives. The areal ca-
pacity of cathode is ~1 mAh cm™2 for “standard” tests and over 8
mAh cm~2 for “high mass-loading” experiments. The CEs in the
AF-ASSBs are calculated based on the discharge and charge ca-
pacities of the composite cathodes. Figure 6a compares the long-
term cycling performance of the Mg/W-Cu, Mg-Cu, W-Cu, and
baseline Cu AF-ASSBs. All cells were activated at 0.1C (1C equals
200 mA g~! based on the mass of NMC cathode) for 3 cycles be-
fore switching to 0.33C. The electrochemical measurements were
carried out within the voltage window of 2.8-4.3 V at room tem-
perature.

Figure 6b provides the galvanostatic profiles of the cells for the
0.1C activation. The AF-ASSBs employing Mg/W-Cu, Mg-Cu, W-
Cu, and baseline Cu current collectors exhibit charge/discharge
capacities of 269/192 mAh g™', 270/191 mAh g~!, 265/189 mAh
g™!, and 265/192 mAh g™, resulting in approximate initial
Coulombic efficiencies (ICEs) of 71%, 71%, 71%, and 72%, re-
spectively. The inset in Figure 6b shows an enlarged view at the
beginning of charge process, revealing a marked difference in
the voltage profiles among these samples. Figure S31 (Support-
ing Information) presents the galvanostatic profiles of these cells
starting from the 5th and 10th cycles, followed by every 10 cy-
cles until 150th cycle or cell failure. W-Cu and Cu full cells ex-
hibit higher initial charging voltages compared to Mg/W-Cu and

© 2025 Wiley-VCH GmbH

d 11 °ST0T “S60v1TST

ssdny wouy

ASUADI'T SUOWWIOD) dANEAI) d[qedtjdde a1 Aq PAUISAOS AIe SAINIE () 598N JO SI[NI 10J AIeIqr] AUIUQ AJ[IAL UO (SUONIPUOD-PUB-SULID)/WOY" AA[1m’ AIBIGI[AUI[U0//:SdNY) SUONIPUOY) puE UL, Y} 338 “[STOT/F0/ 1] U0 AIRIqIT SuruQ) AJIAN ‘SILIRIQIT SEX, JO ANSIOATUN Aq 85601HT0T BWPE/Z00]"01/10p/Wwod Ka[im &.


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Mg-Cu cells, with minimal differences in the subsequent volt-
age profiles. The elevated overpotential for electrodeposition on
both W-Cu and baseline Cu collectors reduces the effective volt-
age available at the cathode. In standard tests, a mass loading
of approximately 1 mAh cm=? was used, with a 0.1C rate corre-
sponding to an areal current density of ~0.1 mAh cm~2. Figure
S32 (Supporting Information) presents cycle 1 galvanostatic elec-
trodeposition profiles for half-cells using Mg/W-Cu, Mg-Cu, W-
Cu, and baseline Cu current collectors at a 0.1C rate. These re-
sults demonstrate that Mg/W-Cu and Mg-Cu current collectors
exhibit a notably lower early-stage overpotential than do the W-
Cu and baseline Cu collectors. A lower early-stage electrodeposi-
tion overpotential translates into less voltage needed during the
early stage charging of an anode-free full cell, where Li ions are
first extracted from the cathode and electrodeposited onto the cur-
rent collector. This explains the trend presented in the inset of
Figure 6b.

After switching to a higher current of 0.33C, the cells ini-
tially display a comparable discharge capacity, in the range of
135-139 mAh g='. However, Cu|SE[NMC and W-Cu|SE|[NMC
cells experience rapid capacity decay after 15 and 21 cycles, re-
spectively. The Mg-Cu|SE|NMC cell shows extended cycle life up
to 50 cycles when the capacity begins to decline. In contrast,
the Mg/W-Cu|SE|NMC cell did not show any significant capac-
ity loss within 120 cycles, sustaining a specific capacity of 122
mAh g~'. This corresponds to a capacity decay rate of 0.06% per
cycle. Afterwards, a gradual capacity decrease is observed with
a faster decay rate of 0.58% per cycle from cycle 130-150. Over-
all, the Mg/W-Cu|SE|NMC AF-ASSB delivers a capacity retention
of 76% after 150 cycles at 0.33C. Such electrochemical perfor-
mance is among the most favorable, per Table S4, Supporting
Information.

