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Highlights

m Critical current density of all-solid-state Li metal batteries were evaluated and compared in

symmetric and full cell.

B The relationship between fabrication pressure applied duration and critical current density

in symmetric cell were revealed.

B A constant pressure setup mitigates the volume change during cycling, and effectively

increase the critical current density of the full cell.
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Abstract

All-solid-state Li metal batteries (Li-ASSBs) have drawn much attention in recent years owing to
their potential in achieving high energy densities. However, the low critical current density
(CCD) of Li-ASSBs at room temperature remains a major bottleneck which limits the prospects
for commercialization. Most studies reported so far have demonstrated CCDs significantly lower
than conventional lithium-ion batteries, along with a lack of consistency across such reports.

While these CCD inconsistencies can be attributed to variations in pressure, temperature, and
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solid electrolyte chemistry, crucial parameters often omitted in the literature, such as the
fabrication pressure used and duration for which it is applied, both of which are required to
achieve good contact between Li metal and the solid electrolyte. Here, the relationship between
the fabrication pressure contact hold time of Li metal versus CCD is reported, thus elucidating
the effect of controlled Li deformation on the CCD. The CCDs for symmetric and full cell
architectures are also evaluated, where the effect of volumetric expansion and associated changes
in cell stack pressure are examined. Finally, a constant pressure cell design is introduced to
mitigate the negative effects of volume change during cycling, allowing the Li-ASSB to achieve

higher CCDs at room temperature.
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1. Introduction

Lithium metal batteries, with their promise of high energy density, have gained much attention in
recent years due to the high energy densities achieved through the use of Li metal anodes with
high theoretical capacity (3860 mAh/g) and the lowest electrochemical potential (=3.04 V vs
Standard Hydrogen Electrode) [1]. However, it still presents a myriad of challenges including
poor Coulombic efficiency from continued irreversible reaction with liquid organic electrolyte
and Li dendritic growth resulting in an abnormal safety issue [2]. All-solid-state Li metal
batteries (Li-ASSBs) have recently emerged with the intrinsic advantages of the absence of
organic materials which can react as resources of combustion and inhibition subsequent

electrolyte decomposition [3]. However, Li-ASSBs are also often limited by low critical current
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densities (CCDs). The CCD can be defined as the certain current density (mA/cm?) at which a
cell failure occurs when the growth of Li dendrite from the Li metal anode reaches the cathode
side through the solid-state electrolyte (SSE) separator making a short circuit between cathode
and anode, which results in vigorous self-discharge and thus safety issue in a real cell [2,3].
Extensive research on Li-ASSBs has resulted in architectures that can achieve 1000 cycles at 3.4
mA/cm? at 60°C by enabling dendrite-free Li metal anode [4]. Although high CCDs are obtained
at elevated temperatures which is comparable with conventional lithium metal batteries having
liquid electrolytes, achieving improved room temperature performance needs further
investigation. Interestingly, the CCDs of Li-ASSBs reported in the literature vary widely, as
summarized in Figure S1. While CCD is dependent on the cell chemistry, cell stack pressure, and
plating capacity, there are still large CCD variations reported even for similar cell configurations
[5,6], and showed the wide range of CCDs even in our work in which the same configuration
was used (the variable here will be discussed later). This indicates that there are vital parameters
during cell fabrication which have not yet been considered or compared in the previous literature.
Nonetheless, general trends can be observed throughout all the Li-ASSB CCDs reported. First, it
is clear that cells under elevated temperature operation exhibit higher CCDs compared to those at
room temperature. This is widely attributed to the improved diffusion kinetics and favorable
mechanical properties that promote uniform Li metal plating [7,8]. However, if the room or near-
room temperature remains to be the favorable operating condition for practical Li-ASSBs,
greater focus should be placed on increasing the CCD without the use of elevated temperatures.
When comparing cell architectures, studies using only symmetric cells [8-22] often
report higher CCDs compared to full cells [4,16,23-25] at a similar cycling temperature. While

