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1. Introduction

Lithium-metal solid-state batteries (LMSSBs) hold great promise as a next-generation battery technology 

to facilitate the widespread adoption of electric vehicles (EV). Li-metal anodes have a higher theoretical 

volumetric capacity (2,062 mAh cm-3), compared to conventional graphite-based electrodes (760 mAh 

cm-3), and exhibit a low electrochemical potential (- 3 V versus standard hydrogen electrode (SHE)) to 

result in a < 4 V cell voltage when used with a state-of-the-art commercial cathode.1–6 In addition, by 

replacing flammable liquid electrolytes (LEs) with solid electrolytes (SEs), the risk associated with a 

combustible electrolyte is eliminated. Despite these advantages, the development of viable LMSSBs still 

face several challenges that need to be addressed.

One of the significant challenges with LMSSBs is the issue of Li filament penetration within the SE, which 

results in short-circuiting. Even when using ceramic electrolytes, which have adequate stiffness to 

physically stabilize the Li surface, Li filament growth is known to occur above a critical current density 

(CCD).7–9 Consequently, numerous studies have focused efforts to understand the mechanisms of Li 

penetration to increase the CCD. 10–16

However, an emergent phenomena arises when the Li-metal anode is stripped during discharge. Unlike 

Li/LE interfaces where the LE conforms to the Li surface, Li/SE interfaces require Li replenishment by 

diffusion or viscoplastic deformation under pressure to maintain homogeneous contact at the interface. 

When the Li replenishment rate is insufficient, depletion of Li at the interface, such as de-wetting or void 

formation, occurs.17–19 Inhomogeneous current density in the void proximity leads to a “current 

constriction effect”, as proposed by Eckhardt et al .20, resulting in an increase in interfacial resistance 

between Li and the SE.20–22 As the interface resistance increases, cell polarization results in a dramatic 
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drop in cell potential, thus reducing the accessible or discharge capacity.22 Additionally, interfaces with 

voids cause local current focusing near the edges of voids during subsequent charging cycles, leading to 

Li filament penetration at lower current densities than the CCD.17 

Higher stack pressure19 and elevated temperature23 have been suggested to address this issue by 

enhancing the creep flow of Li. For example, Jolly et al. demonstrated that increasing the temperature 

from 25°C to 80°C can increase the stripping CCD for void formation from <0.25 mA cm-2 to >0.5 mA cm-

2, respectively.23 Moreover, interlayers or alloying anodes24 have been suggested to maintain a 

homogeneous Li/SE interface during cycling. For example using Ag-C composite interlayer between Li 

and SE has been reported to maintain homogeneous Li flux at the interface in extended cycling tests.25,26 

Similarly, Fuchs et al. have enabled stable Li stripping for over 20 mAh cm-2 without external stack 

pressure by using Li-carbon nanotubes composite electrodes.27 It was believed that the carbon 

nanotubes enhance Li diffusivity at the interface, to maintain homogeneous Li flux during stripping. 

Despite significant efforts to understand the mechano-electrochemical behavior of Li anodes at Li/SE 

interfaces, the majority of studies have been limited to using thick Li foil. However, to achieve energy 

densities exceeding those of state-of-the-art Li-ion batteries, thin Li-metal anodes with the thickness 

between 15 - 30 µm is necessary.28 Recently, “Anode-free” manufacturing, in which the cell is assembled 

in a discharged state with no metallic Li, is garnering interest. This approach for forming thin Li-metal 

anodes26,29 is appealing owing to its potential to reduce manufacturing costs. In addition, in situ 

formation of Li-metal anodes through anode-free manufacturing provides enhanced purity due to the 

ion selectivity of SEs. The increase in purity can improve viscoplastic behavior and diffusivity, both of 

which are beneficial for Li cycling performance.

However, as reported by several studies30–32, the mechanical behavior of Li-metal anodes depends on 

their thickness. In a recent study of the Li/Li7La3Zr2O12 (LLZO) interface, as the thickness of Li decreased, 

the effect of hydrostatic pinning increased due to the adhesion between Li metal layer and LLZO, thus 

impeding Li flow.30 As a result, in situ formed Li anodes with a thickness in the range of 10 – 30 µm 

exhibit significant different mechano-electrochemical behaviors than lab-scale thick Li foil (> 50 µm). 

