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Alloying Interlayers for Anode-Less Lithium-Metal

Polymer Batteries

Michael J. Counihan, Dominik Steinle, Ritu Sahore, Katie Browning,
Harry M. Meyer Ill, Annalena Krude, Lennart Wichmann, Gunther Brunklaus,
Martin Winter, Andrew Westover, Dominic Bresser, and Sanja Tepavcevic*

Anode-less lithium-metal batteries potentially offer further increased energy
densities. However, the Coulombic efficiency (CE) of lithium plating and
stripping, as a classical measure of Li inventory reversibility, is commonly

still insufficient for achieving long-lasting rechargeable batteries. Herein, the
potential benefits of employing thin (20 nm) metal interlayers of Ag, Pt, and Au on
Cu to alloy with Li in CullLi half-cells and induce homogeneous Li plating with
poly(ethylene oxide)-based electrolytes are investigated. Interestingly, not all
alloying interlayers enable a higher CE compared to neat Cu foil with 84%—
specifically Ag@Cu with only 81%, while the best performing one, Au@Cu,
provides a substantially increased CE of 91%. While generally the formation of
“dead lithium” is found to be the major source of CE, this appears to be less
pronounced in the case of Au@Cu, indeed. Further improvement can be
achieved by carefully adjusting the cell voltage to a region in which the con-
tinuous de-/alloying is suppressed, yielding a further enhanced CE of 94%, thus
highlighting the need for a comprehensive approach to design suitable electrode
chemistries and designs beyond a “simple” material improvement.

1. Introduction

Solid-state lithium metal batteries (SSLMBs) utilizing “anode-less”
cell designs with no excess Li metal at the anode offer the highest
energy density among current solid-state battery technologies.!"

Also termed “anode-free,” “Li free,” or
“low N/P lithium metal,”” these batteries
require highly efficient lithium plating
and stripping to sustain the battery over
its lifetime due to the limited lithium inven-
tory from the cathode.”* The Coulombic
efficiency (CE) of the lithium plating and
stripping process is dependent on the reac-
tivity of Li metal with the electrolyte,”
the formation and stability of any solid-
electrolyte interphase (SEI),*”! and the mor-
phology of the lithium®? plated on the
current collector. All these aspects are
related to each other and are determined
by electrolyte chemistry,!'”! cell-level charac-
teristics and engineering.!'*'?

Using solid polymer electrolytes (SPEs)
in anode-less SSLMBs offers potentially
the highest energy density of all SSLMBs
due to the inherent low density and the
ease- of manufacturing low thickness of
polymer layers relative to other solid elec-
trolytes.!"*! Despite these benefits, our pre-
vious work demonstrated that with SPEs, the CE of Li plating
and stripping is fundamentally limited with nickel and copper
current collectors.' Half cells using both commonly studied
poly(ethylene oxide) (PEO) and novel single-ion conductor SPEs
showed that Li metal CE was restricted to a maximum of 85%,

M. J. Counihan, S. Tepavcevic
Materials Science Division
Argonne National Laboratory
Lemont, IL 60439, USA
E-mail: sanja@anl.gov

D. Steinle, D. Bresser
Helmholtz Institute Ulm (HIU)
89081 Ulm, Germany

D. Steinle, D. Bresser
Karlsruhe Institute of Technology (KIT)
76021 Karlsruhe, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/sstr.202500429.

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/sstr.202500429

Small Struct. 2025, 202500429 €202500429 (1 of 1)

R. Sahore, K. Browning, H. M. Meyer IlI, A. Westover
Chemical Sciences Division

Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831, USA

A. Krude, L. Wichmann, G. Brunklaus, M. Winter
Forschungszentrum Jilich GmbH
Helmholtz-Institute Miinster (IMD-4)

48149 Miinster, Germany

M. Winter

MEET Battery Research Center

Institute of Physical Chemistry, University of Miinster
48149 Minster, Germany

D. Bresser
Ulm University (UUIm)
89069 Ulm, Germany

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH


mailto:sanja@anl.gov
https://doi.org/10.1002/sstr.202500429
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

regardless of electrolyte chemistry, lithium reservoir amount, or
cycling protocol. This limitation was partially assigned to dead
lithium formation, where Li metal is left isolated from the cur-
rent collector during plating or stripping processes.>'® Dead Li
formation is exacerbated by uneven nucleation and growth of Li
metal leading to high surface area Li deposits, likely becoming
electronically insulated from the current collector and impossibly
being completely stripped.!”*®)

A common approach in the anode-less SSLMB field is to use
alloys of lithium with other metals to nucleate Li metal more
homogeneously on the current collector.'®***! In particular,
Ag has emerged as the best singular alloying metal due to its
large capacity for Li, solid solution formation, and smooth tran-
sition to Li metal plating following saturation of the alloy.!*>*
Virtually, all studies with this approach use hard inorganic solid
electrolytes,** but it is unknown if this approach is applicable
to soft organic polymer electrolytes!*® that are more similar to
liquid electrolytes. The operating mechanism of these alloy-based
electrodes in SSLMBs has been shown to be dependent on adhe-
sion between the solid electrolyte, alloy layer, lithium metal, and
current collector,”>*” something that will vary significantly
between polymers and inorganic electrolytes.

