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The Microscopic Mechanism of Lithiation and Delithiation
in the Ag/C Buffer Layer for Anode-Free Solid-State Batteries

Fengyu Xie, Mouhamad Said Diallo, Haegyeom Kim, Qingsong Howard Tu,*
and Gerbrand Ceder*

Lithium metal solid-state batteries (LMSSBs) have demonstrated their high
energy density and cycling performance at high current densities in an
anode-free architecture, featuring a thin Ag/C composite buffer layer (BL)
between the current collector (CC) and the solid electrolyte (SE). This study
explains the microscopic mechanism of the Ag/C BL by using first-principles
atomistic and continuum modeling. It is shown that Ag effectively acts as a
homogeneous solid-solution beyond AgLi, ;, and maintains a positive
potential even at AgLi,s during lithiation. Key factors underlying the working
of the Ag/C BL include lower interfacial resistance at the BL/CC interface than
at the BL/SE interface, leading to predominant Li deposition on BL/CC, and
substantial Ag-Li volume expansion during lithiation. This, combined with
stronger BL/SE adhesion, causes BL/SE separation and Ag-Li extrusion
toward the CC side. During delithiation, Ag re-precipitates as nanoparticles
uniformly on the CC, with its positive lithiation potential homogenizing Li
currents in subsequent cycles. Other metals are less effective due to their
relatively large overpotential, premature lithiation termination, and limited
volume expansions hindering movement toward the CC. The study aids the
BL design, focusing on metal choice and optimization material and
microstructural properties, such as the Li-ion conductivity and

1. Introduction

Lithium-metal  solid-state  Dbatteries
(LMSSBs) offer a promising avenue for
rechargeable battery technology due to
their potential of enhanced safety and
energy density."** The use of inorganic
ceramic solid electrolytes (SEs) offers
non-flammability and high mechanical
strength, enabling the incorporation of
energy-dense Li-metal anodes, which
can significantly increase the energy
density of rechargeable Li-ion batter-
ies. However, several limiting factors,
such as the high costs associated with
free-standing Li-metal-foil,®] interfacial
contact loss,[®! and unwanted (electro-
)chemical reactions between the SE and
Li metal,l”l hinder the practical applica-
tions of LMSSBs. Most critically, Li-metal
dendrite formation, which results from
non-uniform Li-metal deposition under
localized currents,!®-1% can penetrate SEs

interfacial resistance.
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such as oxides (including Li,La;Zr,0,,,
LLZO) and sulfides (including Li,PS,,
LPS; Li;PS.Cl, LPSCI),"-16 Jeading
to battery shorting. Non-uniform Li
deposition stems from imperfect solid-solid interfaces and can
be exacerbated by detrimental interphase growth!!'7! and void
formation® during cycling.

Significant effort has been devoted to suppressing Li den-
drite growth in solid-state batteries. Controlling the stack
pressurel’®19) and temperature(?®! of the solid-state cells can be
beneficial in homogenizing Li deposition. Incorporating metal
interlayers, such as gold (Au) and silver (Ag), also result in
improvements.[®) Recently, Lee et al.?!! developed an Ag/C com-
posite buffer layer (BL) and demonstrated its excellent properties
in an anode-free LMSSB. In their study, LiNi;4,Co, (sMn, 45O,
(NCM) coated with Li,O-ZrO, was used as the cathode material
and LPSCl argyrodite was used as the SE. Ag and amorphous car-
bon (Ag/C) were mixed into a composite film at a thickness of 5—
10 um, and the film was employed as a BL separating the current
collector(CC) and SE with no Li metal used at the anode side. This
“anode-less” full cell delivered an energy density of 941 Wh/L,
exhibited long cycling life (89% capacity retention after 1000 cy-
cles) and high coulombic efficiency (average > 99.8%). The ex-
cellent performance was attributed to the uniform Li deposition
resulting from the use of the Ag/C BL. Several key observations
should be noticed from the work of Lee et al. and follow-up work.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Li-metal plating occurred at the BL-CC interface during the
lithium transfer to the anode. In addition, Ag was found to move
to the CC and dissolved into Li metal upon full lithiation at the
anode. Upon discharge of the cell, the Li metal was stripped from
the anode CC and most Ag particles did not return to the BL
but remained near the CC. Through comparison with other met-
als (Sn, Zn, Al, and Ni), Suzuki et al.[?2l demonstrated Ag to be
the best-performing metal in a metal/C BL. Later, Kim et al.[?*]
proved that the Ag/C BL can also assist with homogeneous Li-
metal deposition on the CC when using LLZO as the SE, with
an additional layer of Ag thin film used to enhance the adhesion
between the Ag/C BL and LLZO SE.

Building on the pioneering work of Lee et al.l?!l and Kim
et al.,[?’] researchers have explored the thermodynamic and ki-
netic factors influencing uniform Li plating at the BL/CC in-
terface. In a recent study, Park et al.?*l demonstrated that the
stronger adhesion between the BL and SE, compared to that be-
tween the BL and CC, promotes Li deposition at the BL/CC in-
terface rather than at the BL/SE interface. Park et al. also sug-
gested that Li migrates through the BL via Coble creep, with fac-
tors such as smaller pores and particles, higher temperatures,
and lithiophilic surface modifications (e.g., Ag decoration) facil-
itating Li movement. In a subsequent study, Kim et al.?*! found
that the preferred plating location of Li metal is determined by
the lithium-transport behavior in the BL, as evidenced by a com-
parative study where amorphous carbon was replaced with less
Li-conductive graphite. The findings of Kim et al. align well with
the observations of Suzuki et al., who noticed that Li plates be-
tween the BL and the SE when graphite is used in the BL. In con-
trast, when carbon black is employed in the BL, Li plating shifts
to the CC side.[??] Spencer-Jolly et al.?l conducted research on a
Ag-graphite composite and concluded that Ag in the BL leads to
relatively homogeneous Li-metal deposition between the BL and
CC. However, they also found that at high current density the
Ag-modified BL is not more effective in suppressing Li dendrite
formation than pure graphite without Ag.

Several fundamental questions regarding the microscopic
mechanism active in the Ag/C BL remain unanswered, includ-
ing (1) how Ag helps homogenize current and prevent Li den-
drite formation, 2) why Ag migrates to the CC side, 3) why Li
only appears at the SE/CC interface, and 4) why other metals are
not as effective in enhancing the cycling performance in the BL
as compared to Ag. In this paper we take a multi length-scale and
multi physics approach, combining ab-initio thermodynamics of
Ag-Li with continuum transport and mechanics, in order to un-
derstand the role Ag plays in assisting the Li plating.

