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Abstract 

Dendrite formation, contact loss, and continuous formation of the solid electrolyte 

interphase (SEI) preclude the practical use of the energy-dense lithium (Li) metal. Li-

Ag alloys have the potential to address these issues due to their exceptional 

lithiophilicity, outstanding mechanical stability, and moderate chemical stability. This 

study evaluates all phases in the Li-Ag phase diagram based on lithiation capacity, Li 

insertion, mechanical property, and chemical stability. Our findings suggest that Li4Ag 

is the most promising phase, and the Gibbs free energy of nucleation (∆Gnucle) for Li-

Ag alloys is 3 to 5 orders of magnitude smaller compared to pure Li, resulting in 

uniform nucleation and deposition behavior. We proposed practical applications within 

the Li4Ag phases or from the Li9Ag4 to the Li4Ag phases, which may provide a usable 

capacity of 409 to 696 mAh/g, respectively. Experiments indicate that Li4Ag exhibits 

not only the smallest impedance but also the highest capacity retention compared to 

Li9Ag4 and pure Li. The study provides valuable guidance for the selection and 

application of Li-containing alloys in future battery development. 
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Introduction 

All-solid-state Li batteries (ASSLBs) have gained significant attention for their 

potential to achieve high energy density at the cell level, surpassing 400 Wh/kg, making 

them crucial for applications in electric vehicles and portable electronics.1–5 This is 

primarily attributed to the exceptional properties of the Li metal anode (LMA), which 

include its high gravimetric capacity (3860 mAh/g) and the lowest electrochemical 

potential (−3.04 V versus the standard hydrogen electrode).6–8 However, the LMA itself 

faces inherent challenges as an electrode material, primarily due to three reasons: (1) 

High chemical reactivity:9–12 The side reactions between the LMA and the solid-state 

electrolyte are intricate, leading to the continuous formation of the SEI. These reactions 

also contribute to a reduction in coulombic efficiency and an increase in the interfacial 

impedance of the battery. (2) Contact loss:13–15 During cycling, localized volumetric 

changes in the LMA result in contact loss with the solid-state electrolyte, undermining 

the battery's cycle life. (3) Li dendrites:16–20 Nonuniform deposition of Li can lead to 

the formation and growth of Li dendrites. These Li dendrites have the potential to 

penetrate solid-state electrolytes, posing safety hazards. 

The integration of silver (Ag) into LMA is a highly effective approach to address the 

aforementioned three challenges, attributed to its moderate chemical stability to reduce 

the side reaction and inhibit the continuous formation of the SEI. Furthermore, Li-Ag 

alloys exhibit exceptional mechanical stability, resulting in enhanced cycling stability 

during the repetitive processes of Li plating and stripping at the anode.21 Additionally, 

Ag and Li-Ag alloys demonstrate remarkable affinity towards Li (lithiophilicity), 

enabling uniform deposition of Li and suppressing the formation of Li dendrites.22 

Additionally, subtle structural alterations and chemical potential gradients in Li-Ag 

alloys significantly enhance reversibility in Li-alloying/dealloying processes, 

contributing to improved cycling stability.23 For instance, Li et al. developed Li-alloy 

leaves with excellent mechanical properties by adding 1 at% Ag into Li, making them 

suitable for mass production.24 Liu et al. developed a dual protection layer consisting 

of Li3Ag and Li0.98Ag0.02, which effectively inhibits Li dendritic growth and enhances 
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the safety of the battery.25 Although Li-Ag alloys are studied as substitutes for LMA, 

the question remains as to which specific Li-Ag alloy phase should be chosen from the 

different phase regions in the complex Li-Ag phase diagram, as well as which 

composition range should be used for charging and discharging to achieve the best 

performance in practical applications. 

The chemical stability, mechanical properties, and Li insertion influence the 

electrochemical performance of batteries.26–30 The chemical stability of the anode in the 

battery refers to its ability to resist unwanted chemical reactions or corrosion. The 

process of extracting Li from the electrolyte and inserting it into the anode is known as 

Li insertion. The mechanical property of alloy anodes relates to their ability to resist 

external forces without damage. On the other hand, the capacity of alloy anode impacts 

its energy density, and alloy anodes with a capacity greater than that of graphite (372 

mAh/g) are likely to have practical applications. 