the reason for this disparity is not yet understood, it is clear that high CCD values reported in the
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literature using symmetric cell configurations cannot be reproduced in full cell formats at room
temperature [26, 27, 28]. As a result, some full cell performance reports adopt elevated
temperature (>55°C) to demonstrate cyclability, citing the need to overcome slow diffusion
Kinetics at the cathode-solid electrolyte interface [29]. However, this explanation is inconsistent
with studies reporting high current densities (>5.0 mA/cm?) operations at room temperature
using similar composite cathode and alloy-based anodes such as lithium-indium or silicon anodes
[30]. One plausible explanation was rationalized through the misinterpretation of the cell
shorting voltage features. Yang et al. described this as the “fake stable” phenomena, where
symmetric cell polarization curves are easy to be misinterpreted as stable when in fact a short
circuit has already occurred [31]. In such scenarios, a typical flat voltage curve is still observed
even when cycled at high current densities (>10 mA/cm?), where polarization originated from the
ohmic resistance of the electron pathway within the shorted circuit. This misunderstanding
cannot occur in a full cell where the cell voltage is determined by the state-of-charge of the
cathode electrode, thus any occurrence of a short circuit would manifest as an obvious voltage
fluctuation from the typical cathode charge curve. Lewis et al. also proposed the need to
consider the areal capacity difference used in symmetric cell versus full cell tests, where the cell
short phenomenon was found to only occur when an areal capacity of > 3 mAh/cm? for lithium
plating and stripping was used [32]. This value is far more than most areal capacities used in
symmetric cell tests, which typically use long hours of plating and stripping with < 1 mAh/cm?
areal capacity [27]. There have been studies to mitigate the cell shorting by improving Li metal
and SSE interface. Su et al. demonstrated that using graphite on the Li side would prevent
chemical reaction between SSE and Li and also serve as mechanical constriction to enable high

pressure cycling [28]. Another approach was to form more stable SEI by introducing polymer
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electrolyte initiator [33] and adding LixSiOx-enriched layer [34]. Li metal dentrite could form
within a solid electrolyte layer if the electronic conductivity is not low enough. Han et al. studied
Li deposition within the various SSE layers [35]. The group demonstrated that Li dendritic
growth within the electrolyte layer was not significant at room temperature due to the low
electronic conductivity. The electrolytes used in the research were Li;LasZr,01, (LLZO) and
LisPS,, having the electronic conductivity of 5.8 x 10® to 107 S/cm. In addition, stack pressure
is one of the most important factors that dictate a CCD of Li-ASSB. Previous studies have found
that relatively small changes in stack pressures can greatly affect the CCD, where it was reported
that the CCD improves with increasing stack pressure, within a pressure range of 0.4 — 7 MPa
[36][37]. However, the stack pressure on a Li-ASSB cannot be exceedingly high because that
can induce both mechanical short due to Li deformation along with separator layer or an
electrochemical short-circuit during Li metal plating, as shown in our previous work [38]. Yan et
al. also showed the adjustment of stack pressure could resolve void formation by the Li
deformation due to the low modulus characteristic of Li metal [39]. Interestingly, the symmetric
cell shows much less volume change during cycling since the volumetric expansion arising from
Li plating is compensated at the counter electrode which undergoes stripping simultaneously.
However, this is not the case in full cell configurations, where a large amount of volumetric
expansion due to Li plating cannot be compensated for the cathode side during de-intercalation.
Thus, dynamic stack pressure effects on CCD during cycling must be investigated, but most
studies only have adopted fixed gap cell setups where cell stack pressure is defined before cell
operation. Given the stack pressure effects on CCD, it is reasonable to think that variable stack

pressures in full cells can result in vast disparities in CCD findings compared to symmetric cells.
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In this work, we discuss the stack pressure factors governing CCDs of both Li metal
symmetric and full cells using common Li-ASSB cell configurations, Li | LisPSsCl (LPSCI) | Li
symmetric cell and NCM811 | LPSCI | Li full cell. We demonstrate that, among the fabrication
and operation parameters, the contact time between Li and SSE while fabrication can be also the
critical factor which can dramatically affect the CCD values in symmetric cells. In addition, we
also systemically addressed the root cause of CCD disparities between symmetric and full cells
through the operando pressure monitoring while cell preparation and cycling. Finally, we reveal
that the use of a constant pressure cell design can release pressure variation-driven stresses inside
the cell while cycling which helps to achieve a higher CCD in Li-ASSBs operating near room

temperature.