Understanding the phase stability in the Ag-Li system is crit-
ical to correctly predict the behavior of Ag during lithiation.
However, the commonly used Ag-Li phase diagram is based on
very limited and often outdated experimental and computational
data. Pastorellol?”-8] first determined the Ag-Li phase diagram
in the 1930s, reporting two intermetallic compounds: AgLi and
Agli,. In the 1950s, a more comprehensive report by Freeth
and Raynor!®! (Figure 1a) disputed the existence of AgLi, and
instead proposed six phases at room temperature (Figure 1b):
the FCC Ag solid-solution phase (x;; = 0 — —0.46), the p-AgLi
phase with a CsCl-like structure (x;; = 0.50 — —0.56), the y; /7, /74
phases with y-brass type structures (x; = 0.64 — —0.93), and
the BCC Li solid-solution (x;; = 0.99 — —1.00). Based on the
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detection of two-phase coexistence at x;; ~ 0.75, 0.84 in X-ray
powder diffraction (XRD) and the presence of thermal arrests,
Freeth and Raynor identified three y phases, which they claimed
to have y-brass-like structures, informed by the observations of
Perlitz.3% However, without any original XRD pattern or ther-
mal measurement data provided in Freeth and Raynor’s paper,
the existence and structures of these y phases, especially the 7,
and y, phases, remain unclear. More precise XRD measurements
by Arnberg and Westman®!l revealed that the y, structure aligns
more closely with the CusZng-prototype than with the Al,Cu,
structure type, a claim that more recent measurements(*2l have
confirmed. Arnberg and Westman also attempted to synthesize
v, and y,, but failed as Li-rich samples easily react with air. The
Ag-Li phase diagram, especially on the Li-rich side, has not been
significantly updated since this early work. Pelton’s work in the
1980s(33] mostly drew from the results of Freeth and Raynor,[?"]
with some additional investigations into the liquidus line. Re-
cently, Braga et al.3*l claimed the y, phase to be nonexistent by
comparing the first-principles free-energy calculation results of
the y and BCC phases. Braga et al. also suggested the y, phase
to be a Ag;sLi,y BCC structure instead of the Pb,Li,,-like struc-
ture hypothesized by Freeth and Raynor. However, the similarity
in the XRD patterns of Ag;sLi,, and Ag,Li,, along with poten-
tial interference from impurities make the second claim difficult
to verify experimentally. Furthermore, the calculations of Braga
etal.**l in the BCC and FCC structures used only a single special
quasi-random structure (SQS) at each composition!**! to repre-
sent the energy of the solid solution without any configurational
entropy to evaluate its ability to destabilize ordered compounds
at non-zero temperature.

In this article, we employ first-principles thermodynamic cal-
culations to determine the free energy of each phase in the Ag-Li
alloy system, incorporating the electronic energy, configurational
entropy, and phonon free energy. The phase stability and lithia-
tion voltage into Ag are analyzed using the computed free energy.
Continuum modeling is applied to study the Li transportin a Ag—
C buffer layer (BL), the current density distribution in the BL and
at interfaces, and the mechanical behavior during lithiation and
delithiation, as well as to analyze the migration of Ag particles.
By integrating results from various models, we provide a compre-
hensive explanation of the microscopic mechanism during the
cycling of a Ag/C BL and suggest optimal BL metal choices and
processing conditions.

2. Results and Discussion

2.1. Approach

We systematically investigated the phase stability in the Ag—
Li system using first-principles calculations to determine low-
energy Ag-Li configurations on multiple possible lattices. We
iteratively searched for ground-state configurations,*®! covering
the FCC Ag solid-solution phase and BCC-derived phases (f-AgLi
and BCC Li solid-solution) at x;; = 0 — —1 (Figure 1b).

As shown in Figure 1c, the y-brass crystal structure resembles
the BCC crystal structure. The y-brass structure can be obtained
from a BCC 3*3*3 supercell by removing the corner and cen-
ter atoms and relaxing the remaining atoms under the symmetry
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Figure 1. a) Experimental temperature—composition phase diagram of the Ag—Li system, redrawn from the data of Freeth and Raynor.?°! b) Crystal
structure of phases in the Ag—Li system at room temperature, including (Ag), f-AgLi, y-brass phases, and (Li). c) The y-brass structure and its relationship
to the BCC structure. The left subplot shows a 3*3+*3 supercell containing 54 atoms, scaled from the conventional BCC cubic cell. Atoms located at the
body centers of the conventional cube are marked as type 1 (squares), whereas atoms located at the body corners are marked as type 2 (circles). The
middle subplot shows the supercell with 52 atoms remaining after removing two atoms at the center and corners of the supercell (red cross). The
remaining sites are grouped into four sub-lattices: type A (orange), type B (purple), type C (blue), and type D (green). For visibility, only the relaxing
direction of the A, B, C;, and Dy atoms are marked in red arrows. The relaxing direction of the other atoms can be found by applying symmetry in the
143m space group. The right subplot shows the resulting y-brass structure after relaxation. Polygon clusters formed by atoms on different sub-lattices
are marked and shaded with the corresponding colors of their sub-lattices.

of the [43m space group. Atoms in the y-brass structure can be 2. Type B (purple): eight sites, forming a larger tetrahedral clus-

grouped into four symmetrically distinct sub-lattices:*”) ter outside the cluster of A;
3. Type C (blue): 12 sites, forming an octahedral cluster outside

the cluster of A and B;
1. Type A (orange): eight sites, forming the innermost tetrahe- 4. Type D (green): 24 sites, forming the largest cluster encapsu-
dral cluster around vacancies; lating the clusters of A, B, and C.
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Table 1. Experimentally observed prototypes of y-brass structures, extracted from the Materials Project and the ICSD database. F&R represents Freeth

and Raynor.[?°]

Prototype Ag/Li occupancy Refs. Notes

CusZng A, D: Li; B, C: Ag/Li mixed [47] Experimentally confirmed y;;

Al,Cuqg A,, D; (or A,, D,): Ag; Other: Li [42] Proposed by F&R as y;.

Pb;Liyg D, (or D,): Ag; Other: Li [43] Proposed by F&R as y,.

RuAl,, A, (or A,): Ag; Other: Li [44] Proposed by F&R as y;.

Fe,Zng A: Ag; C: Ag/Li=2:1; B, D: Li [45] DFT assumed all C sites to be occupied by Ag, giving x; = 8/13.
IngTig A, By, Dy (or A,, By, D,): Ag; Other: Li [46]

Different y-type structures differ by the distribution of the com-
ponents over these sites. In other studies,?23] types A, B, C, and
D are also denoted as IT, OT, OH, and CO, respectively. Each sub-
lattice can be further divided based on symmetry breaking of the
original positions in the BCC lattice: type 1 (squares) for sites
originally on the cubic centers and type 2 (circles) for sites origi-
nally on the cubic corners. In Table 1, structural data from the Ma-
terials Project*?) and the ICSD databasel*?] are used to classify all
experimentally observed y-brass structures into six distinct proto-
type classes with different sub-lattice occupancies. We used these
as a starting point to evaluate possible y-brass type phases in the
Ag-Li system. Under the CusZn, prototype, we enumerated Ag—
Li configurations from x;; = 8/13 to x;; = 1, assuming that Ag
can only be located at B and C sites with further DFT computa-
tions performed on all five other y-brass prototypes (as shown in
Table 1) to validate the assumption on Ag occupancy limitation.

To capture the free energy of Ag-Li phases, we fit cluster-
expansion (CE) models for BCC, FCC, and y (exclusively CusZng
prototype) lattices. A cluster expansion!*’8] is a well-established
approach in ab initio alloy theory to parameterize the configura-
tional energy dependence so that it can be sampled with Monte-
Carlo (MC) techniques.[*] We performed MC simulation at var-
ied temperatures (T) and Li contents (x;;) and integrated the sam-
pled energy over temperatures to obtain the configurational free
energy. The configurational free energy values are interpolated
over compositions using a B-Spline fit to represent the free en-
ergy as a continuous function of composition. We accounted for
lattice vibrations by adding phonon free energy into the CE-MC
result. Details about these methods can be found in the Experi-
mental Section.