Moreover, as in situ formed Li is cycled, the relative changes in Li thickness are more significant 

compared to Li foil,32 indicating that the mechanical behavior of in situ formed Li anodes change 

significantly during cycling. 
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In previous work, we demonstrated that there are significant differences in the stripping behavior of in 

situ plated Li electrodes compared to thick Li foil.22 Specifically, as the thickness of in situ formed Li 

decreased during stripping, the rate of Li replenishment also decreased. This continuous decrease in the 

replenishment rate during stripping led to a transition from quasi-stable stripping, where Li flux was 

balanced at the interface, to unstable stripping, where Li flux imbalance occurred. At the onset of 

unstable stripping, significant void formation occurs. Moreover, the accessible capacity, where this 

transition between quasi and unstable stripping occurred, increased as the stripping current densities 

increased and the Li thickness decreased. While this study shed light on understanding the stripping 

behavior of thin in situ Li anodes in unidirectional tests, the cycling behavior (repeated stripping and 

plating) has not yet been characterized. 

It has been reported that voids are not fully refilled during cycling of Li.17 In the case of cycling in situ 

formed Li anodes, the pore area/volume will increase at the interfaces during stripping as the depth of 

discharge (DOD) increases. We believe that when these pores are relatively small, the current focusing 

around the voids is not significant and thus do not lead to the acceleration of void growth. However, 

with repeated cycling and as a result of the lack of back-filling or re-wetting of the SE interface, the voids 

can accumulate with each cycle and grow into large voids causing unstable stripping resulting in 

significant polarization. Consequently, the cycling of in situ formed Li-metal anodes is exacerbated as the 

DOD increases, thus limiting the accessible discharge capacity. Altogether, to better understand the 

commercial potential of Li anodes made using the anode-free approach, there is a need to study the 

effect of DOD on the cycling behavior of in situ formed Li electrodes.  

This study aims to understand the cycling behavior of in situ Li as a function of DOD. LLZO was used as a 

model electrolyte owing to its high ionic conductivity (~ 1 mS cm-1) and excellent stability against Li 

metal. To study the effect of DOD on cycling, the in situ Li anode thickness was fixed at 3 mAh/cm2 or 15 

µm, and the DOD was varied between 33 and 66% by changing the cycling capacity. The accumulation of 

interfacial degradation (void formation and loss of contact) as a function of DOD was observed by ex situ 

cross-sectional analysis of Li/LLZO interfaces and laser profilometry. Additionally, to further investigate 

the effect of DOD on cycling in situ Li anodes, a fixed capacity of Li (2 mAh cm-2) was cycled with 

different initial total capacities in the range of 3 to 8 mAh cm-2. Finally, to see the effect of the current 

densities on cycling in situ Li, cycling in situ Li with fixed DOD was conducted over a range of current 

densities. The results of this study not only improve the understanding of cycling behavior of LMSSBs 
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with the anode-free configuration ,but also suggest guidelines to improve the cycling of in situ formed Li 

anodes.

2. Results and Discussion

To investigate the cycling behavior of in situ formed Li anodes, a custom cell design was used (Figure 1). 

A battery-grade copper (Cu) current collector (CC) with thickness of 10 µm was laminated on LLZO pellet 

by following the method reported by Wang et al.29 An in situ Li layer was then formed between the Cu 

CC and LLZO pellet by electrochemically transferring Li from the thick Li foil counter electrode by 

applying pulsed current at 60°C and 4.2 MPa (See methods for details).

Kazyak et al. has shown that inhomogeneity in the Li plating can occur due to nonuniform nucleation 

and growth of in situ plated Li.33 To mitigate the issue of nonuniformity of in situ Li, which can limit the 

amount of the Li that can be stripped, and impact the cycling properties, we used high-rate pulsed 

current to enable uniform nucleation of Li as the adhesion force between Cu CC and LLZO became less 

significant.34 In addition, in situ plating was performed at a higher temperature (60°C, homologous 

temperature: 0.73) to reduce the flow stress of Li during in situ plating, thereby enhancing the 

uniformity of in situ Li. Cross-sectional scanning electron microscope (SEM) images of Li/LLZO interfaces 

cut by forced ion beam (FIB) after in situ plating (Figure S1) confirm that Li was uniformly plated 

regardless of the area in which Li was plated in situ.