2. Material and methods

2.1. Materials preparation

LigPSsCl (LPSCI, NEI Corporation, USA) was used for solid-state electrolyte (SSE) separator
layer and cathode composite preparation. For cathode composite purpose, the LPSCI particle size
was reduced using Euax ball mill (Retsch, Germany). The ball milling was conducted for 2
hours at 300 rpm, using anhydrous xylene as a medium. Vapor grown carbon fiber (VGCF) was
purchased from Sigma Aldrich (Graphitized, Iron-free), and dried overnight at 160°C under
vacuum to remove moisture. NCM811 (LG Chem, Republic of Korea), coated with a boron-
based layer, was used as received. Cathode composite was prepared by hand-mixing using a
weight ratio of NCM811: LPSCI : VGCF =66 : 31 : 3. Li metal (FMC, USA) foil was cleaned
by scratching of the oxide layer and subsequently punched into 0.785 cm? area.

2.2. Materials characterization
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Versa 510 (Zeiss/Xradia) X-ray microscope was used to investigate computed tomography (CT)
of Li metal symmetric cell, with an objective of 20X, a source voltage of 80 kV and a power of
6.5 W, using the LE2 filter. The 360-degree scan was conducted in 15 sec exposure setting, for
2401 projections. The reconstruction of data was performed with Amira 2019.1 (ThermoFisher
Scientific). After the reconstruction, the 3D view of inside was shown using box cutting function
of Amira 2019.1 software. The solid-state cell was built in custom-made 2 mm internal diameter
drilled PTFE rod. The reduced size cell was required for X-ray CT setup for placing X-ray
source as close as possible to the specimen yielding smaller voxel size and better resolution. FEI
Scios Dualbeam (ThermoFisher Scientific) was used for cross-sectional images. The sample
transferred was performed using air-tight transfer arm from Ar-filled glovebox to FEI Scios
Dualbeam chamber for no air exposure during the transfer process. After the sample mount,
liquid nitrogen and the heat exchanger was set to perform cryogenic ion beam milling and
electron beam imaging to minimize the Li damage. The ion-beam milling to prepare the cross-
section of samples were performed using Ga" source. The sample was milled at 30 KV and 65 nA,
and cleaned at 30 nA and 15 nA afterwards. All the electron beam imaging was done using 5 kV
and 0.1 nA settings.

2.3. Electrochemical Characterization

Two titanium rods were used as current collectors at each end of the Li metal. The solid-state cell
was fabricated by first putting 75 mg of LPSCI in a 10 mm inner diameter polyether ether ketone
holder, which was then compressed between two titanium rods at 370 MPa. For Li metal
symmetric cells, punched Li metal was inserted on top and bottom of as-fabricated LPSCI pellet.
After enclosing solid state cell of Li-SSE-Li using titanium rods, the cell was pressed at 25 MPa