In this study, we employed density functional theory (DFT) calculations to explore 

the chemical stability, Li insertion, mechanical property, and capacity characteristics of 

various phases in the Li-Ag phase diagram. Our findings indicate that Li4Ag exhibits 

the best performance in terms of the factors above, followed by Li9Ag4. Subsequently, 

we performed tests on nucleation overpotential (η), Electrochemical Impedance 

Spectroscopy (EIS), voltage stability, and cycling performance, aligning with the 

findings from DFT calculations. Herein, we recommend the practical application within 

the Li4Ag or from the Li9Ag4 phase to the Li4Ag phase for Li-Ag alloys. Overall, this 

work offers guidance for selecting high-performance phases in other alloy solid 

solutions. 

Computational methodology 

All calculations utilized the projector augmented wave (PAW)31 method within the 

framework of density functional theory (DFT) as implemented in the Vienna Ab-initio 

Simulation Package (VASP).32 The exchange functional chosen was the Perdew-Burke-

Ernzerhof (PBE),33 which falls under the generalized gradient approximation (GGA). 

The cutoff energy for the plane wave was set to 520 eV, and the Brillouin zone 
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integration utilized a Gamma-centered grid with a 2 × 2 × 2 k-point mesh. The 

convergence criteria for energy and force were set at 10−5 eV/atom and 0.01 eV/Å, 

respectively. 

The surface energy (γ) quantifies the energy difference between a surface slab 

structure and the bulk structure:34 

γ = 
Eslab – Ebulk

2A
 ሺ1ሻ 

where Eslab represents the total energy of the slab structure, Ebulk represents the total 

energy of the bulk structure, and A represents the surface area. To investigate the 

surface energy of the six Li-Ag phases, 2×2×2 supercell models with a 12 Å vacuum 

layer along the Z direction were employed to prevent interactions between repeated 

slabs for symmetric (100), (110), and (111) slab models with different terminations. For 

more information on the surface models, please refer to Table S1 in the Supporting 

Information. 

For adsorption energy calculations, a Li atom was placed at a distance of 3 Å from 

the surface. Three different adsorption sites were considered: bridge, hollow, and top. 

The adsorption energy of a Li atom was calculated using the following equation:30 

Eads = Eslab+Li – Eslab – ELi ሺ2ሻ 

Here, Eslab+Li represents the total energy of the system with the Li atom bound to the 

surface, Eslab is the energy of the slab without the Li adatom, and ELi is the energy per 

Li atom in the bulk BCC lithium phase. 

The energy barriers for Li-ion migration were calculated using the climbing image 

nudged elastic band (CI-NEB) method35 in the supercell model with a single Li vacancy. 

This method allows for determining the energy landscape and identifying transition 

states along the migration pathway of Li ions. 

Experimental methodology 

All cells were assembled in an Ar-filled glove box with oxygen and water content 

below 0.01 parts per million (ppm). The molds used to create the solid-state cells were 

explicitly designed and consisted of two stainless steel bars and a cylinder made of 

poly(etherether-ketone) (PEEK) with a 10 mm internal diameter. Li6PS5Cl (LPSC) and 
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Li3InCl6 (LIC) were purchased from MTI Corporation, China, and LiNbO3-coated 

LiNi0.8Co0.1Mn0.1O2 (LNO@NCM811) was obtained from CN New Energy, China. 

We assembled Li4Ag|LPSC|Li4Ag, Li9Ag4|LPSC|Li9Ag4 and Li|LPSC|Li symmetric 

cells. For Li4Ag|LPSC|Li4Ag, 120 mg of LPSC powder was initially placed into the 

mold and pre-pressed at 50 MPa for 1 minute. Subsequently, two Ag foils (8.2 mg each) 

were affixed to both sides of the LPSC pellet, and the entire cell was pressed at 370 

MPa for 10 minutes. Then, two Li foils (2.1 mg each, molar ratio of Li:Ag ≈ 4:1) were 

pressed onto the two Ag foils, and the cell was compressed at 100 MPa and rested for 

6 hours. Due to the interdiffusion between Li and Ag, spontaneous alloying occurred, 

forming Li4Ag. The assembly process for the Li9Ag4|LPSC|Li9Ag4 cell remained the 

same, with the only difference being the electrode configuration, where 1.2 mg Li foils 

were used. For the Li|LPSC|Li cell, after pelleting the LPSC, two Li foils were attached 

to both sides, and the cell was pressed at 10 MPa. 

