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Abstract

Li loss during cycling at the solid electrolyte | anode interface strongly determines the cycle life of
anode-free solid-state batteries (SSBs). Here, this loss is probed electroanalytically for polymer
electrolyte (PE)-based SSBs in anode-free coin cells with practical pressures. A wide range of
parameters expected to impact the measured average coulombic efficiency (CE) were explored to
estimate the expected range of performance. These factors include PE type, cycling profiles,
current collector type, and the presence of a thin Li seed layer. Low CE values in the ~50-85%
range are observed for all electrolytes and test conditions. Other than the electrolyte type, a strong
dependence of the CE on the electrochemical cycling profile and the type of metallic current
collector is observed. Compared to the anode-free setup, the presence of a thin (5 pm) Li seed
layer did not improve the average CE for two out of three PEs, suggesting its presence to be a
weak contributor in minimizing the Li loss. This work provides baseline data on the Li losses in
low-pressure anode-free configuration cells with PEs.

Introduction

Li-metal solid-state batteries (SSBs) must have limited or no Li metal reservoir at the anode to be
competitive in cost and energy density compared to the conventional Li-ion batteries.[1] To
achieve stable and long cycle life in these batteries, the Li-loss per cycle at the anode must be
minimal. For example, a Coulombic efficiency (CE) of 99.99% is required to exceed 1,000 cycles
with 80% capacity retention in an anode-free (aka “zero excess”) Li-metal battery, assuming no
capacity loss at the cathode.[2] Few solid electrolytes are chemically inert enough against Li metal
to allow such CEs. Lithium phosphorus oxynitride (LiPON) solid electrolytes have been shown to



allow for a CE of >99.98% in thin-film batteries.[3, 4] Garnet-type solid electrolytes, such as
LisLa3Zr2012 (LLZO) are also known to be chemically inert with Li and, in the absence of any
surface impurities, can allow for negligible interfacial impedance in the order of 0.1 Q cm?,
suggesting low reactivity.[5] Over multiple cycles, greater than 99% CE values were reported in
anode-free configuration with LLZO with a high cycled capacity of >3 mAh ¢cm™.[6]

Besides chemical/electrochemical reactivity, Li loss can also occur due to uneven electroplating
and stripping which can electronically or ionically isolate Li upon loss of contact with the current
collector or solid electrolyte, mainly during stripping. This issue is especially aggravated when
practical capacities of Li are cycled, resulting in larger changes in volume at the current
collector | solid electrolyte interface.[7] Reducing these losses is an unsolved problem, and high
pressures and temperatures are currently needed to assist in maintaining contact, which hampers
practicality.[8] Several material solutions to accommodate the volume changes and improve
reversibility have been developed recently with promising results, such as ionically and/or
electronically conductive porous hosts for Li,[9] metallic or other inorganic interlayers,[10, 11] or
the use of porous silicon as a high-capacity alloying anode instead of Li.[12-14] However, the use
of high pressures (tens of MPa) was still needed in the majority of these reports to achieve >99%
CE.

There is a surprising lack of literature that reports the performance of polymer electrolytes (PEs)
in limited-Li or no-Li solid-state cells.[15] PEs can be utilized as thin interfacial layers between
the Li metal anode and inorganic solid electrolytes in future solid-state batteries. This is because
of their greater chemical stability with Li metal anodes (especially in the “dry” form, i.e. without
any plasticizer or liquid phase) and relative ease of application onto metallic anodes or current
collectors (in anode-free configuration) in a low-cost and economical fashion. In this work, while
we do not solve the above-mentioned issues of anode-free configuration by utilizing PEs, we
explore their performance in anode-free cells as a function of PE chemistry, cycling protocol, and
current collector type. We report the average CEs of PEs in “Li-free” and “limited-Li” cell
configurations when cycled under coin cell level pressures. Low average CEs between 50-85%
were measured with all PEs, likely resulting from Li loss to reactivity and dead Li generation. A
strong dependence of the average CE on the cycling profile and the current collector type was
observed. The presence of a thin Li seed layer (5 um thick) did not improve the average CE values
in our tests. Overall, this work provides baseline data (not available currently in literature) on the
Li losses in low-pressure anode-free configuration cells with PEs by tuning various factors
expected to impact the performance at first order.