to facilitate better contact between the Li metal and SSE interface for 1 min. to 24 hr. The cells
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were released to 5 MPa before cycling starts. For a constant pressure setup, blue dye springs
(McMaster-Carr, 1804N16) were placed between top plate and nuts for all three screws. Springs
were selected based on two criteria: (i) Maximum load of spring (53 Ib) should be larger than
load from cell cycling pressure. The cell load was calculated based on 5 MPa for the area of
0.785 cm? cell. The calculated load was divided by three since the load is divided by three
springs, yielding 29.4 b of load for each spring (ii) Spring rate should be high enough not need
to be compressed too much to achieve certain pressure. With the spring rate of 5.5 Ib/mm in this
work, 5.35 mm compression is needed to achieve 5 MPa. The full cell configuration follows the
same protocol except one Li side is replaced with cathode composite. Cathode composite
loadings for full cell ranged from 6.4 mg/cm? to 51.0 mg/em?. All cell cycling were performed at
40°C using the compact muffle furnace (MTI KSL-1100X) in the Argon-filled atmosphere
glovebox. The battery cells were cycled using a Neware Battery cycler and analyzed with
BTS900 software. During the cycling, in-situ home-made load reader was used to get the
pressure reading every 10 sec. For the EIS cell, the 13 mm diameter plunger (area of 1.33 cm?)
was used to fabricate Li | LPSCI | Li cell. 300 mg of LPSCI was compressed at 370 MPa to make
the pellet and Li chip was inserted on both end of the pellet. EIS measurements were conducted
using Solartron 1260 impedance analyzer for Li | LPSCI | Li symmetric cell every 20 minutes
after setting the cell stack pressure to 25 MPa. The frequency range was from 10 MHz to 0.1 Hz,
with an applied AC potential of 10 mV. Direct current polarization was conducted to measure the

electronic conductivity of LPSCI by applying the voltage of 100 mV for 3 min.

3. Results and Discussion

3.1 The critical current densities of Li metal symmetric cells
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The current fabrication process for the Li metal cell, schematized in Figure 1a, consists of three
steps: 1) densifying the LPSCI pellet at 370 MPa, 2) adding Li metal foils on both ends of the
cell and 3) pressing at 25 MPa briefly to ensure good Li metal/SSE contact. Lastly, the pressure
is then released to 5 MPa for the cell cycling. These protocols were described in our previous
work [38] and the operando pressure monitoring was conducted with our custom-built pressure
recording system (Figure S2). While the amount of compaction pressure used to fabricate ASSBs
is routinely reported, the amount of time pressure applied when the Li metal anode is added and
thus, the degree of Li metal deformation and uniformity has never been reported in the previous
reports. The degree of Li metal deformation will affect the degree of contact and uniformity at
the Li metal/SSE interface. To verify the validity of our pressure control setup, the stack
pressures of the Li symmetric cell were monitored during both the initial contact at 25 MPa and
the subsequent plating/stripping cycling at 5 MPa. Figure 1b shows that the pressure drop during
the initial contact was severe, where stack pressures dropped from 25 MPa applied initially to
21.1 MPa after 24 hours. Subsequently, the cell was released to 5 MPa and started
plating/stripping, during which little to no change was observed (Figure 1b, yellow shaded). The
cycling data after setting to 5 MPa will be discussed later. To rule out any effects of different
thermal expansion coefiicients from various cell components, the stack pressures of an empty
cell and the standard symmetric cell were monitored and compared (Figure 1c, d). From the
pressure trends (24-hour monitoring at room temperature and 40°C), both cells showed a rapid
pressure drop during the first 30 minutes, losing 2.2 MPa (room temperature) and 5.6 MPa (40°C)
during the initial 30 minutes, followed by a gradual decrease in pressure after one hour. The
amount of pressure drop after 24 hours is smaller at room temperature (Figure 1c) compared to at

40°C (Figure 1d), which indicates a larger amount of Li deformation under elevated temperature

10
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conditions. This is consistent with the lower yield strength of Li at higher temperatures [40],
which facilitates deformation and is consistent with our observations. The Li symmetric cell
pressure trend highlights two important points: i) When 25 MPa of stack pressure is applied
during cell fabrication, Li metal deformation occurs, and saturation of the deformation is
observed after 10 hours. ii) The pressure during the plating/stripping of the Li metal symmetric

cell remains unchanged at all times.
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Figure 1. a) Schematic showing the fabrication protocol of Li metal symmetric cell, where 25
MPa is applied to improve the Li metal/SSE contact interface. b) Pressure monitoring during

contact hold after applying 25 MPa at room temperature for 24 hours (green) and

11



Journal Pre-proof

plating/stripping at 5 MPa and 40°C (yellow). Pressure monitoring of empty plunger cell and Li

metal symmetric cell after applying 25 MPa at ¢) room temperature and d) 40°C for 24 hours.