In addition, we also assembled Li|LPSC|Li4Ag and Li|LPSC|Li9Ag4 half cells. For 

the Li|LPSC|Li4Ag cell, the assembly process began with adding 120 mg of LPSC 

powder to the mold, followed by pre-pressing at 50 MPa for 1 minute. Subsequently, 

an Ag foil was affixed to one side of the LPSC pellet, and the entire cell was pressed at 

370 MPa for 10 minutes. Next, a Li foil was pressed onto the Ag foil, and the cell was 

further pressed at 100 MPa and rested for 6 hours. Afterward, a Li foil was attached to 

the other side of the LPSC pellet, and the cell was pressed at 10 MPa. The 

Li|LPSC|Li9Ag4 cell was assembled using the same method except for the electrode 

change. 

Finally, we assembled Li4Ag|LPSC|LNO@NCM811, 

Li9Ag4|LPSC|LNO@NCM811, and Li|LPSC|LNO@NCM811 full cells. For the full 

cell, such as Li4Ag|LPSC|LNO@NCM811, we added 80 mg of LPSC powder to the 

mold, which was then pre-pressed at 50 MPa for 1 minute. Subsequently, we evenly 

distributed 40 mg of LIC powder and 10 mg of a composite cathode material (consisting 

of LNO@NCM811, LIC, and CNT with a mass ratio of 60:40:4) on one side of the 

LPSC pellet in sequence. An Ag foil was attached to the opposite side of the LPSC 

pellet. The entire cell was then pressed at 370 MPa for 10 minutes. Following that, a Li 
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foil was pressed onto the Ag foil, and the cell was pressed at 100 MPa and rested for 6 

hours. The Li9Ag4|LPSC|LNO@NCM811 cell was assembled using the same method, 

with the only difference being the change in the anode. The Li|LPSC|LNO@NCM811 

cell was similarly prepared, but its stacking pressure was set to 10 MPa. 

Solid-state cell molds have seals to keep air out, so all electrochemical testing was 

conducted outside the glove box. The galvanostatic charge/discharge tests were also 

performed at 25℃ under 100 MPa and 10 MPa for the cells using Li-Ag alloy and Li 

metal as the anodes, respectively. A NETWARE CT-4000 battery test system was used 

in the galvanostatic tests. Electrochemical impedance spectroscopy (EIS) was 

performed using a Biologic SP-200 from 7 MHz to 0.1 Hz with an AC amplitude of 10 

mV. 

Results and Discussion 

Voltage, volume expansion, stability calculation 

Ag displays a notable attribute through the formation of multiple different phases 

with Li. With increasing Li concentration, six single solid phase regions will emerge, 

namely Ag, LiAg, Li9Ag4, Li4Ag, Li9Ag, and Li, corresponding to the α phase, β phase, 

γ3 phase, γ2 phase, γ1 phase, and δ phase,36–38 respectively. Details are shown in Figure 

S1. 

High output voltage is critical in achieving high energy density in ASSLBs. 

Theoretical voltage (as defined in equation S2) of Li-Ag alloys were calculated to be 

0.342, 0.230, 0.121, 0.091, 0.030, and 0 V for the Ag, LiAg, Li9Ag4, Li4Ag, Li9Ag and 

Li, respectively, as shown in Figure 1a. These results agree well with previous 

findings.36,39 Interestingly, the average voltage of Li-Ag alloys (0.175 V) is lower 

compared to other Li-containing alloys40–42 such as Li-In (0.3 V), Li-Sn (0.504 V), Li-

Sb (0.948 V), Li-Al (0.3 V), and Li-Si (0.4 V). This suggests that Li-Ag alloys hold 

promise as anode materials for ASSLBs. 
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Figure 1. Calculated Li-Ag alloys’ basic properties: (a) Voltage platform of various Li-Ag phases. 

(b) Volume expansion. (c) Formation energy of six different Li-Ag phases. (d) Reaction energy 

between Li-Ag alloys and eight solid-state electrolytes. 