After formation of in situ Li, a certain amount of Li was galvanostatically cycled as a function of DOD to 

characterize the effect of DOD on cycling behavior of in situ Li. Tests were terminated if voltage 

responses abruptly increased due to interfacial depletion of Li, such as void formation or de-wetting, 

and reached the cutoff voltage (2.0 V) limiting discharge capacity. All the cycling tests were conducted at 

60°C (±3°C) under a stack pressure of 4.2 MPa. The use of elevated temperature allowed the use of 

current densities that reduced the propensity for Li filament penetration and catastrophic cell short-

circuiting, thus resulting in more time-efficient cycling test.

2.1. Effect of DOD at fixed in situ Li plated capacity

To study the effect of DOD on the cycling behavior of in situ formed Li anodes, in situ formed Li anodes 

were cycled with different capacities using a current density of 0.75 mA cm-2 after in situ plating of 3 

mAh cm-2(~ 15 µm). 
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Previous research has shown that void formation at the Li/LLZO interfaces during stripping can cause 

irreversible deterioration due to de-wetting. We believe the re-wetting of the LLZO with Li cannot be 

fully established solely by stack pressure and subsequent plating unless additional treatments, such as 

heat treatment is used.22 Therefore, to prevent void formation during the first stripping half-cycle and 

termination of the test due to an abrupt increase in voltage and reaching the voltage cutoff, cycling 

capacity should be lower than the accessible capacity where the void formation and its growth at the 

interface are accelerated. Accordingly, we performed unidirectional stripping of in situ Li of 3 mAh cm-2 

(~ 15 µm-thick) at 0.75 mA cm-2 to evaluate the accessible capacity. To determine the accessible 

capacity, we conducted unidirectional stripping of in situ Li of 3 mAh cm-2 at 0.75 mA/cm2, and 

determined the capacity using the second derivatives of the stripping voltage profile, following the 

method reported in a previous study. (Figure S2) The accessible capacity was found to be ~2.5 mAh cm-2. 

Therefore, we set the cycling capacity as 1, 1.5, and 2 mAh cm-2, all of which were below the accessible 

capacity (2.5 mAh cm-2).

Figure 2 shows the voltage responses for in situ Li with different cycling capacities, which were 1, 1.5 

and 2 mAh cm-2, corresponding to DOD of 33%, 50% and 66 %, respectively. Positive and negative 

voltage responses indicate Li stripping and plating on the in situ electrode, respectively. Taylor et al. 

previously demonstrated that thick Li foil electrodes exhibited stable and ohmic voltage behavior when 

cycling at 1 mA cm-2, 3.3 MPa and 60°C15, which were less aggressive cycling conditions than those used 

in this study. Thus, any significant changes in voltage were attributed to interfacial changes of the in situ 

Li electrode. As shown in Figure 2A, at a DOD of 33%, the voltage responses remained stable for 60 

cycles. Although a slight increase in voltage was observed during stripping in situ Li (Figure S3), the 

voltage was recovered during the subsequent plating half-cycle resulting in stable cycling. This can be an 

indication that small-sized pores formed at the interface during stripping, but the size of the pores was 

not significantly large, such that they were annihilated during the subsequent plating as computationally 

demonstrated by Zhao et al.35 

However, as shown in Figure 2B and C, at DODs of 50% or 66%, dramatic polarization was observed 

during cycling. Furthermore, as the DOD increased, the voltage polarization appeared earlier. When the 

DOD was 66% (Figure 3C), a noticeable increase in voltage appeared at the second stripping half-cycle, 

and voltage reached the voltage cut-off at the third stripping cycle, limiting the discharge capacity to 1.8 

mAh cm-2. 
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At a DOD of 50% (Figure 3B), intermediate cycling behavior between 33% and 66% was observed. 

Voltage responses were relatively stable until the 21st cycle, followed by noticeable polarization 

appearing at the 22nd cycle. Compared to the DOD of 66% cycling, the degree of polarization was 

relatively subtle and did not limit the discharge capacity. The degree of polarization then increased 

every cycle for 15 cycles and reached the voltage cutoff (2 V) limiting the discharge capacity.