Most of the works related to anode-free concepts are dealing
with inorganic solid electrolytes.’****?! In this work, we merge
the anode-free concept with organic polymer electrolytes, as there
is a huge lack of available literature in this field (probably due to
the fact of the very poor performance). This article does not aim to
provide “breakthroughs” in terms of cyclability, CE, longevity etc.
Here, we explore alloying metal interlayers in anode-less SSLMBs
with PEO-based quasi-SPEs to determine which factors maximize
CE of lithium plating and stripping. Ag, Pt, and Au thin films on
Cu current collectors alloy with Li, followed by plating with lower
overpotentials than Cu alone, although these interlayers also lose
more Li inventory to electrochemical SEI formation. A new cycling
protocol based on plated Li reservoirs is used to quantify CE of the
Li,M alloys and Li metal separately. Au@Cu electrodes (Cu foils
sputtered with Au; see the experimental section) show the lowest
long-term Li inventory losses and highest CE for both Li and total
charge (see the later text for a complete description of the two types
of efficiencies defined here), with CEs up to 91% and 95%, respec-
tively. Ag@Cu electrodes performed worse than bare Cu electro-
des over time (CE < 80%), presumably due to the solubility of Ag
into dead Li leading to rapid degradation of the interlayer.
Prelithiation of Au@Cu reduced the initial SEI-related Li loss
by 80% but worsened the overall CE, likely due to increased sur-
face roughness and poor contact with the SPE, as revealed by XPS.
Finally, controlling cell potential to prevent Li,Au dealloying fur-
ther increased the Li CE to 94% which is shown to be critical for
long-term electrode stability. This work demonstrates for the first
time a >90% lithium metal CE with quasi-SPEs and offers several
routes to improve efficiency in anode-less SSLMBs.

2. Results and Discussion

2.1. Effect of Metal Chemistry on Lithium Plating

Numerous studies have used metals that alloy with lithium as
anodes or as seed layers to enable lithium metal plating with
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more even deposition than nonalloying current collectors.**3"

We systematically explored a similar approach with SPEs, where
thin films (20 nm) of various alloying metals were sputtered onto
copper foil current collectors. These M@ Cu electrodes are com-
bined with quasi-SPEs to obtain anode-less SSLMBs (Figure 1a).
Since lithium alloys with late-transition and post-transition met-
als, Cu, Ag, Pt, and Au were chosen as alloying layers (Figure 1b).
Since energy density is limited more at cell and pack level, nega-
tive impact of thin alloy layers on energy density is negligible.
Based on rough calculations for a cylindrical “Samsung
INR21700-50 E 5000 mAh 10-15A Li-Ion” battery module, it
turned out that considering a thin metal layer of 100 nm will
increase the entire weight of this battery of only around
250 mg in the case of Au and Pt and only around 130 mg in
the case of Ag. However, especially in the case of gold, the high
gold price would lead to additional material costs of more than
26 USS$ for such a battery. (For silver only about 16 ct!). For solid-
state batteries in particular, Ag has emerged as the best candidate
due to its unparalleled capability to uptake Li to form the alloy
(x=1-124 in Li,Ag),?**! with Au also showing promise
(x=0.17-3+ in LiAu).?>*"3*3] pt should be similar to Au
in many regard (x = 0.14-2+ in Li,Pt).*! Cu served as the base
current collector and also served as the control case, as little to no
alloying (x < 0.01 in Li,Cu) occurs at room temperature.*”*8!
To study how each metal thin film affects lithium plating,
20 nm of Ag, Au, or Pt were sputtered onto pretreated Cu electro-
des. M@CullLi half cells were prepared with SPEs consisting of
70 wt% PEO and 30 wt% tetraglyme with LiTFSI in a 10:1 EO:
Li molar ratio (70-30 PEO-TEGDME) and galvanostatically cycled
at 40 °C. Figure 2a shows the initial charging step from represen-
tative cells at a low current density of 20 A cm™2 Prior to lith-
ium deposition at voltages <OV, initial SEI formation (2.0-0.0 V)
and alloy formation of the different metals (below 0.3 V) takes

(a) Alloying Interlayers

Cathode Cathode Cathode

SPE > > Li(l )

(b)

27 28 29 30 Li:Cu

Co [ Ni Cu |zn Molar ratios of |1:0-0.01
Li:-Me Alloys

45 45 47 48 Li:Ag

1:112+

Li:Pt || Li:Au
1:0.14-2{|1:0.17-3]

Figure 1. a) Schematic of alloying interlayers in SPE-based batteries.
Charging of the cell leads to SEI formation (purple) and metal alloying
(Li,M) positive of 0.0V vs. Li%". Once the metal is completely alloyed
or the cell voltage exceeds the thermodynamic potential for Li plating,
Li metal plates on the alloyed Li,M layer. Small amounts of the metal
may be soluble in the Li phase as Li(M,). b) Transition metals chosen
for this study and the range of Li,M molar ratios in experimentally known
alloy phases.
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Figure 2. a) First 100 pAh cm 2 charging step in M@CullLi half cells. b) Detailed view of the voltage profiles, where the x-axis capacity is shifted with
respect to post-SEI formation for better comparison of the samples. c) Detailed view of the voltage profiles in the Li plating regime, where the x-axis
capacity is shifted with respect to the capacity accumulated after 0.0V vs. Li°. d) Estimated capacity from initial SEI formation and from the alloying steps
in the first charging step from (a) and (b). e) Estimated nucleation, growth, and nucleation-minus-growth overpotentials from (c). Values and error
bars are averages and standard deviations from 2-3 individual cells (see according plating profiles in Supporting Information S1, Figure S1.

place (in parallel). Figure 2b plots these alloying steps adjusted and
normalized with respect to the alloying onset. Ag@Cu, Pt@Cu,
and Au@Cu electrodes show distinct plateaus relating to their
different alloy compositions before the onset of lithium plating
below 0.0 V. Figure 2c shows this lithium plating onset region
in more detail, again adjusted with respect to the Li-plating onset
for comparison between electrode types. Cu electrodes display a
clear peak then decline to steady voltage associated with Li nucle-
ation and growth regimes, respectively. Analogous processes can
be observed for Pt@Cu electrodes, but with a reduced overpoten-
tial for nucleation. While Ag@Cu electrodes exhibit a very small
and broad nucleation region; a smooth transition from alloying
into Li growth is observed for Au@Cu electrodes.