 

Small volume expansion during Li insertion/extraction is important in maintaining 

favorable cycling stability. We conducted DFT calculations, as defined in equation S4, 

to determine the volume expansions of various Li-Ag alloys, as illustrated in Figure 1b. 

The volume expansions of Ag, LiAg, Li9Ag4, Li4Ag, and Li9Ag are calculated to be 0%, 

79.4%, 211.6%, 381.2%, and 929.1%, respectively, consistent with previous 

literature.36,39 

We evaluate the thermodynamic stability of the Li-Ag alloys based on the formation 

energy, as defined in equation S3. As depicted in Figure 1c, the six phases considered 

are thermodynamically stable. The heat map in Figure 1d illustrates the calculated 

reaction energy between Li-Ag alloys and eight solid-state electrolytes: Li5PSCl6, 

Li7La3Zr2O12, Li10GeP2S12, Li1.3Al0.3Ti1.7(PO4)3, Li2La2Ti3O10, Li3OCl, Li3PS4, and 

Li3InCl6. It shows that the Li-Ag alloys exhibit relatively low reaction energy (–15 to –
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6 meV/atom) against Li7La3Zr2O12, indicating that Li7La3Zr2O12 is the most suitable 

solid-state electrolyte for the studied systems. Li3PS4 is the least compatible with Li-

Ag alloys. Our results agree well with previous experimental findings.43 Besides, as the 

Li concentration increases in Li-Ag alloys, the interfacial reaction energy becomes 

more negative, indicating higher reactivity between the anode and the electrolyte. 

Li insertion 
We assume Li insertion as a multi-step process that involves three essential stages30: 

Li adsorption, nucleation, and diffusion (Figure 2a). These steps are all crucial for the 

operation of ASSLBs and greatly influence the overall performance of the cell. 

 
Figure 2. The process of Li insertion. Li-Ag alloys have better Li insertion capability than pure Li. 

(a) Schematic diagram of adsorption, nucleation, and diffusion processes of Li metal and Li-Ag 

alloys, (b) Surface energy, (c) Li adsorption energy, (d) Weighted surface energy, (e) Gibbs free 

energy of nucleation, and (f) Li diffusion barrier of Li-Ag phases.  

 

Surface energy refers to the amount of energy required to create a unit area of a new 

surface during nucleation and growth of Li atoms on the surface of an alloy. According 

to Figure 2b, the most stable surfaces for Ag, LiAg, Li9Ag4, Li4Ag, Li9Ag, and Li are 
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(111), (100), (111), (100), (100), and (100), respectively. The corresponding surface 

energy for these surfaces are 0.784, 0.473, 0.338, 0.559, 0.456, and 0.445 J/m2. The 

most stable surfaces were used in the Li adsorption energy calculations. More detailed 

information about surface energy and models for Ag, LiAg, Li9Ag4, Li4Ag, and Li9Ag 

can be found in Table S1. 

The Li insertion process begins with the crucial step of Li adsorption, and the Li 

adsorption energy has been extensively studied using DFT calculations. Figure 2c 

illustrates that the most favorable adsorption site is typically the hollow site. Specific 

values for the adsorption energy at all sites can be found in Table S2. For Ag, LiAg, 

Li9Ag4, Li4Ag, Li9Ag, and Li, the adsorption energies are –1.638, –0.638, –0.905, –

0.966, –0.980, and –0.702 eV, respectively. These findings provide compelling 

evidence that most Li-Ag alloys exhibit lower adsorption energies than pure Li, except 

for LiAg. Moreover, as the Li concentration in the alloy increases from LiAg to Li9Ag, 

there is a consistent decrease in the adsorption energy. This trend suggests that Li can 

be more easily adsorbed onto the substrate as the Li concentration in the alloy increases. 