The transport behavior of Ag and Li in the BL was investigated
with electro-chemo-mechanical modeling. We described the con-
duction of Li-ions and electrons in the BL by applying mixed
ionic-electron conducting theory,*®! modeled the redox reaction
of Li at the SE/BL and CC/BL interfaces with the Butler—Volmer
relation,”] simulated the diffusion of Li and Ag in the alloy using
the Cahn-Hilliard equation,’" and investigated the plastic flow
of Li in BL with elastoplastic mechanics.[*?! Key parameters that
govern Li deposition at the BL/CC interface and the Ag migration
toward CC were systematically examined. These factors include
the area-specific charge transfer resistance (ASR), the adhesive
strength at different interfaces, the lithiation potential in the Ag
particles, and the pressure developed within the BL. We also in-
vestigated the factors that affect the Li-current distribution on the
CC surface, aiming to understand the role of Ag in homogenizing
Li deposition and provide strategies for optimized anode-free bat-
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tery design. More detailed explanations about these simulations
are provided in the Experimental Section. All the relevant partial
differential equations were solved with self-developed programs
based on the Finite Element Method.I>>] Parameters used in these
simulations can be found in the Supporting Information.

2.2. Results
2.2.1. Phase Stability in the Ag—Li System

Figure 2 presents the zero-K formation energy of each structure
enumerated within BCC, FCC, CusZng-y lattice models, along
with the other five y prototypes shown in Table 1. The energy
of FCC Ag and BCC Li were used as references. As shown in
Figure 2a, the ground-state configurations on BCC and FCC lat-
tices at x;; = 0.5 were found to be a Pm3m CsCl-type cubic
structure (indicated by a red arrow) and an 14,/amd tetrago-
nal structure (indicated by a green arrow), respectively. The en-
ergy of the Pm3m cubic structure is 5.2 meV/atom below the
14, /amd structure. The ground state at x;; = 0.75 appears to
be a BCC Agli, structure (Figure 2b) with DO, ordering (i.e.,
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Figure 2. DFT computed zero-K formation energy of Ag—Li structures in
BCC (red triangles), FCC (green circles), CusZng y-brass (blue diamonds),
and other y prototypes (black squares). Convex hulls are shown for all
compounds within a structural type, with structures on the convex hulls
marked by solid markers. The formation energy of the FCC 141/amd struc-
ture, BCC Pm3m structure at x; = 0.5, and BCC DOj structure at x;; = 0.75
are marked with arrows.
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Figure 3. Formation free energy of Ag—Li BCC (red), FCC (green), and y (blue) phases as a function of Li content (x;) at T=200 K (a—b) and 300 K
(c—d). (a,c) show free energy functions in the range of x;; = 0 — —1. (b,d) show free energy functions in the range of x; = 0.6 — —0.7. Predicted phase
boundaries are marked with black dashed lines, and the intersections between the free energy curves are marked with black solid lines.

BiF; ordering). All the other y prototypes (hollow black squares)
exhibit significant instability (>50 meV/atom) relative to struc-
tures belonging to the CusZng prototype, with the exception of
the Fe,Zny-like structure that relaxes to the CusZng-like struc-
ture and therefore yields the same energy(hollow black square
overlapping with solid blue diamond at x;; = 8/13; refer to the
Supporting Information for structural relaxation details). This
high energy of other y-prototype structures may arise from repul-
sive short-ranged Ag-Ag interactions occurring between A and
D sites, validating our assumption that Ag should only exist on
B and C sites. Thus, we should exclude other y-brass prototypes
with Ag on A and D sites, including those proposed by Freeth and
Raynor.[?]

Based on the DFT ground-state analysis, we proceed with the
computation of free energy for the BCC, FCC, and y(CusZng-
prototype only) lattice structures. Figure 3 shows the formation
of free energy as a function of x;; (AF(x)) at T = 200 K and 300
K. At T = 200 K (Figure 3a), we identify four stable phases: the
FCC Ag phase from x;; = 0 to 0.512, the f-AgLi phase with a
CsCl-like crystal structure from x;; = 0.524 to 0.548, a y-brass
phase with x;; = 8/13 stoichiometry and a BCC solid solution
for x%;; = 0.693 ~ 1. Only one y phase emerges in Figure 3a, cor-
responding to the y, phase proposed by Freeth and Raynor.”!
Upon increasing the temperature to T = 300 K (Figure 3c), BCC
is stabilized over y; due to both configurational and vibrational
entropy effects (refer to Supporting Information). At this temper-
ature, only the FCC Ag phase and the BCC solid solution per-

Adv. Energy Mater. 2024, 14, 2302960 2302960 (5 of 18)

sists. The transformation of y, into BCC at high temperatures
agrees well with the qualitative trends seen in the experimental
phase diagram (Figure 1a) though it is clear that our computa-
tions predict too low a temperature at which y, transforms into
BCC. It should be noted that the transformation temperature
is highly sensitive to small errors in the energy or entropy dif-
ferences between the structures. In Figure 3b,d, the D0;-AgLi,
structure is determined to be the equilibrium structure at x;;
= 0.75, with its free energy being 1.9 and 1.5 meV/atom below
the interpolated free energy of the BCC solid solution at T =
200 and 300 K, respectively. This could potentially indicate that
DO0,-Agli, is a new phase within the BCC lattice; however, this
claim may lack statistical robustness considering the magnitude
of the interpolation error(~1 meV/atom) and the BCC CE er-
ror(3.3 meV/atom). Further results from semi-grand canonical
MC simulations on the BCC lattice can be found in the Support-
ing Information, showing the presence of the D0,-AgLi, struc-
ture manifests in chemical potential-composition curve at x;; =
0.75 when T < 300 K. This finding suggests that D0;-AgLi; may
indeed precipitate from the disordered BCC solid solution as a
new phase when x;; ~ 0.75 and T~300 K. The Supporting Infor-
mation also features simulated XRD patterns of the BCC DO;,-
Agli, structure and a representative y-brass structure at x;; =
0.75 drawn from MC samples. These patterns suggests a signif-
icant structural similarity between the two structures such that
they might not be easy to distinguish in experiments. There-
fore, it is possible that the previously reported y, phase might
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Figure 4. a)The path of metal-Li free energy (F) during lithiation when undergoing an equilibrium (green arrow) or over-saturation (purple arrow)
transformation from the a phase (red curve) to the § phase (blue curve). x,, x5, and x; represent the solubility limits of a, §, and the intersecting
composition of @ and f free energy, respectively. b) Microscopic mechanism for both the equilibrium and over-saturation transformation. c) Free-energy
paths assuming that the free energy of phase a will increase more rapidly when the composition deviates from the minimum free-energy composition,
with a sharper free-energy curve (a’, red dashed curve). d) Lithiation potential when comparing the original phase a and the narrowed phase a’. The

overpotential of a’ drops below 0V at the intersecting composition ;.

in fact be BCC DO0,-Agli,. The y, phase described by Freeth
and Raynor could potentially represent a Li solid solution as no
phase transformation can be identified in our calculations for x;;
> 0.85. The free energy difference between BCC and y-brass in
Figure 3 is very small, usually less than 5 meV/atom. This sim-
ilarity in energy can be rationalized by their structural similar-
ity (Figure 1c) given that y-brass is essentially BCC with vacan-
cies and partial ordering. The energy similarity of BCC and y
also hints at the possibility that once Ag is lithiated over x;; ~
0.6, the Ag-Li system will behave practically as a BCC solid so-
lution that retains a driving force to absorb Li, despite the fact
that some y phases can form and coexist with the BCC solid-
solution.[2¢]

We considered both the equilibrium voltage curve derived
from these free energy curves, as well as possible non-
equilibrium voltage behavior through the phase transitions. The
phase transformations within the Ag-Li system can be broadly
classified into two types:

® Incoherent transformations: These transformations involve
changes in the crystal lattice geometry, such as the transfor-
mations from FCC Ag to BCC f-Agli, from p-Agli to v, and
from y to BCC.

® Coherent transformations: These transformations maintain
the topology of the lattice while atom ordering on the lattice
varies with composition. For example, the formation of D0;-
Agli, from BCC solid solution.