Experimental Section

Preparation of polymer electrolytes (PEs)

All chemicals were stored and handled in a dry room with a dew point of less than -70 °C.
Polyethylene oxide (PEO; My, =4 Mio g mol!; Union Carbide) was initially dried under vacuum
(107 mbar) at 50 °C for 48 h. Lithium-bis(trifluoromethylsulfonyl)imide (LiTFSI; battery grade;
3M) was dried under vacuum for 24 h at 120 °C. Benzophenone (BP; >99%; Merck) was dried
under vacuum at RT for 24 h. Tetraethylene glycol dimethylether (TEGDME; 99%; Acros
Organics) was used as received.



The synthesis of the single-ion conducting multi-block copolymer electrolyte (Single-ion PE w/
EC) (chemical structure shown in Figure S1a) and the membrane preparation have been described
in detail in earlier studies.[16, 17] A block ratio of 1:1 referring to the ratio of the ionophilic and
ionophobic block was chosen for this experiment, along with an EC content of 55 + 1 wt.%. In
brief, ethylene carbonate (EC) was introduced into the dry polymer membrane on a hot plate at
45 °C. Afterwards, the membranes were sandwiched between two layers of polyethylene foil and
stored in a sealed pouch bag at 40 °C for at least 24 h to allow for an equal distribution of the EC
in the membranes.

For the preparation of the dry PEO-based PE (PEO+LiTFSI “Dry”) (chemical structure shown in
Figure S1b), 0.5 g of PEO were premixed with 25 mg of BP in a glass vial. Afterwards 0.652 g
of LiTFSI were added to the PEO-BP mixture and simply stirred with a spatula to form a white
chewing gum-like nodule. This nodule was placed between two Mylar® foils and sealed in a pouch
bag under vacuum at 100 °C overnight. The resulting clear and transparent nodule was placed in
a hot press device (Polystat 200 T, Servitec) and pressed at 100 °C and 20 bar for 5 min. For
initiating the crosslinking reaction, the electrolyte was UV-irradiated for 3 min from each side in
a UVACUBE UV chamber (Honle) equipped with a mercury light source.

For the plasticized PEO-based PE (PEO+LiTFSI w/ TEGDME) (chemical structure shown in
Figure S1c), the procedure was essentially the same. Initially, 0.652 g of LiTFSI were dissolved
in 0.25 g TEGDME in a glass vial. 0.25 g of PEO was premixed with 25 mg of BP and added to
the salt-TEGDME mixture. The resulting mixture was stirred to form a soft nontransparent
polymer nodule. The further processing was the same as for the dry PEO-based PE, except that the
pressure for the hot-pressing step was set to 10 bar instead of 20 bar. As the TEGDME is already
present during the crosslinking process, at least a significant fraction of the TEGDME molecules
is crosslinked as well and, hence, immobilized — thus, resembling the same type of coordination
and Li" conduction mechanism. In fact, just like the PEO+LiTFSI “dry” membranes, the
PEO+LiTFSI w/ TEGDME membranes are completely amorphous (see Videos S1 and S2),
indicating that there are no domains of free TEGDME. This also means that any non-crosslinked
TEGDME molecule is presumably at least physically entangled in the PEO matrix, which limits
the ability to flow and alter the Li* transport mechanism. In sum, the effect of the incorporated
TEGDME on the Li* transport mechanism — if any — remains presumably very limited.

For the anode-free cycling tests, all polymer membranes were then applied on high-purity Ni foil
(25 um thickness) or Cu foil (both were used as received without any pretreatment), and discs with
a diameter of 14 mm were cut. To avoid contamination and sticking effects, the surface of the PE
was covered with a layer of polyethylene, which was removed just before the cell assembly.

Cell fabrication and electrochemical testing

Coin cells were fabricated by simply placing a Li metal disc (0.6 mm thick, 7/16” dia., MTI Corp.),
on top of the PEs precoated on the Ni/Cu foil current collectors. A total of two stainless steel
spacers (0.5 mm thick) were used per coin cell. After assembly, the cells were equilibrated in a
temperature-controlled chamber at 70 °C for at least 3 days or until the impedance of the cell
equilibrated. Following the 70 °C conditioning, cycling was performed using various cycling
profiles as discussed in the Results and Discussion section. All cycling was done at 10 pA cm™
regardless of the cycling profile, and at 40 °C. Details of the cycling profile are provided in Results



and Discussion section where appropriate. The cut-off voltage for the stripping step and voltage
hold was 0.5 V for PEO+LiTFSI “Dry”, 0.1 V for PEO+LiTFSI w/ TEGDME, and 0.05 V for
Single-ion PE w/ EC. The cut-off voltages were different because of the different overpotentials
observed during plating/stripping for the three electrolytes due to their vastly different ionic
conductivities. The chosen cut-off voltages fall in the region when the stripping potential increased
steeply and were chosen to be ~5-10 times the value of the corresponding stripping/plating voltage
plateau.