It should also be noted that the cycling performance of anode-
free full cells is not directly comparable to that of half-cells. With
anode-free full cells the available Li ion reservoir is limited by
what is initially stored in the cathode, all Li losses lead to corre-
sponding CE and capacity decay. With half-cells, their relatively
thick Li foils serve as a near infinite reservoir of capacity. For ex-
ample, a 100 um Li foil corresponds to 20 mAh cm™2, far above
the 3—4 mAh cm~2 of commercially relevant cells. During cycling
when Li is lost to the SEI, dead metal, etc. the CE decays but
the available capacity does not. Therefore to simulate the half-
cell configuration in an anode-free cell, a limited-capacity charge
protocol was applied. Specifically, the Mg/W-Cu|SE[NMC AF-
ASSB underwent an initial activation cycle at 0.1C for three cycles
within a potential window of 2.8-4.3 V. Subsequently, the cell was
charged to 50% of its capacity (50% depth-of-charge, DOC) and
discharged to 2.8 V at a current density of 0.33C. This left 50% of
Li in the cathode as a reservoir to compensate for Li loss during
cycling.

Figure S33a (Supporting Information) shows the cycling per-
formance of the Mg/W-Cu|SE[NMC cell under 50% DOC and
Figure S33b (Supporting Information) presents the galvanos-
tatic cycling profiles over the initial 10 cycles. The cell exhibits
charge/discharge capacities of 285/203 mAh g~ and 199/197
mAh g! in the first two cycles, corresponding to CEs of 71%
and 99%, respectively. Upon switching to 0.33C, the charge ca-
pacity was set to 100 mAh g~!, which is ~50% of the total
cell capacity. The initial cycle at 0.33C delivers a discharge ca-
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pacity of 84 mAh g=!, with a CE of 84%. Subsequent cycles
yield stable discharge capacities of 100 + 0.5 mAh g~! with an
average cycling CE of 99.96% for up to 256 cycles. These re-
sults indicate that comparable cycling stability can be achieved
in AF-ASSB with an additional Li reservoir in the cathode,
consistent with the electrochemical measurements observed in
half-cells.

Figures 6¢ and S34 (Supporting Information) display the rate
capability of the Mg/W-Cu|SE|NMC cell, with discharge capac-
ities of 183, 155, 138, 115, 74, and 30 being obtained at 0.1C,
0.2C, 0.3C, 0.5C, 1C, and 2C, respectively. Figure S35 (Support-
ing Information) provides the cycling stability at a higher current
density of 0.5C. A reversible capacity of 115 mAh g=! can be ob-
tained after 150 cycles with a capacity decay rate of 0.03% per cy-
cle. In order to test the practicality of the Mg/W-Cu|SE|NMC cell,
a high mass-loading NMC cathode was employed with an areal
capacity exceeding 8 mAh cm™2, almost twice as much as com-
mercial lithium-ion batteries cathode (4 mAh cm™2). As shown
in Figure 6d, the high mass-loading Mg/W-Cu|SE|NMC cell de-
livered an initial charge and discharge capacities of 8.6 and 6.3
mAh cm~? at 0.2C, corresponding to an ICE of 73.4%. The cell
stably cycled for more than 45 cycles, exhibiting a capacity reten-
tion of 86.5%. It is noteworthy that with such a high areal capacity,
a thickness of more than 30 um Li is being electrodeposited and
electrodissolved for each cycle.

3. Conclusions

Conventional thinking regarding electrochemical stability of bat-
tery anodes considers a single solid electrolyte interphase (SEI).
However, here it is demonstrated that electrochemical stabil-
ity of an anode-free all solid-state battery (AF-ASSB) employ-
ing argyrodite solid electrolyte requires the following interre-
lated attributes: Lithium has to uniformly electrodeposit/dissolve
onto/from both the “empty” Cu current collector and the pre-
existing Li metal. In parallel, the Li-SE and Cu-SE interphases
(SEI-1 and SEI-2) have to remain stable and minimally corroded.
To date SEI-2 and its contribution to ultimate cell failure has
been largely overlooked. Microstructural control of these com-
plex interfaces and interphases is achieved with physical vapor
deposited (PVD, magnetron sputtering) bilayer of 140 nm Mg
/ 30 nm W onto the collector surface (Mg/W-Cu). Through de-
tailed analytical work, including cryo-FIB microscopy, the follow-
ing phenomenology is identified: The Mg collector coating pro-
motes uniform Li metal electrodeposition/dissolution onto/from
the current collector through reversible alloying, in-turn stabiliz-
ing the solid electrolyte interphase (SEI-1). The refractory W un-
derlayer prevents irreversible corrosion of the collector by the SE
to form copper sulfides (SEI-2); Dedicated corrosion experiments
demonstrate that Mg itself cannot prevent parasitic formation of
copper sulfide, explaining why such single alloy layer historically
provide limited efficacy. Mesoscale modeling demonstrates that
the shear stress between the thickening bce Li, Mg alloy and the
SE (they are mechanically coupled through the SEI) promotes
Li segregation away from that interface. These findings provide
a new design paradigm necessary for anode-free (AF) systems,
since contact between the collector and the SE is unavoidable at
full discharge.