Adv. Energy Mater. 2024, 14, 2302960 2302960 (6 of 18)

For incoherent transformations, the Ag lithiation potential can
be estimated by differentiating the free energy along two distinct
transformation paths, as indicated in Figure 4a,b:

1. The equilibrium path, represented with green arrows, in-
volves phase segregation to form distinct phases separated by
moving interfaces, causing the free energy of the system to
follow the common tangent line in the two-phase region (x,
< xp; < %p).

2. The over-saturation path, depicted by purple arrows, includes
over-lithiation of Ag particles past the equilibrium compo-
sition (x; > x,) until the particle undergoes spontaneous
transformation between phases at fixed composition, thereby
avoiding the need for long-range diffusion and two phase co-
existence. Such a process occurs when particle sizes are small
and phase separation is energetically unfavorable due to the
energy penalty of forming interfaces.>!!

Because it can be difficult for phase transformations to occur
in equilibrium at room temperature, we assume in this study that
oversaturation of a phase can occur as long as the oversaturated
phase has a lower free energy than the new phase that needs to
form. For the example in Figure 4, phase « can be metastable up
to composition x;, which is larger than the composition x, where
the equilibrium transition would occur. Such interpretation has
previously been used to understand non-equilibrium paths in
other intercalation electrodes.>*! Over-saturation reduces the po-
tential of the alloy below the equilibrium potential and can even
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Figure 5. Computed lithiation potentials of Ag from equilibrium (blue solid)

and over-saturation (black dashed) paths as functions of y in formula AgLi,,

calculated at a,b) T=200 K and ¢,d) T=300 K. (a,c) show the lithiation potentials in y = 0 =5, and (b,d) show the lithiation potentials iny =5 —25.

bring it below 0 V. As Figure 4c,d show, when the free energy (F)
of a(solid red curve) increases more rapidly away from the equi-
librium composition x,, resulting in a narrower curve (a’, red
dashed curve), the lithiation potential (¢) of a’ decreases more
rapidly below the equilibrium potential for x;; > x,, eventually
reaching a minimum overpotential below 0 V. Once the lithiation
potential dips below 0V, lithiation stops within the alloy, instead
causing Li-metal deposition elsewhere. Hence, in such a situa-
tion, it can be difficult to form the new phase f.

For the coherent transformation between BCC-Li and BCC
D0;-AglLi,, the formation of D0;-AgLi; can be reasonably disre-
garded. In situ XRD experiments!?®! suggest that the formation
of D0,-AgLi, (denoted as Ag,Li,, by Spencer-Jolly et al.) is slow
under high charging current, with noticeable Ag,Li,, formation
after ~1 h at 2 mA*cm™2.

Figure 5 shows the Ag lithiation potential as a function of y
in the formula AgLi, at temperatures of 200 and 300 K. At these
temperatures, no incoherent transformations occur that would
yield a negative over-saturation potential (see Figure 5a,c), indi-
cating that they can occur without causing Li plating reactions.
As shown in Figure 5b,d, even at a high Li content (y = 25), Ag
possesses a positive lithiation potential of 1.6 and 2.6 mV at 200
and 300 K, respectively. As a result, Ag will continue to lithiate,
forming a solid solution, and the Ag-Li alloy will maintain this
ability, even at very high Li content. The chemical driving force
introduced by Ag is essential in rationalizing its role in equalizing
Li deposition, as will be demonstrated in the Discussion section.

Adv. Energy Mater. 2024, 14, 2302960 2302960 (7 of 18)

2.2.2. Transport of Ag and Li in the Ag/C BL

Figure 6a provides the schematics of a BL model used to investi-
gate the dominant factors governing the transport and reactions
of Ag and Li inside the BL. This model BL is comprised of a Ag
particle (green) of diameter d = 40 nm (an average diameter es-
timated from the data of Lee et al.[?!)) in the center and an amor-
phous carbon layer (dark grey) of thickness H = 10 um.[?!l The
Li-ion conductivity of the BL is estimated to be 1 mS*cm™.[>]
Given that carbon lithiates before silver,/?®] the amorphous car-
bon is assumed to be saturated already to LiC,; and serve as a
mixed ionic-electronic conductor (MIEC) due to its substantial
ionic and electronic conductivity.*®>%! It is important to note that
we reference a 40% porosity in the BL, which is derived from the
data provided by Lee et al.2!l This estimation is inherently sub-
ject to the influence of the material’s microstructure, the method-
ologies employed during pre-processing, and the external condi-
tions such as the stacking pressure. Consequently, the actual BL
could be denser than our estimations, potentially driving the true
porosity well below 40%. Additionally, given the relatively small
amount of Ag (constituting merely 1.6% of the BL’s volume(?!) in
comparison to the BL’s porosity (approximated at 40% of the BL’s
volume), it is likely that Ag particles might not be present within
every pore. Considering that an Ag particle is only required to oc-
cupy the pore it resides in to effectively extrude, the volumetric
expansion necessary prior to Ag extrusion could also be less than
that required by the 40% estimation. Given these considerations,
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Figure 6. Continuum simulation results of a single particle in the BL under symmetric (ASR(BL/SE) = ASR(BL/CC) = 20 Q¥*cm?) and asymmetric
interface ASRs (ASR(BL/SE) = 20 Q*cm?, ASR(BL/CC) = 2 Q¥*cm?). a) Simulation setup. A silver particle (green) of diameter d = 40 nm was placed
within a BL (grey) of thickness H = 10 um, and the system was lithiated under a constant current density i, = 0.68 mA*cm™2. The Li-ion conductivity of
the BL is estimated to be 1 mS¥*cm™!. b) Simulated electrochemical potential of the Ag particle (black dashed) and the equilibrium bulk potential (blue
solid) as functions of lithiation time. c,d) Ratio of Li current flowing into the Ag particle, depositing on the BL/CC and BL/SE interfaces as functions of
lithiation time, assuming (c) equal ASRs on the BL/CC and BL/SE interfaces and (d) lower ASR on the BL/CC interface.

determining the exact volumetric expansion required for extru-
sion could be challenging. Thus, we employed a 40% porosity
estimate for demonstrative purposes in our study, while welcom-
ing future experimental works to accurately determine the BL’s
porosity. The detailed simulation parameters and their references
are provided in the Supporting Information.

Continuum transport simulations were performed under con-
stant lithiation current density of i, = 0.68 mA*cm? for two sce-
narios: 1) equivalent interfacial charge-transfer area-specific re-
sistance (ASRs) at interfaces BL/SE and BL/CC of 20 Q*cm? to
highlight the alloying effect from the Ag particle; 2) nonequiva-
lent interfacial charge-transfer ASRs (BL/SE: 20 Q*cm?, BL/CC:
2 Q*cm?, Figure 6d), to represent a more realistic scenario as
the ASR at the BL/CC interface is lower than that at the BL/SE
interface.[%*!] Figure 6b illustrates the evolution of the voltage
in the Ag particle as a function of lithiation time by assuming
that the Li distribution within the Ag nano-particle can be ho-
mogenized instantly. The blue curve represents the equilibrium
lithiation voltage re-plotted from Figure 5a,b with the x-axis con-
verted to lithiation time under the given charge rate. The poten-
tial of the actual Ag particle (black dashed) declines more rapidly
than the equilibrium potential in the bulk alloy due to the ad-
ditional overpotential required to overcome the Li-ion transport
resistance in the bulk BL and the charge transfer resistance at
the Ag/BL interfaces (Figure 6b). Figure 6¢,d show the fraction

Adv. Energy Mater. 2024, 14, 2302960 2302960 (8 of 18)

of Li current alloying with the Ag particle or depositing on the
BL/SE and BL/CC interfaces as functions of lithiation time. In
Figure 6¢ the ASRs for BL/SE and BL/CC are equal, whereas in
Figure 6d the ASR at BL/CC interface is lower. At the beginning of
lithiation, the Ag particle exhibits a positive potential, absorbing
nearly all the Li. However, after ~ 8 min, the Ag particle potential
becomes negative (dashed lines), triggering Li deposition on the
BL/SE and BL/CC interfaces. Since the electronic conductivity of
the BL is very high (~ 10* mS*cm*(!?]), the electrochemical po-
tential of electron at the BL/SE and the BL/CC interfaces should
be almost equal, causing the charge transfer resistance to be the
dominating factor of Li deposition rate. When the ASRs at both
interfaces are equal, Li deposits at approximately equal rates on
the BL/SE and BL/CC interfaces, as shown in Figure 6¢c. How-
ever, studies21226061] gyggest that the ASR at the BL/CC inter-
face is usually lower than that at the BL/SE interface, causing the
CC side to attract a larger portion of Li current as is evident in
Figure 6d.