Following pressure monitoring during contact hold time, ramp tests (a stepwise increase
of the constant current plating/stripping of lithium) of the symmetric cells were conducted
(Figure 2a). This experiment allows us to evaluate the CCD of Li metal in a Li | LPSCI | Li
symmetric cell and compare it to the literature. However, as seen in Figure 2a, we noticed that
depending on the contact hold time, the CCD of the cells showed inconsistent values, such as
0.88 mA/cm? when pressure was applied for 1 min, and 2.15 mA/cm? after a 30 min contact hold.
Figure 2b shows the CCD trend as a function of the 25 MPa contact hold time. It was found that
the CCD increased as the hold time was increased up to 30 min, the CCD increased, but it
decreased when it held longer than 30 min. The CCD range in our experiment (0.3 — 2.15
mA/cm?) agrees with the wide range of CCDs reported in the literature [8-22, 38, 39, 40]. The
CCD increase over the first 30 mins can be attributed to improved contact between the Li metal
and SSE, leading to a lower effective current density due to the higher area of contact and more
uniform current flow distribution. From the onset at 25 MPa, the pressure dropped to 23 MPa
within 30 min (Figure 1b), indicating that any voids at the interface between Li metal and the
SSE were filled with deformed Li metal. Impedance measurements were also conducted during
this period, showing an initial rapid drop in impedance during the first 20 min and slowly
decaying afterward (Figure S3). After the 1-min holding cell was shorted at 0.88 mA/cm?, the X-
ray computed tomography (CT) was used to observe the Li/SSE interface and 3-dimensional
morphology of the solid-state cell (Figure 2c, Figure S4). Disparities in image contrast were used

to assign the white regions and gray areas in the 3D reconstructed image to Li metal and SSE,

12
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respectively. Evidence of Li dendrite growth was observed within the SSE layer originating from
the Li metal. The voltage response after cell shorting was caused by the Li dendrite growth and
its penetration through the SSE layer. When the contact time is longer than 30 min, CCDs are
reduced again as shown in the red region in Figure 2b. This could be attributed to the excessive
creep behavior of Li metal inside the SSE pellet which results in the more favorable short-circuit
at a lower CCD [38]. Please note that the electronic conductivity of LPSCI used in our study was
1.8 x 10® S/cm (Figure S5), lower than LLZO and LisPS,, and thus, there is a low chance of
forming Li dendrite from the electronic pathway of electrolyte layer due to the lower electronic
conductivity of LPSCI.

By increasing the holding time, the effective contact area between Li metal and the SSE
will increase due to the deformation of Li metal at the interface which can improve the
uniformity for local current distribution and thus CCD. The correlation between Li deformation
and the measured CCD was investigated with the microscopic observation of a cross-sectional
image by using a cryogenic focused ion beam (cryo-FIB) after pressing the Li metal anode on the
SSE pellet. Since ion beam milling at room temperature can damage Li metal which results in
both an altered morphology and chemistry [44], cryo-FIB was used to obtain intact Li metal
interface images. Figure 2d shows the cross-sectional scanning electron microscope (SEM)
images for 25 MPa pressured Li/SSE interface after contact-holding a 1 min and a 30 min. These
cells were not cycled to investigate interfacial contact as a function of contact hold time. For the
30-min holding sample, the interface between the Li and SSE has no pores and the Li is fully in
contact with the SSE, while the 1-min holding sample shows numerous voids at the interface,
indicating poor Li contact with the SSE. The result of having better contact for longer contact

hold time is expected based on previous studies investigating Li metal deformation near room