It is worth noting that even though the cycling capacities of 1.5 or 2.0 mAh cm-2 were below the 

accessible capacity of 3 mAh cm-2 in situ Li (~2.5 mAh cm-2), which was evaluated from unidirectional 

stripping, there was an abrupt increase in voltage response during stripping after repeating several 

cycles. This indicates contact loss at the interface likely accumulated with every cycle leading to severe Li 

depletion and void formation, as previously suggested by previous studies.17,23 In the case of in situ thin 

Li electrodes, as the DOD increases, the Li inhomogeneity increases, leading to unstable flux (current 

focusing) in the proximity of Li voids.

To investigate the interfacial morphologies of in situ Li with cycling as a function of DOD, we performed 

ex situ cross-sectional FIB-SEM analysis (Figures 3 and 4). Figure 3 shows the cross-sectional images after 

cycling in situ Li with a DOD of 33%, which exhibited stable cycling behavior as shown in Figure 2A. 

Figure 3A-C represents the Li/LLZO interface after completing the 30th stripping half-cycle at different 

areas of the in situ Li electrode. As shown in Figure 3A-C, the thickness of in situ Li was uniformly ~ 10 

µm (2 mAh cm-2) irrespective of the investigated area, indicating that 1 mAh cm-2 of Li was uniformly 

stripped from 3 mAh cm-2 after 30 cycles. Additionally, there was no evidence of noticeable void 

formation at Li/LLZO interfaces, which is consistent the lack of significant abrupt increase in voltage 

during cycling.

The same cells (33% DOD) was analyzed after the 30th plating half-cycle (Figure 3D-F). Regardless of the 

investigated area, Li had a uniform thickness of ~15 µm (~3 mAh cm-2). As in situ Li was stripped 

uniformly and conformed to the LLZO surface after stripping (Figure 3A-C), Li was plated 

homogeneously. Small-sized pores, which were too small to be observed by SEM, likely formed at 

Li/LLZO interfaces during the stripping half-cycle, as a slight increase in voltage during stripping was 

observed (Figure S3). We believe this behavior is consistent with what previously was referred to as 

quasi-stable stripping.22 However, considering that Li was plated homogeneously, it was expected that 

these pores essentially were annihilated or back-filled with Li, thus resulting in stable cycling.
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We also investigated the Li/LLZO interfaces of the cell after cycling with a DOD of 66% (Figure 4). The 

same cell shown in Figure 2C, where a dramatic voltage polarization appeared at the third stripping half-

cycle, was used to analyze the interfaces after cycling (Figure 4A-C). Contrary to the cross-section of the 

cell cycled at DOD of 33% (Figure 3), severe inhomogeneity of Li layer was observed. Some areas of the 

Li/LLZO interfaces (Figure 4A) showed conformal and uniform coating of Li on LLZO with no noticeable 

evidences of interfacial degradation, such as void formation. However, severe Li depletion was observed 

in other areas as shown in Figure 4B and C. The thickness of Li shown in Figure 4A was around 6.8 µm, 

thicker than the expected thickness, which was ~ 6 µm (1.2 mAh cm-2) if the stripping was performed 

uniformly. 

To further investigate the interfacial deterioration resulting from cycling at DOD of 66%, the cell was 

examined after plating on deteriorated interface as shown in Figure 4A-C. Corresponding voltage 

profiles can be found in Figure S4. Three distinct types of Li/LLZO interfaces were observed from its 

cross-sectional SEM images. Firstly, some areas showed conformal and uniform Li plating on LLZO 

(Figure 4D), likely from plating Li on the conformal interfaces as shown in Figure 4A. Secondly, in some 

areas complete disconnection occurred between the Cu CC and LLZO. Finally, the large-scale voids were 

observed as shown in Figure 4E with a lateral size greater than 20 µm. Compared to our previous study22 

in which in situ Li was only unidirectionally stripped, the interfacial degradation when cycling was 

significantly worse due to the accumulation of void formation. The size of voids was also remarkably 

larger. Considering that the size of voids are in the range of a few µm when Li was stripped once13,22, the 

size of void after repeated cycling was greater than 10 µm. 

Also, to verify if this phenomena was attributed to the accumulation of void formation from cycling, 

Li/LLZO interfaces were investigated after the first stripping half-cycle. Figure S5 shows the cross-

sectional images of Li/LLZO interfaces after the first stripping half-cycle, showing that no noticeable 

evidence of void formation was observed. Therefore, we can conclude that by repeating stripping and 

plating with a high DOD, the inhomogeneity at the interface accumulated over numerous cycles, leading 

to severe interfacial deterioration (Figure 4B and C). 