© 2025 Wiley-VCH GmbH
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4. Experimental Section

Materials Preparation: Fabrication of modified current collectors—
The current collectors, composed of Mg/W-Cu, Mg/Mo-Cu, Mg/Nb-Cu,
Mg/Sn-Cu, Mg-Cu, and W-Cu were fabricated utilizing the physical vapor
deposition (PVD) technique employing the ‘Orion-8” sputtering system by
AJA Instruments. The deposition occurred within a turbo-pumped cham-
ber, which was evacuated to a base pressure of less than 1073 torr be-
fore commencement of any deposition process. The deposition utilized
pure Mg (2.0” diameter, 0.25” thickness, 99.95% purity), W (2.0” diam-
eter, 0.25" thickness, 99.95% purity), Mo (2.0” diameter, 0.25” thickness,
99.95% purity), Nb (2.0” diameter, 0.25” thickness, 99.95% purity), and Sn
(2.0” diameter, 0.125” thickness, 99.95% purity) as targets, both sourced
from AJA Instruments. Radio frequency (RF) magnetron sputtering mode
was uniformly employed for all deposition processes. The target guns were
connected to a water-cooled chiller, with ultrapure Argon serving as the
carrier gas. Precise control of Argon gas flow rates, achieved through gas
flowmeter, was maintained at a standardized rate of 32 SCCM (SCCM
denoting standard cubic centimeters per minute) for all depositions. A
battery-grade square shaped copper sheet (5 cm x 5 cm, 9 um thickness,
MTI Corporation, USA), was affixed to the rotating substrate holder of the
instrumentation. This holder was mounted at a distance of 22 cm from
the target. The gun energy was set to be 100 kWh for Sn, 150 kWh for Mg,
and 200 kWh for W, Mo, and Nb. The film deposition rate was calibrated
using quartz crystals monitor.

LigPSsCl solid-electrolyte—Commercial argyrodite LigPSsCl SE was
purchased from NEI Corporation, USA. To prepare wet ball milled SE, four
grams of LPSC| SE was added to a 50 mL zirconia milling jar containing 20
zirconia milling balls (6 mm diameter). Then, 4.8 mL anhydrous m-xylene
was added, and the milling jar was vacuum-sealed inside the glovebox.
Wet ball milling was conducted on a planetary ball mill machine (PM100,
Retsch) at a speed of 300 rpm for 24 h with 5 min rest for every 20 min
milling to allow heat dissipation. Finally, the electrolyte was obtained after
drying in the glove box at 80 °C overnight. The XRD profiles in shown in
Figure S36a (Supporting Information) and the ionic conductivity at room
temperature is calculated to be 0.8 mS cm™" under a pressure of 9 MPa,
per Figure S36b in the Supporting Information.

Cell Assembly:  All-solid-state half-cells cells—150 mg milled LPSCI SE
powder was first pressed using a hydraulic press (YLJ-24TS, MTI Corpora-
tion, USA) under 50 MPa in a polyether ether ketone (PEEK) mold (12 mm
in diameter). Then, a piece of current collector (Mg/W-Cu or Mg-Cu or W-
Cu or Cu) foil (12 mm in diameter) was attached to one side of the pellet
and subsequently pressed at 530 MPa for 1 min. Next, a piece of Li chip
was sandwiched in a plastic bakery bag and rolled to a thickness of around
100 um, and a piece of 8 mm diameter Li foil was attached to the other
side of the pellet without compressing. Afterwards, the cell was positioned
in the cell case and tightened using a torque wrench. A torque of 20 Ib
in (corresponding to 9 MPa pressure) was employed, the pressure being
measured using torque wrench with additional torque-pressure calibration
being performed at Oak Ridge National Laboratory.