13
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temperature. The mechanical deformation test showed Li metal can substantially fill the voids,
even at pressures less than 5 MPa measured by Ding et al [45]. Moreover, Zhang et al.
demonstrated that Li-SSE contact area increased over time under 1.5 — 7.5 MPa of stack pressure
[46]. This study implied that the contact area of Li and SSE could increase over time through
mechanical deformation of Li. The fraction in contact increased with time, showing the Li
deformation-induced contact increase was rapid for the first 30 min and slowly decayed after that,
which corresponds well with our pressure reduction due to Li deformation in Figure 2b, d. Thus,
considering the soft mechanical properties of Li and its time-dependent deformation, the Li metal

contact time under applied pressure is a vital parameter to report.
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Figure 2. a) Critical current density (CCD) ramping test of Li symmetric cells, where a contact
pressure of 25 MPa was applied for 1 min (black) and 30 min (blue). b) The CCD trend as a
function of the contact hold time at 25 MPa. ¢) X-ray computed tomography of one end of the Li
metal symmetric cell after shorting. d) Cross-sectional SEM images of Li/SSE interface
contacted at 25 MPa for 1 min and 30 min. The electron imaging and FIB milling were

conducted in cryogenic conditions to minimize damage to the Li metal.

3.2 The critical current density of Li metal full cells

As previously mentioned, reports using Li metal full celis appear to display a lower CCD
compared to Li metal symmetric cells. Most literature reports attribute low CCDs to the intrinsic
interfacial instability between Li metal and various SSEs, or high impedance growth at the Li
metal — SSE interface [8]. However, these explanations do not agree with the symmetric vs full
cell trends observed. As the same Li metal — SSE interface is utilized in both the symmetric and
full cells, it indicates that the contrasting CCDs reported in both cell configurations are not
correlated with the Li metal — SSE’s interfacial properties, but rather a cell level phenomenon
induced by the fact that a cathode is used in the full cell and not in a symmetric cell. Given the
understanding that Li mietal undergoes a significant volume change during plating and stripping
(1 mAh/cm?= 5 um) [47], overall cell volume change in full cells is expected to be substantial
compared to symmetric cells where negligible net volume change is expected, regardless of areal
capacity exchanged. Thus, unlike in symmetric cells, it is necessary to consider both cathode and
anode expansion/shrinkage in full cells, because volume changes during cycling can induce

significant changes in cell stack pressure, and in turn, affect its CCD.
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As a thought experiment, the volume change scenario for a symmetric cell and a full cell
model is illustrated in Figure 3a. The pressure does not change during symmetric cell cycling
theoretically, because stripped Li from one side would be plated on the counter electrode.
However, in a full cell, Li metal will grow in thickness while the cathode shrinkage is
significantly smaller when the cell is charged, leading to an overall volume expansion of the
whole cell (Table S1). During discharge, almost all the Li will be sent back to the cathode, and
the volume will once again shrink. Therefore, pressure increase/decrease apparent during charge
and discharge is mainly due to the volume change of the Li metal anode. As the volume change
largely comes from Li metal plating, a higher degree of pressure change is expected when the
cell capacity is increased, resulting in conditions deviating further away from that of a symmetric
cell.

To probe the CCDs of full cells, NCM811 | LPSCI | Li cells with different cathode
loadings were cycled using the stepwise current ramping protocol (Figure 3b). Please note that
the optimum fabrication protocol of Li metal anode which is the 30-min contact at 25 MPa
followed by release to 5 MPa was used for an anode preparation. With higher cathode loadings,
pressure changes during charge/discharge were more severe because the amount of plated Li on
the anode during charging is larger. Therefore, the stack pressure change during cycling has a
linear correlation with the cathode loading (Figure 3c). In particular, with a cathode loading of
6.4 mg/cm?, the absolute pressure change is 0.73 MPa whereas the absolute pressure change
reaches 2.14 MPa for loading of 25.5 mg/cm? and 6.2 MPa for loading of 51.0 mg/cm® The
CCDs obtained from full cells were in the range of 0.3 — 1.0 mA/cm?, showing a decreasing
trend with higher cathode loading. The low CCD for higher loading cells could be attributed to

higher cell pressure from thicker Li plating. There are three major Li* migrations and Li fluxes