Additionally, we note that Li penetration into LLZO was observed (red circle in Figure 4F). Li filaments 

were located near the edge of the void. This indicated that Li filament penetration as a result of current 

focusing at the edge of the voids as suggested by Kasemchainan et al.17 Also, despite the conformal 

coating of Li on LLZO without any evidence of void formation (Figure 4D), Li filament penetration was 
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observed. This could be attributed to the effect of cycling capacity as reported by Lewis et al.36 where as 

the amount of Li cycled increases, Li filament penetration is more likely to occur. Moreover, as the 

effective area decreased due to the growth of voided/de-wetted area, increased local current resulted 

in Li filament penetration. Although the depth of penetration was in the range of only few micrometers 

which was hardly detectable from its voltage responses, it could impact long-term cycling as it can grow 

further with each cycle leading to cell short-circuiting. 

To investigate the in situ Li anode homogeneity in the 66% DOD, morphological changes of the Cu CC 

free surface were analyzed. It was assumed that any significant changes in the Cu CC morphology after 

cycling were a result of changes in the in situ Li morphology or homogeneity. To achieve this, the Cu CC 

free surfaces were scanned with a laser confocal microscope. Each confocal microscope measurement 

covered an area of 650 x 650 µm2, which was approximately 1.3 % of the total electrode area (0.317 

cm2). To examine the effect of cycling at the highest DOD (66%) in this study, the cell was first scanned 

after in situ plating (Figure 5A) and then scanned again after cycling at a DOD of 66% (Figure 5B). Several 

positions on the electrode surface were scanned in each condition. As shown in Figure 5A, Li layer was in 

situ plated uniformly without any significant nonuniformity. However, after cycling at a DOD of 66%, 

significant nonuniformity was observed with several pits, as shown in Figure 5B. We assumed these pits 

in the Cu CC were directly above Li voids. Furthermore, a large pit with a lateral size of ~ 300 µm in 

Figure 5B (iii) was ~3 - 4 µm lower than surrounding area, indicating the formation of a large void. 

As shown above in Figure 3-5, cycling in situ Li with a DOD of 66% resulted in severe deterioration at the 

Li/LLZO interfaces and significant nonuniformity of in situ Li layer, whereas cycling with a DOD of 33% 

did not exhibit any noticeable evidence of void formation and nonuniformity. As previously 

demonstrated, as in situ Li is stripped, more pores form and grow at the interfaces since the Li 

replenishment rate decreases.22 As a result, compared to cycling with a DOD of 33%, cycling with a DOD 

of 66% resulted in more pores at the interfaces and their size was sufficiently large such that they could 

not be backfilled by subsequent plating of Li or by stack pressure.35 At the subsequent stripping half-

cycle, currents were focused near the edge of remaining voids, promoting the further growth of voids. 

By repeating these processes, we believe small voids eventually grew into large voids. As the size of 

voids increased, the degree of current focusing became more significant, leading to Li filament 
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penetration, as shown in Figure 4F. In addition, since voids formed during the stripping and Li was not 

plated at the voided area during the subsequent plating, there appeared to be a height difference 

between the voided area and non-voided area as shown in Figure 5B and C. The voids in the Li layer 

would result in nonuniform stress at the interfaces, affecting the kinetics of the interfacial reactions, 

such as Gibbs free energy, equilibrium potential and exchange current density.37,38 Also, the combination 

of tensile internal stress of Cu CC induced by the height difference of Li layer and the adhesion between 

Cu CC and Li layer was likely to hinder Li flow to the interfaces during stripping, resulting in more void 

formation. Therefore, a deeper investigation including mechanical factors such as adhesion between the 

Li and Cu CC, changes in mechanical properties of the Li during cycling and internal stress of Cu CC due 

to the nonuniformity can provide more mechanistic insight into what controls Li void formation during 

the cycling of thin in situ Li.