The nucleation process of Li-Ag alloys impacts the stability and safety of battery, 

making it crucial to understand and control Li-Ag alloys nucleation. The nucleation 

process of Li-Ag alloys can be understood by using classical equations for nucleation 

as follow: 

xLi+ + xe- + yAg = LixAgy ሺ3ሻ 

ΔGfree ≈ ΔE = E ቀLixAgyቁ  – xEሺLiሻ – yEሺAgሻ ሺ4ሻ 

∆Gv = 
ΔGfree

Vm
ሺ5ሻ 

ΔGnucle = ቌ 16πγ3

3∆Gv
2ቍ ቆ2 – 3cosθ + cos3θ

4 ቇ ሺ6ሻ 

γ̅ = ∑γf ሺ7ሻ 

In the above equations, ΔGnucle is the Gibbs energy required for the formation of a 

spherical nucleus with a radius r.44 The free energy (ΔGfree) expressions are often 

approximated using the differences in total energy between products and reactants,45 

which can be readily obtained through DFT calculations. ∆Gv represents the free energy 

change per unit volume, and  γ  represents the surface energy. The variables Vm 

corresponds to the molar volume of Li in the Li-Ag alloys. 𝜃 refers to the wetting angle 
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between the Li nucleus and the substrate. γ̅ represents the weighted surface energy, 

while f represents the fraction of the {hkl} family's area in the Wulff shape, which is 

depicted in Figure S2. 

According to the data shown in Figure 2d, the γ̅ (calculated by equation (7)) for Ag, 

LiAg, Li9Ag4, Li4Ag, Li9Ag, and Li are 0.826, 0.493, 0.501, 0.531, 0.488, and 0.458 

J/m2, respectively. It is evident that all Li-Ag alloys possess larger γ̅ than Li. Previous 

studies have indicated that a higher surface energy leads to the densification of Li 

plating rather than whisker growth.46,47 Therefore, Li-Ag alloys may enhance interfacial 

stability and cycling performance. 

When ΔGnucle  is small, it requires less energy, making nucleation easier. Hence, 

calculating ΔGnucle is meaningful. To determine ΔGnucle, we rely on equations (4) to 

(6). We obtain ΔGfree  through DFT calculations, applied γ with the γ̅ values,48 and 

reference θ data from Wang's previous work.49 All the relevant data is presented in 

Table S3. As illustrated in Figure 2e, Li-Ag alloys exhibit significantly smaller 

ΔGnucle compared to pure Li. The ΔGnucle for Ag, LiAg, Li9Ag4, Li4Ag, Li9Ag, and Li 

are 6.00×10–5, 7.57×10–6, 3.77×10–6, 1.36×10–6, 1.89×10–7, and 1.63×10–2 kJ/mol, 

respectively. Li-Ag alloys' ΔGnucle are smaller by 3 to 5 orders of magnitude compared 

to pure Li. Since the nucleation overpotential (η) for Li is measured at 6 mV (Figure 

5a), it is expected that Li-Ag alloys should have η close to 0, which aligns with the 

experimental data we obtained (Figure 5a). Our calculations provide a robust 

explanation for why the η of Li-Ag alloys is zero in experimental observations. In 

summary, Li-Ag alloys exhibit smaller ΔGfree  and ΔGnucle  compared to pure Li, 

facilitating easier and more uniform nucleation, thereby enhancing interface stability, 

safety, and cycling performance. 

The final step in Li insertion is the Li diffusion process within the material. As Figure 

2d shows, the energy barriers associated with Li diffusion for Ag, LiAg, Li9Ag4, Li4Ag, 

Li9Ag, and Li are 0.279, 0.402, 0.167, 0.171, 0.104, and 0.295 eV, respectively. Among 

the Li-Ag alloy phases considered, Li9Ag4, Li4Ag, and Li9Ag have more minor Li 

diffusion energy barriers compared to pure Li. This indicates that Li9Ag4, Li4Ag, and 

Li9Ag exhibit a better Li transport rate than pure Li. 

Mechanical property 

To assess the mechanical stabilities of Li-Ag alloys, we performed calculations to 

determine the key mechanical properties (Figure 3): Bulk modulus (B), Young's 
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modulus (E), Shear modulus (G), Poisson's ratio (ν), and the B/G ratio. The B quantifies 

the volume compression behavior, while E reflects the system's stiffness. G measures 

the material's elasticity under shear forces.52 ν indicates the expansion of a material 

when compressed in the transverse direction and can serve as an approximate measure 

of plastic ductility.53 The B/G ratio is a significant parameter for assessing the 

predominant elasticity or plasticity of a crystalline material. Ductile materials generally 

exhibit a high B/G ratio (above 1.75), suggesting their feasibility for plastic deformation, 

while brittle materials typically have a low B/G ratio (below 1.75).54,55 The calculated 

elastic constants are provided in Table S4, and elastic stability criteria demonstrating 

that all the mentioned elastic constants meet the Born criteria for mechanical stability56 

at the DFT level (0 K) in Li-Ag alloys (the detailed values can be found in the Table 

S5). 