All of these processes have important implications for lithium
charge and energy efficiency, rendering it important to quantify
their contributions to efficiency losses in the cell. As discussed
above, the initial conditioning of the anode-free cells (prior to
lithium plating below 0 V) includes a contribution from electro-
lyte decomposition (initial SEI formation) and a contribution
from alloying reactions. The initial SEI formation leads to an
irreversible loss of lithium inventory. Figure 2d shows that
Cu electrodes exhibited the lowest capacity loss to initial SEI
formation (1243 pAhcm™). All metal films increased the
capacity consumed during initial SEI formation especially with
Pt (30+5pAhcm %) and Au (27 +2pAhcm ?) thin films.
The greater overall lithium loss may be due to a higher surface
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area of the sputtered electrodes, but the initial SEI formation may
also be catalyzed by these heavier transition metals, as evidenced
by both the greater SEI-formation capacities and higher reduc-
tion potentials compared to Cu.

Second, the amount of lithium used for alloying the thin film
also reduces the lithium inventory, depending on how reversible
the (de-)alloying process is (vide infra). Figure 2d shows that
the capacity of alloy formation to be less than 20 pAh cm™2 with
each 20 nm metal layer which is both less than the initial SEI-
formation capacity and negligible in the context of SSB target
capacities of >3 mAh cm 2B Independent of how much Li
goes into the alloy phase, film thickness will control anode’s
gravimetric capacity depending on the density of the metal film.
For example, to maintain the target value of 3000 mAh g~ total
of anode capacity, thin films should not exceed thicknesses
of: 100 nm for Pt, 110 nm for Au, and 210 nm for Ag. Figure S2
in the Supporting Information S2 shows how metal film thick-
ness impacts with regard to specific capacity of the anode side.
The alloyed capacities correspond to Li:M molar ratios of 2.4:1
Li:Ag, 2.7 Li:Pt, and 3.6 Li:Au. It is very likely that some amount
of initial SEI formation occurred simultaneously with alloying in
this first charge step, making these Li:M values higher than the
actual alloy composition., Nevertheless, the trend of Au alloying
more than Pt aligns with the expected Li,M phases (Figure 1b).
For Ag, it is likely that alloying continued below the 0.0 V thresh-
old, but this is difficult to quantify.
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Third, the overpotentials related to lithium metal plating are
indicative of the Li plating process and determine the energy effi-
ciency of the battery. Figure 2e shows the nucleation and growth
overpotentials for the different electrode types, as well as the dif-
ference between these values, as defined in Figure 2c. Nucleation
overpotentials followed Au@Cu < Ag@Cu < Pt@Cu < Cu, with
Au@Cu being one third of the bare Cu value. This shows that
alloyed Li,M layers make it easier to nucleate Li metal, as demon-
strated previously in liquid and other solid electrolytes,”®*! but
the improvement is dependent on the alloying chemistry. In con-
trast, growth overpotentials are essentially the same in all cases,
with only minor differences between electrodes in the 16-19 mV
range. This indicates that there is little difference for growing Li on
Li already formed on Li,M@Cu or Cu and that there are minimal
increased surface area effects for the alloy thin films (as higher
surface areas would lower growth overpotentials). The difference
between nucleation and growth demonstrates how much the alloy
layer lowers the barrier for Li nucleation onto non-Li metal com-
pared to continued plating on Li metal. For Cu and to a lesser
extent Pt@Cu, these values are significant (31 and 9 mV, respec-
tively), indicating the base (alloyed) electrode is not conductive to
Li nucleation. For Ag@Cu and Au@Cu, these values are essen-
tially 0mV, showing that the high levels of lithiation caused a
smooth transition from nucleation to plating, seen qualitatively
in Figure 2c. For Ag, this has been shown to result from Li metal
phase separation out of over-lithiated Li,Ag phases;**** a similar
process may happen for Li,Au alloys. The nonzero nucleation-
minus-growth overpotential of Pt@Cu indicates that i) the Pt is
not completely alloyed to its maximum extent and so cannot
achieve the same trends as Ag@Cu and Au@Cu, and/or ii) the
alloyed Li,Pt phase (presumably Li,Pt) is not of sufficient lithium
content or surface energy'*“ to create a barrier-free transition from
Li nucleation to growth.

2.2. CE of Anode Processes

Reversibility of charge and discharge processes determines the
capacity fade in a battery and is often assessed by the CE.
Given the limited capacity reservoir in anode-less batteries,
the CE at the Li metal electrode determines their longevity. In
the simple case, this CE gives reflects of how much Li can be
stripped in relation to the amount that was plated. For electrodes
with alloying interlayers, CE is a more complicated calculation
due to the different distributions of (ir)reversible Li inventory
in the Li,M and Li phases as well as the irreversible SEI forma-
tion. To separate the effects of initial SEI formation, reversibility
of alloying, and Li plating/stripping, we used a modified galva-
nostatic cycling protocol based on the reservoir (also known as
Aurbach or Adams) method.***? As shown in Figure 3a, a
M@CullLi half-cell was charged initially with a current density
of 20 pA cm™? and areal capacity of 100 pAh cm™ to form the
initial SEI, alloy the interlayer, and plate some amount of Li
to “precondition” the electrode. The cell was then discharged
to 0.10 V, where only Li metal should be stripped, but the alloy
should mostly remain intact (since all metals used here nearly do
not de-alloy lithium until positive of 0.10 V).2?! This initial
plate/strip cycle comprised the so-called “precondition step.”
A reservoir of lithium with a capacity of 100 pAh cm™? was then
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plated onto the preconditioned electrode surface (stripped but
still-alloyed). Next, a 20% fraction of the reservoir capacity
(20 pAh cm™?) was stripped and plated repeatedly for 9 cycles,
followed by a complete discharge to 0.5 V with a constant voltage
hold at 0.5V to strip all Li and dealloy M@Cu. All these steps
were performed with the same current density of 20 pA cm ™2,

Using this method, we quantified four distinct Coulombic effi-
ciencies (see equations in Figure 3a), each providing unique
information to facilitate understanding and comparisons of Li
inventory loss mechanisms across the four metal substrates.