2.2 Effect of DOD at fixed cycling capacity

To more accurately determine whether reducing the DOD can improve the cycling stability, in situ Li was 

cycled with a constant cycling capacity, while varying the in situ plated capacity. As discussed earlier and 

shown in Figure 2, when cycling 2 mAh cm-2 after in situ plating 3 mAh cm-2 resulted in a dramatic 

increase in voltage during the third stripping half-cycle, which limited the discharge capacity. Thus, we 

varied the in situ plated capacity between 3 and 8 mAh cm-2 to investigate whether cycling in situ Li of 2 

mAh cm-2 can be stabilized by lowering the DOD. Figure 6 shows the voltage profiles of cycling 2 mAh 

cm-2 of in situ Li with initially plated amounts of Li of 3, 4, and 8 mAh cm-2, corresponding to DODs of 

66% (green), 50% (red) and 25% (blue), respectively. The results showed that as DOD decreased, the 

stability of cycling was enhanced. 

When 2 mAh cm-2 was cycled at a DOD of 50% (in situ plated Li of 4 mAh cm-2), the cycling was relatively 

stable for the first 5 cycles after which the noticeable increase in voltage was observed. The degree of 

voltage polarization was then increased with each cycle, similar to the behavior observed when cycling 

1.5 mAh cm-2 of total capacity of 3.0 mAh cm-2 (Figure 2B). Moreover, when the total capacity was 

increased to 8 mAh cm-2, the voltage was relatively stable for 20 cycles, indicating improved suppression 

of void formation. A slight increase in voltage was observed at the 15th to 20th cycles, and the degree of 

polarization increased slowly with each cycle, but compared to other two cases, cycling remained more 

stable. The results demonstrate that reducing DOD by increasing the total capacity of in situ plated Li at 

a fixed cycling capacity resulted in more stable cycling. This finding aligns with the results shown in 
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Figure 2 that reducing DOD by decreasing the cycling capacity at a fixed total capacity also led to more 

stable cycling.

It has been shown that as the thickness of Li increases, void formation is suppressed.22 Therefore, as the 

total capacity of in situ Li anodes increased, the Li/LLZO interface maintained homogeneous contact 

after stripping 2 mAh cm-2. Moreover, although voids likely formed after each stripping half-cycle, 

thicker remaining Li was more advantageous in suppressing severe void formation. We believe the flow 

of Li through creep is more likely to occur as the Li thickness increases. Therefore, as the capacity of in 

situ plating increased, while keeping the amount of Li cycled fixed, it was shown the cycling stability 

improved. 

Additionally, 750 µm-thick Li foil was cycled with a cycling capacity of 2 mAh cm-2 using a thick 

Li/LLZO/thick Li symmetric cell (Figure S6A) to examine the case where the cycling capacity was 

significantly smaller compared to the total capacity (~ 1%). As shown in Figure S6A, cycling of thick Li foil 

was stable for 40 cycles without any noticeable voltage increase. Moreover, while cycling in situ Li 

exhibited a slight increase in voltage responses even when cycling was stable (Figure 2A and Figure S3), 

thick Li showed an almost flat or ohmic voltage response for the entire 40 cycles as shown in Figure S6B, 

indicating a lower propensity for void formation during cycling. While the cycling performance of 2 mAh 

cm-2 ostensibly appears impressive, only 1% of the Li capacity is used, which is not commercially-

relevant. From a mechanistic perspective, cycling of thick Li foil cannot be directly compared to that of in 

situ formed Li layer since it exhibits different mechano-electrochemical properties due to its different 

properties, such as microstructure, purity and interfacial chemistry. Nonetheless, the result suggests 

that increasing the thickness of Li can improve the stability of cycling which is consistent with the results 

shown in Figure 6. 

2.3. Effect of current density

Finally, to investigate the impact of current density on cycling in situ Li anodes, cells cycled 2 mAh cm-2 

of 3 mAh cm-2 in situ Li with different current densities in the range of 0.4 – 0.75 mA cm-2. Figure 7 

shows the voltage profiles of cycling with each current densities. As previously mentioned in Figure 2 

and 6, when Li was cycled at 0.75 mA cm-2, instability of cycling appeared earlier in the cycling tests, 

specifically at the third cycle. When the current density was 0.5 mA cm-2, the stability of cycling was 

relatively improved, and the degree of voltage polarization increased more gradually in comparison to 
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cycling at 0.75 mA cm-2. When the current density was lowered to 0.4 mA cm-2, stable cycling was 

achieved for 10 cycles. 