 

Figure 3. Mechanical property for Li-Ag alloys. (a) Bulk modulus (B), Young's modulus (E), and 

shear modulus (G). (b) The ratio of B/G. (c) Young’s modulus for three crystallographic orientations: 

E<100>, E<110>, and E<111>. (d) Shear modulus for three crystallographic orientations: G <100>, 

G <110>, G <111>. 
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In Table 1, we present the elastic properties, and Figure 3a illustrates the variation of 

these properties with Li concentration. Generally, there is an almost linear decrease in 

the B, E, and G as the Li concentration increases. This indicates that the structures 

become more elastic and compressible with higher Li content, which aligns with 

findings in other Li-containing alloys.51,52 This trend may be attributed to the formation 

of more Li-Li bonds as the Li content increases, which diminishes the material's 

resistance to deformation. Figure 3b depicts the B/G ratios of Ag, LiAg, Li9Ag4, Li4Ag, 

Li9Ag and Li, which are 3.195, 3.607, 2.090, 3.619, 2.282, and 2.714, respectively, 

based on our elastic property calculations. The B/G ratios of the Li-Ag alloys range 

from 2.090 to 3.619, suggesting that all investigated Li-Ag alloys possess good ductility. 

Notably, Li4Ag exhibits the highest ductility among the Li-Ag alloys. 
 
Table 1. Mechanical properties of Li-Ag alloys. 

Phases B (GPa) E (GPa) G (GPa) v B/G 
Ag 91.186 77.534 28.541 0.358 3.195 

LiAg 41.782 31.806 11.582 0.373 3.607 
Li9Ag4 31.218 39.451 15.298 0.289 2.090 
Li4Ag 22.959 17.428 6.344 0.373 3.619 
Li9Ag 19.610 22.491 8.592 0.309 2.282 

Li 13.716 13.504 5.054(~5 ref 50) 0.336(~0.33 ref 51) 2.714 

 

Figures 3c and 3d depict the direction-dependent E and G for Li-Ag alloys. In Figure 

3c, it is evident that the <111> orientation represents the highest level of rigidity, 

whereas <100> indicates the most compliant direction. Figure 3c reveals that E for 

Li9Ag4 along <100>, <110>, and <111> are 39.755, 38.350, and 37.903 GPa, 

respectively. In contrast, Li4Ag exhibits E values of 12.551 GPa for E<100>, 15.714 

GPa for E<110>, and 17.155 GPa for E<111>. Comprehensive values for all Li-Ag 

alloys can be found in Table S6, with the calculation methodology aligning with prior 

reports.28,57 In Figure 4d, Li9Ag4 have G of 17.016 GPa for G<100>, 18.155 GPa for 

G<110>, and 17.759 GPa for G<111>. Likewise, Li4Ag exhibits an average shear 

modulus of 5.422 GPa for G<100>, 4.023 GPa for G<110>, and 4.401 GPa for G<111>. 

In summary, Li9Ag4 and Li4Ag exhibit isotropic modulus due to small differences in 
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direction-dependent E or G, while the other Li-Ag alloys demonstrate anisotropic 

modulus. Isotropic modulus leads to isotropic expansion, which is favorable for the 

electrochemical performance of batteries, as indicated by previous studies.58,59 

Therefore, Li9Ag4 and Li4Ag may possess excellent electrochemical performance. 

Overall performance evaluation 

In order to select the most suitable solid solution alloy phase and establish the optimal 

charging and discharging range for achieving optimal performance in practice 

applications, we conduct a comprehensive analysis of the performance characteristics 

for various Li-Ag alloys. The theoretical gravimetric capacity37 of six solid solution 

phases in the Li-Ag phase diagrams for Ag, LiAg, Li9Ag4, Li4Ag, Li9Ag, and Li solid 

solution phases are 207, 63, 214, 409, 797, and 3860 mAh/g, respectively. This refers 

to the capacities within the α phase, β phase, γ3 phase, γ2 phase, γ1 phase, and δ phase. 

As the Li concentration increases, the theoretical gravimetric capacity tends to increase. 