1. Initial CE (CEp,y): CE of the initial preconditioning cycle;
this informs about Li inventory loss from SEI formation and
alloying during the first battery plating step.

lenit
Oser + Qatioycn + O™

CEInit = (1)

2. Alloy and initial SEI CE (CEayoey+sg1): A ratio of dealloying
capacity during the final stripping step relative to the sum of ini-
tial alloying and SEI formation capacities; this informs about Li
inventory loss from non-Li metal processes.

Q,Alloy,Dis

S-S (2)
Qs + Qalloy,ch

CEplloy+sE1 =

3. Total reservoir CE (CER® ): CE of the total stripping capac-
ity relative to the total plating capacity in the protocol (excluding
the 1st preconditioning cycle); this informs about the total Li loss
over an extended period of cycling after the preconditioning step.

CERes  — ges + QAlloy,Dis + VL(OZ X QIEES) (3)
Total Qges + n(o_z x Qll_}es)

4. Lithium-only reservoir CE (CER®): same as the Total
Reservoir CE except for exclusion of the final dealloying capac-
ity from the calculations; this informs about the efficiency of
Li plating/stripping onto the Li,M alloy obtained after the precon-
ditioning step.

cpre _ QL n(02 % 08 “

QI 1 (02 % Q)

Separating CE values in this manner should provide insight
into how the different metal chemistries influence not only Li
plating and stripping but total Li inventory loss in the cell over
time. The above cycling protocol was repeated five times for a
given cell, with altered current densities and/or the number
of short strip/plate cycles in the middle, to evaluate its long-term
Li inventory loss under varying cycling conditions (complete
details in the Supporting Information S3-1). The sequential rep-
etitions of the protocol are referred to as “rounds,” and the results
are shown in Figure 3b,d and Figure S33a,3b, Supporting
Information. The maximum current density of the polymer elec-
trolyte used herein was measured by linear sweep voltammetry
and ranges around 500 uA cm ™2 However, dendrite formation
was observed in this current regime. To exclude effects accom-
panied by dendrites, we selected a maximum current of
100 pA cm ™2 being far below this value.
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Figure 3. a) Example voltage profile of the modified reservoir method cycling protocol. Relevant quantities to calculate Coulombic efficiencies are given on
the graph. b) Initial CE from the first 20 A cm 2 charge step and a subsequent step at 50 pA cm 2 for each electrode type. c) Total Reservoir CE (CEReS )

Total

and d) Lithium-only Reservoir CE (CER®) values from the reservoir steps for each electrode type at different current densities over the cell lifetime.
e) Proposed mechanisms explaining overpotential and CE trends for each electrode type.

Figure 3b shows CEy,; (CE of the precondition step) for the
different electrode types obtained during the 1st round at
20 pA cm™? (right after cell assembly) and during the 2nd round
at 50 pA cm 2 In the 1st round, Cu and Ag@Cu outperformed
Pt@Cu and Au@Cu due to the lower amount of initial SEI for-
mation (Figure 2a). Since the SEI is already formed during the 1st
precondition cycle and the alloy layers are completely dealloyed
after the 1st round by stripping by going to 0.5V cut-off, the Li
loss during 2nd round’s preconditioning step would only be from
the realloying process which was determined to be similar for all
three interlayers. Indeed, all electrodes behaved similarly in the
2nd round. Interestingly, for Cu, where no alloying reactions
are present, CE,y;, of the 2nd round still only reached 80%, sug-
gesting either breakage of existing SEI or new Li nuclei formation
on top of the existing SEI. These results show that preventing Li
loss in the very first plating step is an important way to keep
Li inventory, something which will be addressed later below.
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In contrast, long-term cycling (five rounds of the Figure 3a
cycling protocol in sequence with slight protocol modifications
each time) revealed important CE trends. Figure 3cd, show
CERe, and CE}® (see Figure 3a equations) obtained for each
electrode type during the five rounds, respectively. Round 1 was
a 20 pA cm 2, rounds 2—4 were at 50 pA cm ™2, and round 5 was
at 100 pA cm ™2 In the first round, both the CE types followed
the Au@Cu > Ag@Cu > Cu > Pt@Cu trend with values of
81-88% for CEFS | and 79-85% for CERe. At higher current
densities and longer timescales (rounds 2—4), however, different
trends emerged. Au@Cu electrodes still outperformed every other
electrode type, achieving up to 95% CErow" and 91% and CE;*
at 50pAcm™% Pt@Cu slightly outperformed Cu with both
CErow ™ and CEj;*® values in the 80-89% range, but both the
CE values dropped continuously for Ag@Cu the longer the cell
was cycled, eventually dropping below 80%. Despite the similari-
ties in preconditioning CE (CEy,;) and alloying overpotentials
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between Ag and Au, some distinct chemical difference that
leads to this dramatic drop-off in efficiency (vide infra) during
long-term cycling, as discussed later. Interestingly, at the highest
current density of 100pAcm % no difference was observed
between Cu, Pt@Cu, and Au@Cu (all CEs ~87%), with very
little capacity contribution from the alloying/dealloying process
compared to at 20 and 50 pA cm 2. This indicates that the nucle-
ation benefits from M@Cu layers disappear at high currents
and supports the usage of low current densities in this study
(20, 50 pA cm™ to evaluate the different alloying behaviors of
the various metallic interlayers and their evolution with slow
long-term cycling. While these low currents are impractical for
commercial applications, this study can help guide the choice
of an ideal interlayer that could induce homogenous Li nucleation
during a slower cell formation cycle. For the sake of a clearer over-
view of the experiment’s results, the maximum values of the dif-
ferent CEies (from Figure 3) as well as the values from Figure 2 are
summarized in the Table S3-2 of Supporting Information S3-2.