As lithiation continues, the Ag-Li alloy expands within the
pores of the BL and densifies it. According to the research of Lee
et al.,[2122] Ag particles initially constitute roughly 2% of the to-
tal volume in the BL, which possesses an initial porosity of ap-
proximately 40%. We used these values to plot in Figure 7a the
relative volume percentage the Ag-Li will take up in the BLas a
function of time at a charge rate of 0.68 mA*cm2. The volumes
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Figure 7. a) Volume percentage of Ag—Li alloy in the BL as a function of lithiation time, assuming the same experimental conditions as those in the
work of Lee et al.2!l The volume of Ag—Li alloy at varied compositions is estimated from the DFT computations in 2a. b) The mechanism for interface
separation between the BL and SE. When the adhesion on the SE side is weaker than that on the CC side, the BL/SE interface separates first and the
solid-solution extrudes toward the SE. When the adhesion on the SE side is stronger than that on the CC side, the BL/CC interface separates first and
the solid-solution extrudes toward the CC. c) Calculated internal stress as a function of lithiation time in an anode-free setup using LLZO as the SE. d)
Calculated evolution of deposited Li layer thickness as a function of the lithiation time on BL/SE and BL/CC interfaces combining electrochemical and

mechanical effects.

of AglLi, alloys are taken from the DFT computations. At a cur-
rent density of 0.68 mA*cm2, Ag particles are expected to expand
and entirely occupy the pores within the BL after ~15 min. At
this point, internal stress begins to accumulate, eventually caus-
ing separation at either the BL/SE or BL/CC interface. Figure 7c
quantifies the evolution of internal hydro-static pressure in the
BL with lithiation time, assuming that the adhesive strengths
at both the SE/BL and CC/BL interfaces are substantial enough
to preserve the interfacial bonding. Under this assumption, the
internal pressure can reach a maximum of ~8 MPa before Ag—
Li alloying is restrained by an overpotential emerging from me-
chanical stress.l”°%%2 In reality, interfacial adhesion is limited
and heavily reliant on the properties of the contacting surfaces.
Consequently, the interface with lower adhesion strength will be
separated first, causing the Ag-Li solid solution to extrude to-
ward that interface, resulting in an elastoplastic flow (Figure 7b).
The BL/SE interface has been found to have stronger adhesion
than the BL/CC interface,?2%! with respective values indicated
by horizontal lines in Figure 7c. Once the internal stress is large
enough to counterbalance the adhesion strength of the BL/CC
interface (~2 MPa) and the externally applied stack pressure

Adv. Energy Mater. 2024, 14, 2302960 2302960 (9 of 18)

(~1 MPa),[?! the BL/CC interface will separate, relieving the
internal stress and causing the Ag-Li alloy to extrude towards
the CC.

Figure 7d combines both electrochemical factors (ASR) and
mechanical factors (volume expansion, surface adhesion, plastic
flow) to portray the evolution of the Li deposition thickness at
the BL/CC and BL/SE interfaces with lithiation time. Ag parti-
cles are lithiated in the BL during the initial ~ 10 min without
significantly filling the BL pore volume. Over the next ~8 min,
the BL is densified as the Ag-Li alloy expands into the BL pores.
During the subsequent ~45 min, the Ag-Li solid solution me-
chanically extrudes toward the CC. This mechanism accounts
for the predominant migration of Ag toward the CC after lithi-
ation, as observed in scanning electron microscopy studies.!2!:22]
Overall, the preference of Li metal to deposit on the BL/CC in-
terface can be explained by the lower interfacial charge transfer
resistance and the lower adhesion strength between the BL and
CC compared to the BL and SE. The migration of Ag can be at-
tributed to the elastoplastic flow of the Ag-Li solid solution re-
sulting from the alloy’s volume expansion and extrusion toward
the CC.
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Figure 8. a) Schematics of a model interface between the BL and CC with a single 2um * 2um tip defect on the CC. The x-axis measures the horizontal
distance from the tip center. b)Simulated distribution of voltage (blue, upper panel) and Li current (red, lower panel) on the defected interface. The BL
jonic conductivity is set to 1 mS*cm™! and the ASR is set to 2Q*cm?. c)Simulated distribution of Li current on the defected interface at varied BL ionic
conductivity: 0.1 mS*cm (blue), 1 mS*cm (black), and 10 mS*cm’! (red). The interfacial ASR is fixed to 2Q*cm?. d)Simulated distribution of Li current
on the defected interface at varied interfacial ASR: 200Q*cm? (blue), 20Q*cm? (black), and 2Q*cm? (red). The ionic conductivity of the BL is fixed to

0.1 mS*cm'.

2.3. Discussion

With a better understanding of the working mechanism of the
Ag/C composite BL, we discuss the factors affecting the homo-
geneity of the Li current. When current concentration in typical
intercalation or alloying electrode causes a local increase in lithi-
ation, the local voltage decreases with respect to the rest of the
electrode. This negative feedback mechanism reduces current
concentration driving the electrode toward more homogeneous
lithiation. Because the plating of metallic lithium occurs at con-
stant voltage, no such negative feedback occurs, and a homoge-
neous current profile is fundamentally unstable leading to den-
drite formation. To reduce the current instability one can either
try to dampen the instability, or provide a negative feedback to
any local excess Li deposition. Two examples of damping mech-
anisms, conductivity and ASR increase, are shown in Figure 8.
Figure 8a schematically presents a defected interface between the
BL and CC, featuring a single 2 ym * 2 ym Gaussian-shaped Li-
metal tip positioned on the CC. At a constant lithiation current
(i, = 0.68 mA*cm?), Figure 8b shows the voltage (blue, upper
panel) and Li current (red, lower panel) distribution on the inter-
face. Indeed, as the tip protrudes into the BL it presents a higher
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voltage (lower chemical potential) to the arriving lithium so that
an excess Li plates at the tip. In our simulation, the 2 um wide tip
attracts nearly 7% of the total current in the 50 um area around
it, despite being only 4% of the line area. Improvement in the Li-
ion conductivity of the BL can enhance the current homogeneity
and reduce the speed at which dendrites grow. This behavior is
displayed in Figure 8c, where the Li current becomes less con-
centrated at the tip as the BL ionic conductivity increases. This
can be understood from the fact that a BL with high ionic con-
ductivity (o) effectively redirects current density (j) laterally to
mitigate the voltage difference (AV) within a length | from the
protruding defect tip, and can be qualitatively understood with
the Ohmic relation j = ZAV. For example, at a constant current
of 1 mA*cm?, if the ionic conductivity is increased from 0.1 to
1mS*cm?, the length scale over which the voltage drops by 1 mV
will be increased from 1 to 10 um.