16
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involved during plating/stripping of lithium: i) Li* migration from applied current during cycling
(3 Li" migration), i) Self-diffusion of Li atoms from concentration gradient (J (i giffusion), 3. Li creep
deformation from the stack pressure (J Licreep) [37]. If these three fluxes maintain the balance, (J
Li" migration = J Li diffusion + J Li creep), the dendritic growth of Li could be inhibited [48]. For the
Figure 3d case, cells with the same initial stack pressure but with various cathode loadings, the J
Li" migration Would be similar for all cells at the same current densities. However, the higher
cathode loading cells would eventually operate at higher pressure due to the thicker Li plating on
the anode side. This higher operating pressure would yield a larger flux of Li (J i creep) tO the

interface, which results in the imbalance of the fluxes and shorts the cells.
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Figure 3. a) Schematic of the pressure change during cycling in a Li metal symmetric cell and a
full cell. b) The operando pressure monitoring and voltage curve during cycling of Li metal full
cells. All cells were cycled with the stepwise constant current; 0.2 to 1.0 mA/cm?. c¢) Absolute
pressure changes during cycling and d) Critical current densities of Li metal full cells as a

function of cathode loading. The absolute pressure change was calculated by subtracting the first
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cycle minimum pressure from the first cycle maximum pressure. All of the cyclings were

performed at an initial stack pressure of 5 MPa and 40°C.

3.3 The operating pressure control of Li metal full cells

Given that the cathode loading presents a direct impact on the degree of pressure change and the
resulting CCD, operating the cells at a constant pressure could create conditions more similar to
symmetric cells and allow for higher CCDs in full cells. Therefore, the cell setup was modified
to incorporate springs that can compensate for the volume expansion and shrinkage of the cell.
This constant pressure setup, therefore, allows us to cycle the fuil cell at nearly constant pressure.
The springs were selected based on their maximum load (which should be higher than the load
applied during cycling) and their spring constants, to ensure that we can reach the target pressure
with a reasonable compression of the springs.

The CCDs for Li-ASSB cells using setups with no springs (the fixed gap, Figure 4a) and
with springs (the constant pressure, Figure 4b) in the cell holder were examined using similar
ramping tests. In the fixed-gap cell, severe pressure change was observed during the charge and
discharge process, around 140% pressure increase (6.96 MPa after 1* cycle charge) at the end of
charge, exhibiting shorted behavior during the charging at a current density of 0.5 mA/cm?
(Figure 4c, ). However, in the cell with springs, the pressure deviation was only 104% (5.21
MPa after 1% cycle charge) which is much less severe than fixed-gap cell and more stable during
charging and discharging as expected, allowing the cell to cycle at a much higher current density
until shorting at 1.0 mA/cm? (Figure 4d, f). The creep deformation rate of Li metal increases as

the external compressive pressure gets higher [45]. The Li creep rate at 30°C was 0.06 um/h at

2.2 MPa and 0.42 um/h at 3.5 MPa. From this data, we could see only 1.2 MPa difference in
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stack pressure would result in 7 times higher creep rate of lithium. Therefore, by changing fixed
gap setup to constant pressure setup, the Li would not have such high Li creep rate within the full
cell. The long-term cycling performance of the fixed gap and constant pressure setup was
examined in Figure S6. With the same loading and the cycling protocol of 0.5 mA/cm? long
cycling after the formation cycles, the fixed gap setup cell shorted at 2" cycle, whereas the
constant pressure cell operated more than 50 cycles without shorting. As such, the CCD of the Li
metal full cell can be improved by enabling the constant pressure cycling, which gives us the

methodologic clue to solve the volume change deriven pressure accumulation in the practical Li

metal full cell.
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Figure 4. The schematic of the cell cycling setups for a) fixed gap and b) constant pressure. The

NCMB811 loading of both cells were 25.5 mg/cm® The operando pressure monitoring and
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corresponding voltage profiles of NCM811 | LPSCI | Li metal cells with c, e) fixed gap and d, f)
constant pressure setup at ramping current densities. All the cycling was performed at an initial

stack pressure of 5 MPa at 40°C.