For a deeper analysis of this experiment, the total capacity
losses and loss rates of each cell from Figure 3 were calculated
and plotted in the Supporting Information S3-3, Figure S3-3, to
demonstrate how Ag@ Cu performed compared to other alloying
interlayers. A brief discussion is also included there.

Despite the initial electrochemical similarities of these metal
interlayers (initial SEI formation/alloying capacities and overpo-
tentials), their differing mechanisms behind alloying and lithium
plating likely led to these differences in efficiency. Based on the
above-discussed results, the mechanisms behind these differences
are hypothesized in Figure 3e. In the first step, electrodes are
biased to just above 0.0 V vs. Li’, leading to initial SEI formation
on all electrodes and alloying in the case of Ag@Cu, Pt@Cu,
and Au@Cu. Ag and Au alloy with Li to higher stoichiometries
(x > 2 in Li,M), while Pt is only alloying up to a maximum of
Li,Pt. These differences in Li uptake are leading to differences
in surface lithiophilicity finally resulting in differences of Li nucle-
ation in the second step: Cu nucleates unevenly, Li, Pt@ Cu nucle-
ates slightly better but not completely homogeneously, while
Li,Ag@Cu and Li,Au@Cu are able to nucleate Li with near uni-
formity. In the third step, Li growing on the nucleated Li is
expected to retain some amount of the initial Li layers’ character-
istics, i.e., heterogeneous Li nuclei will grow high surface area Li
deposits while the even Li layers will grow more compact, low sur-
face area layers. In the fourth step, stripping the grown Li leads to
dead Li formation, which is exacerbated with high surface area Li
and leads to lower CE. Since Au@Cu forms the best Li nuclei, it
shows the highest CE values and lowest rate of charge loss.

In the case of Ag@Cu, Ag will dissolve to a small extent into the
Li metal phase!?*?* because of its high solubility in Li (Figure 1b).
In principle, this is a benefit as Ag allows for high Li capacity
uptake, potentially making it very attractive for high energy density
battery designs.*>**! However, this is problematic for solid elec-
trolyte system forming an (initial) SEI which is not capable to pre-
vent dead Li formation. As Li is deposited, the alloyed layer might
leach Ag into all of the connected Li deposits as Li(Ag,). Upon
stripping, as dead Li(Ag,) is continuously formed, it eventually
depletes the alloying layer. After enough plating-stripping cycles,
Ag@Cu electrodes essentially resemble Cu electrodes but with
sparse Ag remaining on the electrode and dead Li(Ag,) deposits
near the electrode surface. This apparently leads to even lower
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CE than Cu electrodes (Figure 3c,d) due to even more heteroge-
neous growth on the Ag@ Cu and bare Cu areas and/or Li growth
in the presence of the dead Li(Ag,) layer, which increases the inter-
face resistance considerably.'® It is also noteworthy that in the
case of silver (in opposite to Au case) a slight dissolution of Ag
(0.5 at%) into lithium lead to a relatively severe reduction of its
lattice parameter potentially causing mechanical failure/delamina-
tion of the alloy layer contributing to the poor performance of
AgP? Since Au is not known to notably dissolve into Li**
Au@Cu electrodes maintain their high performance, at least in
the timescales tested here (several days). It was found that the ini-
tial alloying reaction is not following the formation of thermody-
namically stable alpha and beta phases according to phase diagram
but instead led to the formation of a phase similar to delta and then
followed by AulLi; and, in some conditions, AuyLi;s. These phases
seem to reversibly (re-)form during (de-)alloying. However, a hys-
teresis is observed in the low lithium content regime during fur-
ther delithiation (dealloying) process, presumably revealing the
alpha and beta phases.** The occurrence of these low-lithium con-
taining alpha- and beta phases during the dealloying process
might account for a more controlled delithiation process and
somehow support the conservation the Au layer’s “architecture”
of the gold layer leading to less amount of unconnected (“dead”)
Li (with Au dissolved). For these alloying interlayers to be practi-
cally useful, Ag@Cu electrodes that show similar lower overpoten-
tials to Au@ Cu—>but importantly have ~80 times lower material
cost—must be paired with engineered -electrolytes and
electrode—electrolyte interphases to eliminate dead Li formation
and eventually loss of the Ag layer. This experimental concept
can in principle be transferred to any other (polymer-) electrolyte
as well as liquid electrolytes since the manufacturing process of
the thin-film alloying anodes is universal.l"***

2.3. Effect of Alloy Prelithiation

Au@Cu achieved over 90% CE for Li plating and stripping in the
above-discussed results (Figure 3), well above other values
reported for these types of SPEs (50-80%).'“ still, the gap
between 90% and 99.9+% is large and must be overcome to
enable batteries 100+ cycle lifetimes.*! To increase the lithium
inventory and, hopefully improve the CE, we prelithiated
Au@Cu electrodes by depositing 100 or 200 nm Li metal via ther-
mal evaporation prior to cell assembly (Figure 4a). In contact with
the SPEs during cell assembly, these should chemically form the
SEI and potentially leave behind a Li,Au layer. Therefore, the
presence of a chemically preformed SEI layer along with some
level of Li in the LixAu layer prior to cycling should reduce the
first cycle lithium inventory loss observed with M@ Cu electrodes
(Figure 2a,d).