Similarly, maintaining an appropriate ASR on the CC surface
can also lead to more homogeneous Li plating. Figure 8d illus-
trates how a decrease in the ASR exacerbates the Li current in-
homogeneity, thereby increasing the risk of dendrite formation.
This can be easily understood since a high ASR essentially “backs
up” current at the interface negating any voltage advantage of a
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Figure 9. Effect of Ag particles on Li current distribution on a defective BL/CC interface. Simulations were performed imposing a constant average
current ;,=0.68 mA*cm°? at the top surface. The BL ionic conductivity is fixed at 1 mS*cm! and the ASR is fixed at 2 Q*cm?. a) Schematics of a BL/CC
interface having three 2 um * 2 um tip defects on the CC with a 50um distance between peaks. No Ag particles are included. The x-axis measures the
horizontal distance from the central tip. b) Simulated current distribution on the x-axis by using the schematics described in (a). c) Schematics of a
BL/CC with three tip defects, as described in (a), and two additional 2 um * 2 um Ag particles at x = =25 um and x = 25 um. d) Simulated current
distribution on the x-axis for the geometry in (c). A lithiation driving force of 1 mV (blue) and 2 mV (red) is added to the regions where a Ag particle is
present. e) Schematics of a BL/CC with three tip defects, as described in (a), and four additional 1 um * 1 um Ag particles at x = —33.3 um, x = —16.7
um, x = 16.7 um, and x = 33.3 um. f) Simulated current distribution on the x-axis by using the schematics described in (e). A lithiation driving force of

1mV (blue) and 2 mV (red) is added to the regions where a Ag particle is present.

dendrite tip. However, it is important to note that although a rel-
atively raised ASR aids in suppressing dendrite growth, an ex-
cessively high ASR can result in high internal resistance, which
is detrimental to the power density of the cell. Thus, an optimal
interface design should account for the trade-off dictated by the
interfacial ASR value. It should also be noted that the ASR that is
varied in Figure 8d is the actual ASR of a BL/CC contact, unlike
the macroscopically measured ASR that often reflects the pres-
ence of voids. An increase of ASR because of voids will actually
lead to increased current inhomogeneity due to the reduction
in contact.

While increases in the ASR or ionic conductivity dampen the
current concentration caused by inhomogeneities, the presence
of Ag as an alloying component of the electrode can contribute
negative feedback to excess current in a particular area. We show
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the influence that Ag particles on the current collector have on the
current distribution in Figure 9c—f. To simplify the problem, we
assume that Ag particles introduce a lithiation driving force of ei-
ther 1 mV (blue) or 2 mV(red). This example is intended to under-
stand the modification of the current distribution when even mi-
nor cathodic potential variations occur. In the absence of Ag par-
ticles (Figure 9a,b), the Li current concentrates at defect centers,
as expected. However, with the introduction of a small amount of
Ag nanoparticles between the tip defects (Figure 9¢c,d), the Li cur-
rents are redistributed from the defects and preferentially flow
toward the Ag. Remarkably, even with only a 1 mV difference in
local potential, the Ag is able to pull current away from the de-
fect which is 25 um away, illustrating the remarkable influence of
small voltage variations on the anode, and pointing at the poten-
tial to artificially engineer Li deposition sites and homogeneity.
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Figure 10. a)Composition—temperature phase diagram of the Zn—Li system, redrawn from Pelton.[®3] b)Lithiation potential of Zn as a function of y
in formula ZnLiy at T=300 K, computed from a CALPHAD model. Both the equilibrium (blue solid) and over-saturation potentials (black dashed) are
plotted. The sub-figure shows the Zn-Li alloy being unable to absorb more Li because of the negative overpotential. c)Composition-temperature phase
diagram of the Mg—Li system reproduced from Nayeb et al.[%¢] d) Lithiation potential of Mg as a function of y in the formula MgLiy at T=300 K computed
from a CALPHAD model.[”] Both the equilibrium potential (blue solid) and over-saturation potential (black dashed) are plotted.

When the total amount of Ag is kept constant, a larger amount of
small Ag nanoparticles (Figure 9e,f) is more effective than fewer
large particles, as more sites can be created to attract Li, thereby
further preventing growth of the tip. As Ag particles lithiate and
expand, the roughness on the CC surface can be filled, resulting
in a more uniform surface for subsequent Li deposition. Hence,
the benefits of Ag nanoparticles at the CC may arise from the cre-
ation of a homogeneous set of Li nucleation sites, unrelated to the
interfacial unevenness, as well as from its ability to fill in surface
roughness through its large volume expansion upon lithiation.
Ag nanoparticles at the interface effectively hide the surface ir-
regularities from the current.

We now turn our attention to the specific and rather unique
role that the Ag-Li chemistry plays. The superior performance
of Ag over other metals (Sn, Zn, Al, Ni, etc.) in the experiments
of Lee et al.?!l can be attributed to its ability to maintain an at-
tractive driving force through the formation of a wide-ranging
solid-solution. Figure 5d shows that even for y = 25 in Agli, the
alloying potential is above zero. Using the Zn-Li system as a com-
parative system, we illustrate the challenges in substituting Ag by
other metals. Figure 10a presents the composition-temperature
phase diagram of Zn-Li, reproduced from the work of Pelton.[®
At room temperature, various compounds with narrow homo-
geneity ranges exist, including Li,Zng, LiZn,, Li,Zn,, and LiZn.
A narrow phase field implies a rapid increase of free energy with
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Li excess and, therefore, a sharp free-energy landscape. As shown
in Figure 4c,d, compared to the a phase, the potential of the a
phase with a sharper free energy drops more rapidly as it is over-
lithiated. Once the lithiation potential becomes negative, the alloy
particle will cease to attract Li flow and redistribute Li currents,
potentially causing dendrite formation. Figure 10b illustrates the
non-equilibrium lithiation potential of Zn at T = 300 K computed
from a CALPHAD model® by Liang et al.l%] The Zn-Li system
exhibits significant negative overpotential across phases Li,Zn,
(-3.4 mV) and LiZn (-19.0 mV), suggesting that Zn is likely to
stop lithiating prematurely and lose its attractiveness to Li unless
two-phase nucleation can occur.

The inability of other metals to absorb enough Li (and hence
be unable to expand sufficiently during lithiation) is the a rea-
son why other metals do not perform, as well as Ag. Two impor-
tant mechanisms are controlled by the maximum Li uptake in
the metal. The more Li the metal takes up, the longer the cur-
rent at the anode is controlled by the dispersion of the metal,
rather than by geometric irregularities at the interface. Second,
if a metal cannot densify pores in the BL after alloying with Li,
it will not be able to extrude toward the CC and cannot precipi-
tate on the CC after delithiation. Table 2 estimates the volume ex-
pansion ratio (R = Metal-Li molar volume/Pure metal molar vol-
ume) of various metals at ambient conditions from experimen-
tally measured crystal structure and phase diagram data, under
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Table 2. Ratio (R) of volume expansion in various metals at the maximum-
Li-content phase, measured at room temperature and 1 atm. Molar vol-
umes of the metal-Li alloys and the pure metal were computed from XRD
data, as referenced. The data of Pt is marked with “?” as the phase PtLis
has not been confirmed.