Results and Discussion

Three types of PEs were investigated to study the effect of PE chemistry on their CE. The first is
a “dry” cross-linked PEO with LiTFSI as conducting salt. The second is the same as the first but
plasticized with TEGDME. The third one is a single-ion conducting PE containing EC.[16] Anode-
free coin cells were assembled by placing a Li metal counter electrode on the PE-coated Ni foil
sample discs. Li was plated onto Ni at 10 pA cm™ for 10 h, followed by stripping at the same
current density until the cut-off voltage was reached. Stripping was then allowed to continue at the
cut-off voltage in constant-voltage mode until the current fell below 0.5 pA cm. This step should
allow for the removal of all accessible Li. A low current density was employed to avoid potential
short-circuiting during plating. Differences in the SEI formation behavior of the three PEs prior to
Li nucleation can be seen in the first plating (Figure 1). Significantly different lengths of the
plateaus at ~1.5 V can be seen for the three PEs in the order: Single-ion PE w/ EC < PEO+LiTFSI
“dry” < PEO+LiTFSI w/ TEGDME. The plateau appears not to be related to the reaction of Li
with the native surface oxide layers on Ni foil, as that was shown to be at ~0.5 V in a similar
experiment with LiPON, and only ~1 pAh cm? capacity was lost to this reaction.[4] This
difference in initial plating is reflected in the first cycle CE (70.1%, 26.4%, and 0.4%, for Single-
ion PE w/ EC, PEO+LIiTFSI “dry”, and PEO+LiTFSI w/ TEGDME, respectively) (Figure 2).
From the second plating onwards, SEI-driven Li passivation can be seen, as the Li nucleation
occurred within a few minutes of the plating cycle for all three electrolytes (compared to hours in
the first plating), indicating some of the Li plating occurred under preexisting SEI (Figure S2).
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Figure 1. Voltage profiles during the first plating step of representative Ni||Li cells with the three different
PEs. Cycling was performed at 10 uA/cm?” with each plating step lasting 10 h.



The cells continued cycling under the above-described plating/stripping cycling conditions. The
CE improved significantly from the second cycle onwards for the PEO+LiTFSI “dry” and
PEO+LiTFSI w/ TEGDME PEs. However, even after 20 cycles, rather low CE values between 60
and 80% were observed for all three PEs despite their very different SEI formation behavior
(individual plots for duplicate cells are shown in Figure S3). This continuous loss of Li is likely
from the combination of new SEI formation, “dead Li” generation (surrounded by electrically
insulating SEI), and “inactive Li” generation due to loss of contact with the electrolyte or the
current collector owing to the volume changes upon Li plating and stripping. Exact measurements
to quantify the amount of inactive and dead Li at the end of the protocol could be performed via
reacting the cycled anode with water to generate hydrogen, as demonstrated by Fang et al.[18]
However, such measurements are outside the scope of this present study.
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Figure 2. Coulombic efficiency vs. cycle number of the three different PEs, obtained in a Ni||Li cell
configuration (the shaded area for each curve indicates its error bar). Cycling was performed at 10 pA cm’
2 with each plating step lasting 10 h.

SEI breakage can occur during complete stripping, prompting more Li loss due to SEI reformation
during subsequent plating.[19] Some recent reports with liquid electrolytes have demonstrated the
benefit of partial stripping during anode-free cycling (leaving some residual Li) towards reducing
the Li loss during cycling.[20-22] Xiao et al. [21] showed that doing partial stripping during anode-
free cycling led to reduced Li loss to SEI reformation and dead Li generation, as the residual Li
can serve as nucleation sites for the following Li plating and can facilitate the reutilization of the
original SEI. To investigate this effect, we obtained average CE values of the PEs by varying the
stripping/plating profiles (Figure 3). Figure 3a shows a representative voltage profile of the three
cycling methods. In all three cycling profiles, the total amount of Li plated in the test was kept
constant at 2 mAh cm? to make the comparison of average CE meaningful (Figure 3b). The
current in all cycling steps was always 10 pA cm. The first cycling profile is the same as described
above (Figure 2), where 2 mAh ¢cm Li was plated over 20 cycles, with 100 pAh cm™ plated per
cycle. This is labeled as Method 1. We tested two other cycling profiles (Method 2 and Method 3)
while keeping the total amount of Li plated the same. In Method 2, a Li reservoir of 1 mAh cm™
was first electroplated, followed by ten 100 pAh cm stripping/plating cycles (same as Method 1).
Unlike Method 1, the stripping step during the intermediate cycles stripped only ~10% of the