Anode-free all-solid-state batteries (AF-ASSBs)—The composite cath-
ode was prepared by hand mixing LINbO3-coated NMC811 cathode (NEI
Corporation, USA) with SE powder at a weight ratio of 7:3 in a mortar for
40 min. When assembling the battery, 150 mg milled LPSCI SE powder
was first pressed under 50 MPa in PEEK mold. Then the composite cath-
ode powder was uniformly dispersed on one side of the SE pellet and a
piece of current collector (Mg/W-Cu or Mg-Cu or W-Cu or Cu) foil was
placed on the other side. The areal capacity of cathode is ~1 mAh cm~2
for typical measurements and ~8 mAh cm~2 for high mass-loading exper-
iments. The entire cell was further pressed under 867 MPa for 2 min and
finally positioned in the cell housing tightened to 30 Ib in with a torque
wrench. The stack pressure is measured to be ~14 MPa.

Electrochemical Measurements: Galvanostatic cycling was conducted
on Land CT2007A battery testers. The current densities and capacities em-
ployed during testing are noted in the descriptions of the analyses and
the captions of the associated figures. Electrochemical impedance spec-
troscopy (EIS) tests were recorded on a Princeton PARSTAT MC electro-
chemical workstation in the frequency range of 1 MHz — 1 Hz with an
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amplitude of 10 mV. The obtained data was analyzed using the Z-View
software. lonic conductivity of SEs was calculated based on the equation of
o = L/(R,A), where Lis the thickness of the electrolyte pellet, Ry, is the bulk
resistance of SE, and A is the area of the SE layer. All electrochemical mea-
surements in this work were carried out at room temperature (x23 °C).

Material Characterization: Room-temperature and cryogenic scanning
electron microscopy (SEM) and focused-ion beam (FIB) SEM were both
performed on a Thermo Scientific Scios 2 Dual Beam SEM/FIB with a Le-
ica VCT cryogenic stage and energy dispersive X-ray spectrometer (EDXS).
To preserve the structural integrity of the beam-sensitive Li-based materi-
als and to reduce artificial inclusion, the sample was cooled to —150 °C.
The Gat FIB milling was performed at an accelerating voltage of 30 keV
with currents ranging from 1 to 50 nA. X-ray diffraction (XRD) profiles
were recorded on Rigaku Miniflex 600 diffractometer with Cu Ka radiation
(4=1.54178 A) at a scan rate of 5° per minute within the 26 range from 10°
to 80°. X-ray photoelectron spectroscopy (XPS) analyses were performed
using a Kratos Axis Ultra DLD XPS (manufactured by Kratos Analytical,
Inc.), equipped with an Al Kae monochromatic X-ray source with a power set
at 120 W. The photoelectrons were collected with an emission angle (EA) of
90° and from a sample area of 300 um x 700 um. For high-resolution spec-
tra, the measurements were performed in constant-analyzer-energy (CAE)
mode with a pass energy of 20 eV and a step size of 0.1 eV (full-width-at-
half-maximum of the peak for Ag 3ds , is 0.77 eV). The residual pressure in
the analytical chamber was ~5 x 10~° Torr. Depth profiling analysis of the
samples was performed by time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) on an M6 TOF-SIMS instrument produced by ionTOF
GmbH (Germany, 2023). During depth profiling, a Bi* analysis ion beam
(30 keV ion energy, 0.5 pA measured sample current), raster scanning
100 um x 100 um areas, was used to produce secondary ions that were
further detected through a time-of-flight analyzer, while an O%* sputter-
ing ion beam (1 keV ion energy, ~#41 nA measured sample current) was
used to ablate the surface in 300 pm x 300 um areas centered around
the Bit analysis areas. All detected ions had positive polarity, with an ul-
trahigh mass resolution better than 15 000 (m/dm). The measurements
were performed in an ultrahigh vacuum at a base pressure of #1071 mbar.
Nanoindentation was performed using a Hysitron Tl 950 Tribolndenter.
Reduced modulus was calculated using Hysitron software by fitting the
unloading force—displacement curve using the Berkovich probe (TI1-0039)
tip area calibration and the Oliver and Pharr method. All samples were
indented in triplicate for each load function. The load function consisted
of loading the sample to a maximum displacement of 500 nm over a 10 s
period, kept at that displacement for 10 s, and then unloaded over a 3 s
period. All postcycled electrodes were extracted from disassembled cells
in an Ar-filled glovebox (<0.1 ppm of H,O and O,).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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