To probe the effects of constant pressure at lower pressures, fixed gap and constant
pressure cells were tested at 1 MPa, 3 MPa, and 5 MPa (Figure 5). At 1 MPa, both constant gap
and constant pressure cells showed the same low CCD of 0.3 mA/cm?, whereas constant pressure
cell exhibited slightly higher CCD of 0.6 mA/cm? than constant gap cell of 0.4 mA/cm? at 3 MPa.
Constant pressure effect dominates more from 5 MPa, where the CCD difference of constant
pressure and fixed gap is 0.6 mA/cm?. This trend is not surprising based on the Li creep behavior
observed in Figure 1 and 2. At 1 MPa, the stack pressure applied is insufficient to provide a
creep deformation rate high enough to ensure good interfacial contact between the Li metal and
the SSE. This results in non-uniform Li plating and results in early cell failure regardless of the
effects of constant pressure. While a higher creep deformation rate at 3 MPa allows the effects of
constant pressure applied to be detected, previous reports have also found void accumulation at
the interface at 3 MPa [37], indicating that 3 MPa is still insufficient to maintain good contact.
At 5 MPa, sufficient Li creep was achieved and thus able to effectively double the CCD detected
when constant pressure is applied. This pressure value agrees with the literature reported values
for ideal Li ASSB full cells [4]. While higher stack pressures may produce greater effects on
CCD, stack pressures of 10 MPa or greater have been found to induce excessive Li creep into
and through the SSE separator, also inducing cell failure [38]. The results in this work, along

with findings in the literature suggests that Li ASSBs are best operated within a narrow range of
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stack pressures, highlighting the need for constant pressure operation to maximize CCD in Li

ASSB:s.
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Figure 5. The CCD trends of fixed gap (cross symbol) and constant pressure (circle symbol)
cells with the initial stack pressure of 1, 3, and 5 MPa. The NCM811 loading of all cells were

12.8 mg/cm?.

4. Conclusions

The previously reported CCDs of Li-ASSBs exhibited extensive variations, with evident
disparities between Li metal symmetric cells and Li metal full cells. In this study, we
investigated critical fabrication parameters that can resolve the discrepancies the in reported
CCDs. In particular, the contact hold time during cell assembly is a crucial consideration, which
affects the formation of solid physical contact between Li metal and SSE. During this hold time,
Li metal undergoes time dependent mechanical deformation that can alter the effective contact

area. By improving the interfacial contact and uniformity, the CCD can thus be improved and

21



Journal Pre-proof

achieved more reproducibly. In addition, we have confirmed the mismatch in terms of CCDs and
corresponding performance between symmetric and full cell, where contributions from the
cathode must be considered. The volume change in Li metal full cells is inevitable due to
expansion and contraction of electrodes from Li metal plating and stripping at anode during cell
cycling which cannot compensate from the cathode side. The continuous volume change driven
stress accumulation within the confined cell was examined via the operando pressure monitoring
during cell cycling. The increased stack pressure resulted in the premature shorting of the full
cell and the trend was correlated to the cathode loading, which showed that cells with higher
cathode loading exhibited much more severe pressure change, subsequently shorting at lower
current densities. We have identified anode volume change, which accumulates to net stack
pressure change, as an important cause of cell shorting and have designed a constant pressure
cell architecture which utilizes springs to mitigate pressure changes during cycling. This
improved setup demonstrates the necessity of maintaining constant stack pressure during cycling
and has enabled higher current density operation for Li-ASSBs, specifically near room

temperature.
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