Figure 4b shows the first charge steps for half cells with
Au@Cu, 100 nm Li@Au@Cu, and 200 nm Li@Au@ Cu electro-
des (the Au thickness in all cases was 20 nm). A vast majority of
the electrochemical SEI formation was negated due to chemical
SEI formation from the Li@Au@Cu electrodes. Surprisingly,
there was little change in the alloying behavior (Figure 4c),
indicating that virtually all of the Li in both 100 and 200 nm
Li@Au@Cu films was consumed by side reactions, which is also
apparent based on the open circuit potentials of the cells being
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Figure 4. a) Schematic of the Au@Cu prelithiation and cell fabrication process. b) First 100 pAh cm™2 charge step in 20 nm Au@CullLi half cells with
0, 100, and 200 nm Li prelithiation amounts. c) Comparison of the Au alloying region from voltage profiles in (b), where the x-axis time is charging time
before 0.0 V vs. Li°. d) Estimated charge loss from SEI and alloy formation from (b) and the total lithium inventory loss from these steps. e) Cycling
profiles for cells with 0, 100, and 200 nm Li prelithiation amounts; “precondition” refers to the preconditioning steps in Figure 3. f) CE of the cells related
to the alloy + SEI capacities (CEaioy+ser) and alloy capacity alone. g) Total Reservoir CE (CERS ) and Li-only Reservoir CE (CEF®) values for each cell.

well above the potentials of Li,Au phases (>1V instead of
<0.3V). This led to significant Li inventory savings from SEI for-
mation but not from the alloying, as quantified in Figure 4d. Still,
the total Li inventory loss from these two steps was reduced
by 80% for 200 nm Li@Au@ Cu compared to pristine Au@Cu.
X-ray photoelectron spectroscopy (XPS) depth profiling of
as-made 100 and 200 nm Li@Au@Cu films indicated that all
of the excess deposited Li (more than what would be needed
for a 100% alloying), as well as some of the Li in the prelithiated
LiAu films underneath was already consumed by the trace mois-
ture and CO, in the argon glovebox atmosphere in which the
thermal evaporation was performed, to form LiOH/Li,COs/
Li,O (Figures S4-1, 3, Supporting Information).

Despite the Li inventory saving from the presence of a pre-
formed SEI, these electrodes did not show the improvements
in the cells’ overall reversibility, when cycled similar to Figure 3a
protocol (Figure 4e). Au@Cu showed the highest CE with no Li
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depletion occurring before the final step in the reservoir protocol.
For both 100 and 200 nm Li@Au@Cu, the Li reservoir seems
to have depleted within the first six to eight strip-plate steps.
For 100nm Li@Au@Cu cycled without the preconditioning
step prior to reservoir cycling, the CE is exceptionally poor, with
depletion after two steps. The Coulombic efficiencies for various
processes with these electrodes are plotted in Figure 4fg.
Prelithiated electrodes do show higher CE for alloy+SEI processes
(see Figure 3a, for CEjoyspr €quation) compared to pristine
Au@Cu, and generally higher alloy CEs (the latter can be extracted
by use of the equation for CEajey. sgr just without the SEI capacity
contribution Qsg;). However, for Li plating and stripping, Au@ Cu
still had the highest CE values for both the Total Reservoir CE
(CERes ) and Li-only Reservoir CE (CEY®), the only sample to
achieve over 80% CE in this set of tests.

The reasons for the lack of improvement in lithium-cycling
CEs could be numerous and interconnected. First, the
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uniformity of the Li layers is crucial to ensure homogeneous plat-
ing, but XPS measurements and scanning electron microscopy
(SEM) imaging of the as made prelithiated films show that the
Au seed layer gets significantly roughened after prelithiation.
(see Figures S4-1-S4-3, Suppporting Information, and the asso-
ciated discussion). Second, SEI characteristics are likely different
between the two cases. For the case of Au@Cu electrode, SEI was
electrochemically formed and therefore the SEI species will have
SPE’s compositional signature. However, as mentioned above, a
native passive film composed of LiOH/Li,CO3/Li,O had already
formed at the surface of as-made Li@Au@Cu films from
exposure to trace moisture and CO; in the argon glovebox atmo-
sphere. Since the SEI composition is known to control dead Li
formation, this could heavily influence CE values."®'® Third, the
electrochemomechanics of the alloyed layers (ex-situ vs. in-situ)
may be different. More detailed studies are required to
decouple the impacts of roughness, SEI chemistry, and alloying-
electrochemomechanics, on the C.E. This will be explored
in-depth in a separate study. Here, we aimed to present a first-
order investigation of prelithiation as one of the strategies to
improve the baseline C.E. values (Figure 3).

www.small-structures.com

2.4. Cell Voltage Limits

After optimizing the metal interlayer chemistry and observing
no improvements in Li CE via prelithiation, we finally sought
to improve CE by adjusting electrochemical cell parameters, spe-
cifically, the cut-off voltage for the Li stripping process. In the
previous experiments, Au@Cu electrodes were discharged to
0.5V, which ensured a complete dealloying of the Li,Au phases.
Therefore, we investigated the effect of varying the cut-off poten-
tial to control the degree of dealloying and its impact on CE.
Here, CE was calculated conventionally as the ratio of discharge
capacity to charge capacity.