Metal Phase Max xi; R Refs.
Ag " 0.94 17.7 133]
Au Au,Liss 0.789 4.7 169]
Zn Znli 0.5 2.0 163]
Sn Sn,Liyy 0.809 3.6 70, 71]
Al Al Lig 0.692 3.4 172]
Cu (Cu) 0.25 14 73]
Ni (Ni) 0 1 [74]
Si Si,Liy, 0.809 41 75, 76]
Bi BiLli, 0.94 2.1 177]
Pt() PLLI5 0.833 6 78]
Ga Gali, 0.667 2.4 179]
Ge Ge,Liy, 0.809 3.7 (71, 80]
Pb Pb,Liy, 0.809 32 (71, 81]
Tl Ty Liy, 0.815 35 182]
sb SbLi, 0.75 23 83]
In InsLiss 0812 40 84]

the assumption that all metals can be maximally lithiated to their
most Li-rich alloy phase. As argued in our example, for Zn-Li
this may actually be an overestimation. Ag provides the largest
volume expansion ratio (R = 17.7) compared to all other metals
in the table, which mostly stop at R < 4. It is likely that Ag is the
only metal capable of expanding sufficiently to extrude from the
pores and deposit uniformly as nanoparticles on the CC surface
after the first few cycles. Even accounting for the overpotential
effects at practical current densities, Ag maintains a notable ca-
pacity for expansion compared to other metals. As illustrated in
Figure 6D, at a current density of 0.68 mA*cm2, the electric po-
tential of the Ag particle drops below OV at around 8 mins, corre-
sponding to approximately y = 25 in AgLiy and thereby occupying
roughly 20% of the buffer layer’s (BL’s) volume (Figure 7a). This
behavior of Ag significantly contrasts with that of other metals,
which cease to absorb Li at much lower Li contents. However,
despite their inability to migrate during the pre-cycling like Ag,
other metals could still be used to guide the Li current if their
nanoparticles can be uniformly distributed on the CC during an-
ode pre-processing. This has recently been evidenced by the study
of Haslam et al. using Au nanoparticles as the nucleation sites.[]
Achieving this requires understanding the specific characteris-
tics of each metal and the corresponding processing methods
when designing LMSSB systems.

Finally, our research suggests that Mg could also serve as a
promising candidate for the BL. As illustrated by the Mg-Li phase
diagram[®®! (Figure 10c), Mg and Li possess high intersolubility
without the presence of any intermediate phase. Figure 10d in-
dicates that the lithiation potential of Mg, computed from the
model of Braga et al.,[”] remains above 0 V. Therefore, Mg might
operate via a solid-solution mechanism similar to that of Ag in the
BL. Employing Mg in anode-free battery design could thus be a
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promising future direction for research, though its high enthalpy
of oxidation could make it challenging to use as a pure metal.

In summary, Figure 11 demonstrates the microscopic operat-
ing mechanism during the initial few charge-discharge cycles
within an Ag/C BL. At the beginning of lithiation, the amorphous
carbon within the BL rapidly saturates with Li and subsequently
functions as an MIEC. The Ag particles then begin alloying with
Li, forming a solid-solution phase. As lithiation continues, the
Ag-Li alloy expands and separates the BL/CC interface under in-
ternal pressure, leading to extrusion towards the CC. Meanwhile,
the remaining Ag and Ag-rich phases dissolve into the solid solu-
tion and plastically flow toward the CC. During delithiation, Li is
extracted from the solid solution, resulting in the precipitation of
Ag as uniformly distributed nanoparticles on the CC. These Ag
nanoparticles help guide Li currents away from surface tips, sup-
pressing surface coarsening and dendrite growth in subsequent
cycles. Given the small nature of Ag nanoparticles left on the CC,
it might need to be investigated in the future that the dispersion
of Ag particle size does not coarsen when the battery is left in the
delithated state for a long time.

3. Conclusion

By integrating first-principles thermodynamic calculations and
continuum modeling approaches, we have examined the lithi-
ation and delithiation processes in Ag/C BL for an anode-free
LMSSB. Our study identifies several key properties of the Ag—
C buffer layer in creating homogeneous Li plating conditions.
Computationally, we found that Ag can continuously alloy with
and dissolve into Li, forming a solid-solution that consistently
presents a positive attraction potential to Li, even at the AglLi,.
stage. This is unlike other metals for which equilibrium or non-
equilibrium lithiation leads to negative potential at low Li con-
tent. This capability of Ag to absorb Li renders Ag nanoparticles
as sinks to the Li flow, effectively homogenizing the current and
mitigating the risk of Li-dendrite formation due to uncontrolled
growth on surface defects. The large volume expansion is key to
extrude the Ag-Li alloy from the pores, carrying Ag toward the
CC where it is most effective in homogenizing the current. Our
continuum modelling reveals that Li deposition is more favor-
able at the BL/CC interface than at the BL/SE interface, due to
the lower interfacial resistance (ASR). The extrusion process pre-
dominantly occurs toward the CC due to the stronger surface ad-
hesion between the SE and BL compared to that between the CC
and BL. Our study also suggests that other metals may not per-
form well as they exhibit possible negative overpotentials due to
near-stoichiometric compounds, cease to lithiate early, or lack the
ability to sufficiently expand during lithiation.

4. Experimental Section

DFT Calculations: DFT calculations were performed within Vienna ab
initio simulation package (VASP) using the projector-augmented wave
method!3>¢] with a plane-wave basis set at an energy cutoff of 630 eV
and a reciprocal space discretization of 800 k-points per A. Ag 4p elec-
trons were treated as valence electrons. All the calculations were con-
verged to 107> eV in total energy for electronic loops and 0.01 eVA™! in
inter-atomic forces for ionic loops. The calculations relied on the Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation (GGA)[®7]
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exchange-correlation functional. Automated choice of parameters in
structural relaxations and static calculations was performed using the
Atomatel®] and Fireworks!3?] packages.

Cluster Expansion and Free-Energy Calculations: The CE model for BCC-
related phases (f-AgLi and Li solid-solution) was derived from a conven-
tional BCC cubic cell with a lattice constant a = 3.50 A(Figure 12a). The CE
model for the FCC Ag solid-solution phase was constructed using a con-
ventional FCC cubic cell with a = 4.27 A(Figure 12b). The y phase CE model
was constructed from the y-brass structure with a = 9.62 Awith only B(OT)
and C(OH) sites allowed to be occupied by Ag (Figure 12c). For the BCC
lattice, configurations were enumerated within a diagonal supercell matrix
defined by ((3,0,0)7, (0, 3,0)7, (0,0, 3)7) and a non-diagonal supercell ma-
trix given by ((- 2, 2,2)7, (2, -2, 2)7, (2, 2, —=2)7) to minimize the chance
of having duplicated correlation functions between clusters. For the FCC
phase, supercells ((4,0,0)7, (0,2,0)7, (0,0,2)7) and ((3,0,0)7, (1,2,0)7,
(0,0,2)7) were used. For the y phase, enumeration was performed within
the original 1%1*1 cubic cell. The cluster correlation functions were con-
structed from an indicator site basis.[*®] Among clusters with duplicate
correlation functions in the feature matrix, only the shorter-ranged cluster
was kept. A lasso regularization method!(®']