As the current density decreases during stripping, it is likely that the suppression of void formation 

improved. As a result, lower current densities enabled the stable cycling without void formation and 

their accumulated effect on cycling stability. This indicates that as current density increases, the 

tolerable DOD decreases. Furthermore, when in situ Li is stripped at sufficiently low current densities, Li 

flux balance at the interface is maintained to the extent that the full capacity of the Li anode is utilized.22 

This suggests that when the cycling current density is lower than a threshold current density, at which 

stripping is limited by Li depletion, stable cycling with higher DOD can be achieved. Thus, in future 

studies it will be important to determine and understand the origin of this threshold current density for 

void formation. 

3. Methods

3.1. Cell Preparation 

Ta-doped cubic phase LLZO with nominal composition Li6.5La3Zr1.5Ta0.5O12 was synthesized by a solid-

state synthetic method from starting powders of Li2CO3 (Alfa Aesar), La2O3 (PIDC), ZrO2 (Inframat 

Advanced Materials), and Ta2O5 (Inframat Advanced Materials). LLZO powders were consolidated into a 

LLZO pellet with a diameter of 12.7 mm by using rapid induction hot pressing (RIHP) under 47.32 MPa at 

1225°C for 40 minutes. The resulting LLZO pellets were cut into ~2 mm thick pellets using a diamond 

saw. X-ray diffraction (XRD) measurements of resulting pellets were performed to verify the phase 

purity of hot-pressed LLZO. As shown in Figure S7, the phase purity was high without any evidence of 

the tetragonal phase. One side of the pellets was dry-polished using 400, 600 and 1200 grit sandpapers. 

A 10 µm thick Cu foil (Targray) with a diameter of 6.35 mm was then laminated on the polished side of 

the LLZO pellet by applying 3.15 MPa at 900 °C for 5 minutes under an Argon atmosphere. After 

lamination, the other side of the LLZO pellet was polished with a series of decreasing grit sandpaper and 

diamond pastes with a final polish of 0.1 µm. The Cu/LLZO cell was then heat-treated at 400 °C for 4 

hours in an Argon atmosphere glove box to remove any Li2CO3 contamination. Li foil (750 µm thick, Alfa 

Aesar) of a diameter of 6.35 mm was attached on the 0.1 µm polished side and heated to ~170 °C for 12 

hours to obtain low interfacial resistance between thick Li foil and LLZO (<10 Ω cm2).
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3.2. Electrochemical methods

All electrochemical methods were performed using a Bio-logic VMP-300 galvanostat/potentiostat under 

inert atmospheric conditions at 60°C. Cells were compressed under a constant uniaxial pressure of 4.2 

MPa during the entire electrochemical tests by using a mechanical force gauge (Imada) and home-made 

fixture. In situ Li of 3-8 mAh cm-2 (~15 - 39 µm thick) was electrochemically plated from thick Li foil 

source electrode to Cu CC. In situ Li anodes were made using the procedures in reference 34.34 

3.3. Characterization

Cross-sectional SEM images were obtained using a Helios G4 PFIB UXE dual beam system (Thermo 

Fisher). FIB milling was performed using Ga+ ions with an acceleration voltage of 30 kV and ion beam 

current of 0.5 µA. SEM images were than obtained with an acceleration voltage of 2 kV and beam 

current of 0.1 nA.

3D images of the surface morphology of in situ Li layer covered by Cu foil were acquired by a laser 

confocal microscope (Olympus OLS 4000 LEXT) with 20x confocal objectives (MPLAPON20XLEXT). 

4. Conclusion

This work investigated the effect of DOD on the cycling performance of in situ formed Li anodes. First, 

the effect of DOD on cycling behavior was studied. The results indicated that as DOD increased cycling 

stability decreased. We believe that as the DOD increased, the instability of voltage appeared during the 

stripping half-cycle at earlier cycles leading to reduced discharge capacity. For example, stable cycling 

was observed for 60 cycles when 1 mAh cm-2 of Li was cycled after in situ plating of 3 mAh cm-2 (DOD of 

33%). However, the cycling stability ended at the 3rd stripping half-cycle when using a cycling capacity of 