The cut-off voltage for the discharge of CullLi and Au@CullLi
half cells was varied between 0.1 and 0.8 V during repeated plat-
ing and stripping at 50 and 100 pAh cm™? capacity (Figure 5a).
For CullLi case, higher cut-off voltages generally led to higher
discharge capacities in the initial stages (Figure 5b (top)). A sim-
ilar trend was observed for Au@CullLi, though not immediately
obvious, as the discharge capacity for the 0.4 V cut-off- case is
slightly higher than for 0.8 V. This anomaly is explained when
the differences in ratios of initial Li plating capacities vs. alloying
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Figure 5. a) Example voltage profiles of the first two charge-discharge steps for CullLi (top) and 20 nm Au@CullLi (bottom) half cells at 40 °C, where the
discharge step is ended at different cell voltages. b) Comparison of usable capacity from the first discharge steps in (a). c) Individual cycle CEies for CullLi
(top) and 20 nm Au@CullLi (bottom) cells with various cut-off voltages. d) Differential capacity curves from select cycles of CullLi (left) and 20 nm
Au@CullLi cells (right) with 0.8V cut-off voltages. €) Individual cycle CEies for M@CullLi half cells with 0.1V cut-off voltages.
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capacities (charge) are considered for these cells (see Figure 5a
(bottom)). Since neat Li plating/stripping capacity (not alloying/
dealloying) contributed significantly to total charge/discharge
capacity for these cells, the effect of a lower degree of dealloying
got suppressed for the case of 0.4 V cut-off. With this in mind, in
general, the increase of cut-off voltage is accompanied by increas-
ing the discharge capacity but goes at the cost of depleting Li in
the Au interlayer. The CE for individual cycles of Cu and Au@Cu
cells are shown in Figure 5c. For bare Cu, there is little difference
in CE for cells discharged to 0.1 or 0.8 V (all CE values 80-85%
after 50 cycles). However, for Au@Cu, the differences are
obvious and clearly show the effects of alloy depletion. For
cut-off voltages that fully deplete the alloy (0.4-0.8 V), a decrease
in the CE followed by increase is detected at earlier times with
higher voltages, i.e., more aggressive dealloying. This is evident
in differential capacity (dQ/dV) curves over the cell lifetime
(Figure 5d), where a shift and decrease in dQ/dV peaks
(at around 0.2 V) indicate progressive dealloying of the Li,Au
phase. The degradation of Li,Au alloy layers may be due to mech-
anisms similar to Ag@Cu electrodes in Figure 3¢, where small
amounts of Au solubilize into or attach to Li and are lost as dead
Li(Au), or due to delamination of the film from repeated expan-
sion and contraction during alloying and dealloying. Given the
shift in cell lifetime at which CE decreases with varying cut-
off voltages (Figure 5c, bottom), it seems likely that the delami-
nation mechanism dominates here.

The highest CE values are achieved with Au@ Cu electrodes at
a 0.1V cut-off voltage, reaching over 90% after 14 cycles and 94%
after 40 cycles, in agreement with results from reservoir method
cycling protocols in Figure 3. This voltage limit prevents dealloy-
ing of the Li,Au layer, avoiding the sudden CE decrease observed
at higher voltage cut-offs (Figure 5c, bottom). Aside from stability
of the Li,Au layer, higher CE could be attributed to accumulation
of residual Li left behind from incomplete stripping in the pre-
vious cycles. However, this is not observed for the Cu electrode at
a 0.1V cut-off voltage, where CE values 12% lower than Au@Cu.
Additionally, higher surface area from the sputtered metal layer
could lead to lower local current density and thus reduce the
chance for dead Li formation. Figure 5e shows that sputtering
nonalloying Cu onto Cu (20nm Cu@Cu) slightly improves
the CE from 82% to 88% at 50 cycles, but these changes are
not more than Pt@Cu and remain lower than Au@Cu, indicat-
ing that surface area effects are marginal. These two observations
demonstrate that preservation of the Li,Au alloyed seed layer by
controlling the cell potential is the main reason behind improved
Li plating-stripping CE in the long-term.[*®!

3. Conclusions

We have shown that thin layers of metals alloying with lithium
metal can improve the CE of Li metal anodes with quasi-SPEs.
Ag, Pt, and Au on Cu current collectors all lower the nucleation
overpotential for Li plating, with Ag and Au reducing it to essen-
tially 0 mV. These metal interlayers increase the charge loss to
electrochemical initial SEI formation to three times relative to
bare Cu electrodes. After the initial formation cycle, CE follows
the trend Au@Cu > Pt@Cu > Cu > Ag@Cu for both total
charge efficiency and Li plating-stripping efficiency. Au@Cu
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electrodes achieve up to 95% total CE and 91% Li CE at
50pAcm % current densities and have the lowest rate of
Capacity loss among all tested electrodes. The mechanisms
behind these trends are proposed and hypothized, wherein
Ag@Cu electrodes fail rapidly due to the solubility of Ag in Li
metal and subsequent loss through dead Li formation.
Prelithiation of Au@Cu electrodes via thermal evaporation of
Li metal decreases Li inventory losses by up to 80% by eliminat-
ing electrochemical SEI formation, but the CEs with prelithiated
electrodes are lower than pristine Au@Cu, possibly due to the
chemomechanics of the (de-)alloyed interlayers. Finally, Li
plating-stripping efficiency is increased to 94% with Au@Cu
electrodes when the cell voltage is controlled to strip only to
0.1V vs. Li° which preserves the Li,Au alloy layer for homoge-
neous Li deposition in subsequent cycles. This is the first dem-
onstration to our knowledge of reaching >90% CE at the lithium
metal anode with quasi-SPEs. However, the obtained fundamen-
tal findings of CullLi half-cells herein and the underlying mech-
anisms of Li inventory losses can provide a valuable toolbox for
the design of application oriented full cell systems. Combining
this alloying interlayer approach with optimized PE chemistries
and interface engineering could allow for anode-less battery sys-
tems with >99% CE, closer approaching the target of real battery
applications. In our future work on the anode-free concept
coupled with organic electrolytes, we will continue to address
challenges related to interfacial issues. Apart from chemical
modification (e.g., incorporation of additives) to account for def-
icits in terms of ionic conductivity and interfacial problems,
bridging the gap for the achievement of higher CEies, engineer-
ing efforts for appropriate current collector design might be also
considered allowing organic electrolytes to be successfully
applied in anode-free cell configurations.

4. Experimental Section

Materials: PEO (—4 Mio g/mol), lithium bis (trifluoromethanesulfonyl)
imide (LiTFSI, >99.5%), tetraethyleneglycol dimethylether (TEGDME,
99%), and benzophenone (BP, 99%) were purchased from Union
Carbide, 3M, Acros Organics, and Merck, respectively. Copper foil (6 and
40 pm thickness, 99.8%) was purchased from MSE Supplies and VWR. Cu,
Ag, Pt, and Au sputter targets were acquired from Lesker with at least
99.99% metal purity.