FO) = l1Eoer = TYI15 + el Ul (M

was employed, where the [;-norm of effective interactions (ECls, ) was in-
corporated to penalize the objective function (f{])) during the fitting. This
step is crucial for improving model sparsity and avoiding overfitting. The
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regularization hyper-parameter (a) was fine-tuned using a grid-search ap-
proach to minimize the fivefold cross-validation error. The cluster cutoff
diameters, count of cluster correlation functions, number of training struc-
tures, optimal a, root-mean-square errors (RMSE), and cross-validation
errors (CV) from fitting are provided in Table 3. No quadruplet cluster
could be included in the y-phase CE within a cutoff of 4.5 A. Further details
about the clusters and ECls can be found in the Supporting Information.
The CE models, which function as effective Hamiltonians, were used
to perform MC simulations in canonical ensembles at varying tempera-
tures and compositions (x;;). The simulations were executed within 8*%6*6,
6*6*4 and 3*3+*2 supercells for BCC, FCC and y lattices, respectively. The
simulation temperature was gradually reduced (i.e., T = 10000, 7000, 5000,
3000, 2000, 1500, 1200, 1000, 800, 700, 600, 500, 440, 400, 340, 300, 280,
260, 240, 220, 200, 180, 160, 140, 120, 100, 80, 60, 40, 20 K) to approach
the configurational ground states at each x;; and subsequently increased
back to 500 K by steps. At each temperature higher or equal to 2000 K,
250, 000 metropolis steps were run. For temperatures between 500 and
2000 K, 500, 000 metropolis steps were used. For temperatures below or
equal to 500 K, 1,000,000 metropolis steps were used. The configurational
contribution to free energy at each composition can be evaluated using

s
BF, = foEy + /ﬂ (E)dp )
0

where F_ is the configurational free energy at temperature T, f = 1/kgT,
kg is the Boltzmann constant, (E) is the average energy computed at
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BCC FCC

the 143m symmetry.

temperature T, and E, is the average energy at a very low starting tem-
perature T, corresponding to S, where configurational entropy can be
ignored. In this study, T, = 20 K is used, and integrated upward in T. Only
the latter half of the metropolis steps at each temperature were used to
compute the average energy to ensure that only the equilibrium distribu-
tion was sampled. All programming tools required for building the CE,
fitting the ECls and performing the MC simulations were available in the
smoll®2! and sparse-Im[®3] packages.

Due to the computational challenges of running phonon calculations
for all enumerated structures, and considering that the temperatures of
interest are relatively low (T ~ 300 K), we computed the phonon free en-
ergy for only the end-point composition structures in each lattice (x;; =
0, 1 for BCC and FCC, x; = 8/13, 1 for y) and several ordered ground-
state structures at intermediate compositions. Using the quasi-harmonic
approximation implemented in Phonopy,%4°%] the vibrational frequencies
and phonon free energy at T = 0-10000 K were calculated from a supercell
of each structure with a lattice constant a ~ 10 A. We linearly interpolated
the vibrational free energy (F,;,) of structures over x;; on each lattice and
added the interpolated free energies as correction terms to the total free
energy (see Supporting information).

The total free energy (F') of each phase (i = BCC, FCC and y) was rep-
resented as a function of composition (x) and temperature (T)

FixT)=F (xT)+F

oin & T) ®)

and the formation free energy (AF') was computed using the free energy
of BCC Li (FBC(x = 1, T)) and FCC Ag (FFC(x = 0, T)) at the same tem-
perature T as references

AF(x, T) =
“)
Fix, T) =xFE(x =1, T) = (1 =x)FF*““(x = 0, T)

www.advenergymat.de
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Figure 12. Primitive structures used for cluster expansions in the BCC, FCC, and the y phase. Ag and Li are allowed to mix on all sites in BCC and FCC,
whereas y allows Ag to occur on OT(B) and OH(C) sites only. For visibility, only half of the sites in y are shown. Other sites can be obtained by applying

The equilibrium lithiation potential in each phase (¢ /) at temperature
T can be calculated as

e (x, T) = FBC(x =1, T) = Fi(x, ) = (1 —x)(;—f (5)
where e is the elementary charge.

Mixed lonic-Electronic Conduction in the Ag/C BL:  The transport of Li*
and electron in the BL using the Ohmic relations is described

p OLit v ~ : Oe= o -

i+ = —TVML#: Ie- = TVMe— (6)
In these equations, i+ and i~ represent the current density of Li ion and
electron in the BL, respectively. The symbols o+ and 6.~ denote the Li-ion
and electronic conductivity of the BL, respectively. Additionally, /i ;+ and
jio- are the electrochemical potentials of Lit and electron, respectively. The
sum of these two electrochemical potentials were required to be equal to
the chemical potential of Liin the BL (fi;+ + fic- = p;). The concentration
of Lit in the BL can be further characterized by employing both the Ohmic
relations and the Nerst-Planck equation, as shown below:

oC i+ 2 2.
T =D+ V2Ci+ — o+ Vo i+ (7)
In this equation, D+ represents the diffusivity of Li ions in the BL.

Charge-Transfer Kinetics for Li Deposition at the Interfaces:  The lithiation
rate at the interfaces could be represented by the current density of Lit
participating in the redox reaction. As proposed by Ganser et al.,[?®! the
Bulter-Volmer equation provided below reflects the relationship between
the interface overpotential (1) and the lithiation current (i,).

(1—ag) V| ;AP M” _ﬂn
iy = —lege RT eRTT —¢ RT (8)

Table 3. Detailed information of CE models, including cluster cutoff diameters, number of fitted clusters (N,), number of training structures (N;), RMSE

and CV for BCC, FCC, and y.

Model Cluster cutoffs [A] N, N, a RMSE [meV¥at.™1] CV [meV+at.”"]
BCC 8.0(pair); 7.0(triplet); 4.5 (quadruplet) 25 64 3.8x 107° 33 438
FCC 8.0(pair); 7.0(triplet); 4.5(quadruplet) 32 134 9.5x 1077 1.5 2.5
b4 8.0(pair); 7.0(triplet) 38 96 6.1x 107 0.5 0.6
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In the Butler-Volmer equation, i, represents the local current density nor-
mal to the interface and i, is the reference exchange current density for
the Lit/Li redox reaction. The parameters a, and a, denote the anodic
and cathodic charge-transfer coefficients, respectively, whereas V; is the
molar volume of the Ag—Li alloy (estimated with that of Li metal). R refers
to the ideal gas constant, and F is the Faraday constant. In order to ac-
count for the effect of mechanical stress on Li deposition, we performed a
mechanical correction to the interface overpotential, as shown below:

VAP
F

n=¢—¢g ~do— ©
here, ¢ denotes the electric potential at the interface, ¢pg, represents the
electric potential in the BL, and ¢y is the equilibrium open-circuit potential
without external stress. The symbol AP denotes the compressive stress
within the BL.

Modelling Mechanical Stress Within the BL: To simulate the develop-
ment of compressive stress within the BL, assuming that mechanical
equilibrium could be achieved in a much shorter time than chemical
equilibrium.[°7] Therefore, a quasi-static mechanical equilibrium could al-
ways be maintained within the BL. This equilibrium using the following
linear-momentum balance constraint is enforced:

V.6=0 (10)

In this equation, ¢ symbolizes the second-order stress tensor that must
have a zero divergence. The stress tensor can further be decomposed into
a deviatoric and hydrostatic component as:

6=—Pl+s (1

here, P represents the hydrostatic pressure (P = —%Tr(a)) with positive
and negative values indicating compression and expansion states, respec-
tively.

The evolution of mechanical stress is derived within the BL as follows:

KV,
dP/dt = —1|
VF

1= § inds

In these equations, V indicates the volume of the alloy particle, K repre-
sents the bulk modulus of the alloy (estimated similarly to that of Li metal),
and [ denotes the total lithiation current integrated across the Ag—Li par-
ticle surface. After substituting Equations (8) and (9) into Equation (12)
and solving the resulting differential equation, the following relationship is
obtained, which was used used to compute the stress evolution displayed
in Figure 7c:

FndS
P=‘¢‘_’7 (1—e_”)
V.S
(13)
—2
KV,.S
7= RTRV '

Note that in these equations, the starting time (t = 0) corresponds to the
moment when the pores in the BL were entirely filled, which occurred at
approximately 15 min in Figure 7c.

Supporting Information

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