Considering four factors, including chemical stability, Li insertion (Li adsorption, 

nucleation, and diffusion), mechanical properties, and capacity, for a comprehensive 

assessment, Figure 4 reveals that Li4Ag and Li9Ag4 demonstrate relatively better 

performance than other phases. Among them, Li4Ag exhibits the best performance. 

Therefore, we suggest Li4Ag is the preferred choice, followed by Li9Ag4. 
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Figure 4. Summary of different Li-Ag alloys performance. Li4Ag represents the optimal phase, 

followed by Li9Ag4. 

Experiment validation. 
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Figure 5. Electrochemical performance of Li9Ag4, Li4Ag, and Li anodes. Li4Ag exhibits smaller 

nucleation overpotential (η), reduced electrochemical impedance spectroscopy (EIS), stable voltage 

profiles, and higher capacity retention than Li9Ag4 and Li. (a) Nucleation overpotential (η).  (b) 

The Nyquist plots. (c) Voltage behavior of symmetric cells at 0.2 mA/cm2. (d) Cycling performance 

at 0.25 mA/cm2. Voltage profiles of full cells after various cycles. (e) Li4Ag |LPSC|LNO@NCM811. 

(f) Li9Ag4|LPSC|LNO@NCM811, and (g) Li|LPSC|LNO@NCM811. (h) For the practical 

application interval, we recommend operating within the Li4Ag solution phases or from the Li9Ag4 

to the Li4Ag solution phase. 

 

To validate the DFT calculated results, experiments were conducted on two top-

performing phases, Li4Ag and Li9Ag (Figure S3), and compared with the Li phase. The 

SEM images presented in Figure S4a-b and Figure S5a-b illustrate the surfaces of Li4Ag 

and Li9Ag4. Moreover, the surface and cross-section EDS maps (Figure S4c,e and 

Figure S5c,e) for Li4Ag and Li9Ag4 indicate the homogeneous distribution of Ag 

elements throughout the foil. Furthermore, as depicted in Figure S4d and Figure S5d, 

both Li4Ag and Li9Ag4 exhibit a thickness of approximately 50 μm, suggesting 

considerable potential for achieving high energy density. The nucleation overpotential 

(η) was evaluated as the difference between the initial voltage drop's bottom and the 

plateau's flat region. As illustrated in Figure 5(a), the η values for Li4Ag, Li9Ag4, and 

Li were 0, 0, and 6 mV, respectively. The lower nucleation overpotential suggests 

superior lithiophilicity in Li4Ag and Li9Ag4, resulting in uniform nucleation and 

deposition behavior. 

In addition, to evaluate the interfacial resistance of the symmetric cells, including 

SEI resistance (RSEI) and charge transfer resistance (Rct), electrochemical impedance 

spectroscopy (EIS) measurements were utilized. It is well-established that small RSEI 

leads to enhanced cycling stability, while Rct is associated with redox reactions at the 

interface. Small Rct indicates faster kinetics in Li+ reduction.60–62 The Nyquist plots in 

Figure 5b depict the EIS results for Li9Ag4, Li4Ag, and Li, with the corresponding fitted 

RSEI and Rct values in Table S7. Notably, Li4Ag exhibits the smallest RSEI (12.10 Ω) and 

Rct (24.33 Ω) compared to Li9Ag4 (RSEI: 25.20 Ω, Rct: 43.89 Ω) and Li (RSEI: 24.52 Ω, 
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Rct: 59.79 Ω). The findings suggest that Li4Ag offers higher cycling stability and faster 

kinetics in Li+ reduction compared to Li9Ag4 and Li. 

Beyond η and EIS tests, the long-term cycling stability was evaluated for Li9Ag4, 

Li4Ag, and Li. Symmetric cells were assembled and tested at 0.2 mA/cm2 and 0.2 

mAh/cm2. As depicted in Figure 5c, the symmetric cell employing Li4Ag demonstrates 

the smallest polarization, showing a remarkable performance advantage over Li9Ag4 

and Li. The large voltage hysteresis observed in the cycling curve of the Li9Ag4 

symmetric cell can be attributed to two main factors: the presence of the LiAg phase 

with its largest diffusion barrier and the large RSEI and Rct for Li9Ag4.63 Moreover, both 

Li4Ag and Li9Ag4 maintain stable voltage profiles for 150 hours, while Li's stability is 

limited to just under 25 hours. This suggests that Li9Ag4 and Li4Ag are less prone to 

dendrites growth than pure Li. 