SPE Preparation: SPEs were prepared similarly to previous reports'*#”]
by mixing PEO and TEGDME in weight ratios of 70:30 or 50:50 along
with LiTFSI to yield a mixture with EO:Li = 10:1 mol:mol. BP was added
for a weight fraction of 5% photo initiator. This mixture was mixed in
a glass vial by spatula sealed under vacuum in pouch bag foil and heated
at 100°C for 12h. The gummy mixture was then pressed between
two Mylar sheets at 20 bar and 100°C and exposed to UV light in a
UV curing chamber from Hénle equipped with a Fe irradiation source
with an intensity of 10 W cm ™2 for 3 min each side. The membrane thick-
ness was typically 70 um. All preparations were performed in a dry room
(dew point < —70°C).

Electrode Preparation: Cu electrodes were prepared by punching Cu foil
discs of 1.0 cm? area. The discs were briefly soaked in T M H,SO,4 before
rinsing with MilliQ water followed by acetone to remove the native oxide
layer. The electrodes were then dried under vacuum at 60 °C before use.
For Ag@Cu, Pt@Cu, and Au@Cu electrodes, pretreated Cu electrodes
were transferred to a high vacuum sputter system (element Pi) before
sputtering with the target metal at deposition rate of 1.0 = 0.1As™" to
the desired thickness of 20 nm. Sputtered electrodes were also dried at
60 °C under vacuum before transfer to the glovebox.

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

35U8217 suowWoD aAIea1) ajqeal|dde ayy Ag pausenob afe sappiie YO ‘9sh Jo Sa|ni oy Akiq 1T auluQ 48| UO (SUO1IPUOD-PpUe-SWIS)WD" AB [ IM Aleiq 1 BuUluO//:Sdny) suo i IpuoD pue swid | aU) 39S *[G20z/TT/2T] uo AriqiauliuQ A1 ‘91fojouyos | In4 misu| suynis|ed Aq 627005202 11SS/200T 0T/10p/wod A8 1m Akeiqipuljuo//:sdny wol) pepeojumoq ‘0 ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

Electrochemical Measurements: Half cells were tested with M@Cu
working electrodes and Li foil (MTI, 250 pm thick) counter electrodes.
The electrode areas were 0.9-1.1 cm®. SPEs were sandwiched between
both electrodes before assembly into coin cells with 1.0 mm stainless steel
spacer and wave spring (for reservoir method cycling experiments) or
pouch cells with nickel tabs (for cut-off voltage and NMR experiments)
inside Ar-filled gloveboxes. The applied pressure in both cases is less than
0.3 MPa. Cells were cycled at 40 °C after equilibrating the temperature for
several hours. Full cells utilizing lithium iron phosphate (LFP) composite
cathodes were prepared similarly with 2.09 mgLFP cm™2 loadings on Al foil
manufactured at the Cell Analysis, Modeling, and Prototyping (CAMP)
Facility at Argonne National Laboratory.

Lithium Evaporation: Thermal evaporation of lithium metal was per-
formed with a custom-built Kurt ). Lesker vacuum system with base pres-
sures around 5 x 10~% Torr, from a Ta crucible using a rate-controlled
method. Au-coated Cu foil discs (1/2” diameter) were loaded into the
chamber, and Li was deposited at a rate of 40-60 A s™". Nominal Li thick-
nesses of 100 and 200 nm were deposited on the Au@Cu electrodes,
which were stored in a glovebox (Ar/CO, mixed atmosphere) prior
to use.[*®!

Materials Characterization: XPS: The as-made prelithiated Li@Au@Cu
electrodes (100 nm Li@Au@Cu and 200 nm Li@Au@Cu) samples were
mounted for analysis in an Ar-filled glovebox using the vacuum transfer
module (VTM) for the K-Alpha XPS instrument. After inserting the sam-
ples into the XPS instrument through a vacuum-pumped load-lock, an ini-
tial wide energy range survey spectrum was acquired to determine all
elements present. Next, a set of narrow energy range core level spectra
were acquired for each identified element. An Ar-ion depth profile was then
done on each sample to follow the film composition as a function of sput-
ter time, which can be estimated as depth. Depth profiles were done by
alternately acquiring data for the elements of interest (C, O, Au, Li, and Cu)
and then sputtering for 15 s. Plotting the composition as a function
of sputter time yielded the depth profiles. In separate experiments,
100 nm thick SiO, films were etched to determine a sputter rate. If the
Au-Li films sputter at the same rate as SiO,, then the sputter rate can
be used to convert sputter time to depth. For SiO,, the measured sputter
rate was 12 nm min~". At the end of the depth profile, survey and core level
data were acquired on the well-sputtered surface. The B.E.s were aligned
w.r.t the C 1s peak at 284.8 eV. After the depth profiles, the Au 4f was used
for alignment at 84.0 eV when no carbon was present.

Materials Characterization: SEM: SEM was performed on the surface
of Cu foil, as-made Au@Cu foil, and as-made prelithiated 100 nm
Li@Au@Cu foil. To ensure an air-free transfer of the prelithiated sample
into an SEM, an in-house-built SEM sample transfer holder was used, in
which the samples are sealed with vacuum, before transferring the sealed-
holder itself into the SEM chamber. The SEM sample transfer holder’s
design and operation were discussed previously by Howe et al.*®! SEM
images were collected by using a Zeiss Merlin FE-SEM microscope.
The accelerating voltage used was 3 kV for the 100 nm Li@Au@Cu sam-
ple, and 10 kV for the bare Cu foil and Au@Cu samples. Post-processing
the images included altering the brightness and contrast using the
Microsoft PowerPoint’s “Correction” feature to maximize the visibility
of the various structural features within an image.
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