2 mAh cm-2 (DOD of 66%). The ex situ investigation of Li/LLZO interfaces revealed the accumulation of Li 

inhomogeneity at the LLZO interface. The effect of DOD was further investigated by cycling a constant 

capacity with different total initial capacities. It was also shown that reducing the DOD by increasing the 

total capacity from 3 mAh cm-2 (DOD of 66 %) to 8 mAh cm-2 (DOD of 25 %) improved the cycling 

stability. Finally, the effect of current density was investigated. It was shown that as current density 

increased, the DOD decreased. For example, while cycling 2 mAh cm-2 with a DOD of 66 % at 0.75 mAh 

cm-2 unstable cycling was observed. However, when cycling 2 mAh cm-2 with a DOD of 66 % at a lower 

current density of 0.4 mA cm-2, stable cycling was achieved over 10 cycles. 
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This study shows that when cycling in situ Li anodes of anode-free cells, cycling at lower DODs improves 

cycling behavior. However, DOD is inversely proportional with the energy density. For example at 60°C, 

a stack pressure of 4.2 MPa, and a current density of 0.75 mA cm-2, a total capacity of over 8 mAh cm-2 is 

required for the stable cycling of 2 mAh cm-2. Therefore, to enhance the energy density of anode-free 

LMSSBs by improving the DOD for the stable cycling, it is necessary to develop approaches to improve 

stripping capacity while suppressing void formation. One potential method to enhance the DOD for the 

cycling stability is to utilize higher stack pressure and temperature, as they have been shown to enhance 

stripping capacity.19,23,39,40 Moreover, to mitigate the issue of void formation with increasing DOD, 

additional interfacial treatments, such as heat treatment to heal the Li/LLZO interface22 can be 

suggested. These findings provide insights into the development of high-performance LMSSBs 

manufactured using the anode-free configuration.
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Figure 1. A schematic illustration of anode-free cell configurations.The custom-made in situ Li/ LLZO/thick Li 
foil cell (left) and a zoomed-in view of how the in situ Li/LLZO interface operates during cycling. 

140x30mm (600 x 600 DPI) 
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Figure 2. Effect DOD on cycling in situ Li at a fixed in situ plated capacity (3 mAh cm-2).
Voltage profiles when cycling (A) 1 mAh cm-2, (B) 1.5 mAh cm-2 and (C) 2 mAh cm-2; the corresponding 

DODs were 33%, 50% and, 66% respectively. The cell configuration is described in Figure 1 and the in situ 
plated Li electrodes all had an initial plated capacity of 3 mAh cm-2. All the tests were conducted at 60°C 

and 4.2 MPa, and the current density of 0.75 mA cm-2 was used. 
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Figure 3. Li/LLZO interfaces when cycling with a DOD of 33%.(A-C) Cross-sectional SEM images of Li/LLZO 
interfaces after the 30th stripping half-cycle at the (A) center, (B) middle and (C) edge of the electrode. (D-

E) Cross-sectional SEM images of Li/LLZO interfaces after 30th plating half-cycle at the (D) center, (E) 
middle and (F) edge of the electrode. 
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Figure 4. Li/LLZO interfaces when cycling at a DOD of 66%.(A-C) Cross-sectional SEM images of the cell 
after dramatic increase in voltage was observed. (D-F) Cross-sectional SEM images of the cell after plating Li 

on voided/de-wetted interfaces. (D) Uniform plating of Li. (E) Complete depletion of Li. (F) Large void 
formation and Li filament penetration to LLZO. 
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Figure 5. Surface morphologies of a Cu CC before (top row) and after (bottom row) cycling.
3D images of surface of the Cu CC (A) after in situ plating and (B) after cycling at a DOD of 66%. Each tick 
of x and y axis represents 200 µm. Each investigated area was 650 x 650 µm2 (0.42 mm2). (C) Schematic 

illustration of the formation of inhomogeneous Li during cycling. 
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Figure 6. Effect of DOD on cycling in situ Li anodes with a fixed cycling capacity.
Voltage responses of cycling in situ Li anodes of 2 mAh cm-2 at different DOD by varying the amount of 

initially in situ plated Li (3 mAh cm-2 in orange, 4 mAh cm-2 in red and 8 mAh cm-2 in blue). 
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Figure 7. Effect of current density in cycling in situ Li.
Voltage profiles when 2 mAh cm-2 was cycled after in situ plating of 3 mAh cm-2 at the current density of 

0.4 (blue), 0.5 (red) and 0.75 mA cm-2 (orange). 
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