Finally, the full cell tests were conducted to evaluate the practical cycling 

performance of Li9Ag4, Li4Ag, and Li. We assembled the full cells, namely, 

Li9Ag4|LPSC|LNO@NCM811, Li4Ag|LPSC|LNO@NCM811, and 

Li|LPSC|LNO@NCM811. The testing involved applying 0.125 mA/cm2 for the first 

two cycles and 0.25 mA/cm2 for the subsequent cycles, with the mass loading of 

cathode active material at 7.64 mg/cm2. The results reveal that 

Li|LPSC|LNO@NCM811 exhibited an inferior cycling lifespan when compared to 

Li9Ag4|LPSC|LNO@NCM811 and Li4Ag|LPSC|LNO@NCM811. We conducted tests 

on Li|LPSC|LNO@NCM811 under high stack pressure. However, during the initial 

charging, a short circuit was observed (Figure S6). Subsequently, we switched to a 

lower stack pressure. As illustrated in Figure 5d, after 7 cycles, 

Li|LPSC|LNO@NCM811's capacity retention is only 10.8%, while after 50 cycles, 

Li9Ag4|LPSC|LNO@NCM811 and Li4Ag|LPSC|LNO@NCM811 retained 58.8% and 

72.1%, respectively. Therefore, Li4Ag demonstrates the best cycling performance 

compared to Li9Ag4 and Li. 

Moreover, in Figures 5e-f, the charge-discharge profiles for 

Li9Ag4|LPSC|LNO@NCM811 and Li4Ag|LPSC|LNO@NCM811 during the 1st, 30th, 

and 50th cycles are presented. The Li9Ag4|LPSC|LNO@NCM811 full cell exhibits areal 
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capacities of 183, 121, and 107 mAh/g in the 1st, 30th, and 50th cycles, respectively. In 

comparison, the Li4Ag|LPSC|LNO@NCM811 demonstrates areal capacities of 184, 

157, and 133 mAh/g for the corresponding cycles. Notably, Li|LPSC|LNO@NCM811 

shows lower discharge specific capacities than the aforementioned cells (Figure 5g). 

Crucially, the Li4Ag|LPSC|LNO@NCM811 full cell displays highly reversible 

charging and discharging capacities, along with lower voltage degradation when 

compared to both Li9Ag4|LPSC|LNO@NCM811 and Li|LPSC|LNO@NCM811. 

Based on the DFT calculations and experimental results mentioned above, we have 

identified that Li4Ag is the most promising phase, followed by Li9Ag4. The critical 

question is how to effectively utilize Li-Ag alloys in practical applications. As 

illustrated in Figure 5h, we recommend two practical application intervals. Firstly, we 

suggest operating within the Li4Ag solution phases, which can provide a capacity of 

409mAh/g. Secondly, we recommend working within the interval from the Li9Ag4 

solution phase to the Li4Ag solution phase, which offers a capacity of 696 mAh/g. Both 

capacities are higher than graphite (372 mAh/g).64 By striking a balance between 

performance and energy density, this recommended interval demonstrates significant 

potential for practical applications. 

Conclusion 

Our study combined DFT calculations with experiments to compare Li-Ag alloys 

with pure Li in ASSLBs. Firstly, Li-Ag alloys exhibited smaller ΔGnucle compared to 

pure Li, as confirmed both computationally and experimentally. Additionally, Li4Ag 

emerged as the top-performing alloy in terms of Li insertion, mechanical properties, 

chemical stability, and capacity. For instance, at the current density and areal capacity 

of 0.2 mA/cm2 and 0.2 mAh/cm2, our symmetric cell operated for approximately 150 

hours without overpotential decay. We also achieved 72.1% capacity retention after 50 

cycles under an area loading of 7.64 mg/cm2 and a current density of 0.25 mA/cm2. 

Finally, we suggested cycling within the Li4Ag solution phases or from the Li9Ag4 

solution phase to the Li4Ag solution phase. This work provides insights to optimize 
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alloy compositions and practical application intervals, unlocking the full potential of 

Li-Ag alloys for future battery applications. 
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