initially plated Li reservoir, which should reduce the volume change-related stress on the SEI and
facilitate its reutilization. A complete stripping was only performed at the end of the cycling
procedure. Another difference with this method compared to Method 1was that the Li got plated
on the initially electroplated Li reservoir during the middle 10 cycles, while it was plated onto the
(fully stripped) Ni current collector during each cycle in Method 1. In Method 3, 2 mAh cm™
capacity was electroplated in a single step followed by a single complete stripping. This profile
eliminates repeated cycling-induced SEI breakage/reformation during the test duration.

A comparison of the average CE obtained with each of these methods for the three PEs is shown
in Figure 3c. The average CE was calculated by taking the ratio of the total capacity stripped with
the total capacity plated; two to three cells were tested for each test method/electrolyte combination
to obtain error bars. The average CE is significantly different depending on the test method,
causing a variation in CE of 9%, 11.5%, and 15.8% in the three PEs (PEO+LiTFSI “dry”,
PEO+LiTFSI w/ TEGDME, and Single-ion PE w/ EC, respectively). Interestingly, the three
methods impacted the three PEs inconsistently. For two out of three electrolytes (“dry” PEO-based
PE and Single-ion PE w/ EC), the average CE trend is as follows: Method 3 > Method 2 > Method
1, which follows the trend of expected cycling-induced SEI breakage. For the TEGDME-
containing PEO-based PE, the trend is reversed. The fact that the trend does not consistently hold
for all three PEs suggests multiple dictating parameters at play. The single-ion conducting PE
outperformed the others for all three methods. Overall, these results demonstrate a strong
dependence of the cycling profile on the average CE of a given PE.
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Figure 3. a) Representative voltage profiles (shown for Single-ion PE w/ EC) of the three different
electrochemical cycling methods (Method 1, Method 2, Method 3), used for measuring the average CE,
where a total of 2 mAh cm™ capacity was electroplated in each method. A current density of 10 A cm™
was used for all steps in all three methods. b) Calculations showing that the total capacity plated over the
duration of the protocol is the same (2 mAh/cm?) among the three methods. ¢) Average CE obtained with
the three methods for the three different PEs in Ni|Li cells.

To go one step further in not forcefully allowing a complete strip, a ‘modified-Method 2’ cycling
protocol was tested for two of the PEs (Figure 4). This method differs from Method 2 in that
instead of an applied final strip after ten intermediate cycles, the intermediate cycling continued
until the cell naturally hit the set voltage cut-off limit of 1.0 V, suggesting a complete depletion of
the accessible Li. Representative voltage profiles are shown in Figures 4a, b. An average CE value
was then calculated from the ratio of total Li stripped and total Li plated (including the initial
electroplated reservoir) until that cycle where the cut-off voltage was reached during stripping for
the first time (as highlighted by arrows in the figure). For each electrolyte, two cells were tested to
get an error bar. For PEO+LiTFSI “Dry”, the average C.E. was 87.2 £ 2.8%; for PEO+LiTFSI w/
TEGDME, it was 63.2 + 7.4%. For the plasticized electrolyte, the obtained value fell within the
range obtained via the other three methods in Figure 3, whereas for the “Dry” electrolyte, the
obtained value is significantly higher than any of the three methods above (the highest being 74.3
+ 3.3 % with Method 3) (Figure 4c¢). The variation in average CE obtained based on the test



method increased further to 21.9% for the PEO+LiTFSI “Dry” PE. The results further demonstrate
a strong dependence of the cycling profile on the average CE of a given PE. A few other cycling
profile variations were conducted such as increasing capacity to 3 mAh cm™ for Method 3, or
increasing the plating current in Method 3 to 50 pA ¢cm™ to alter nucleation behavior while keeping

the stripping current the same at 10 uA cm (Table S1, S2). However, CE values did not exceed
the maximum value of 8§7% above.
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Figure 4. a, b) Representative voltage profiles of Ni||Li cells made with PEO+LiTFSI “Dry” PE and
PEO+LiTFSI w/ TEGDME, that underwent plating/stripping using the ‘modified-Method 2’ protocol. c)
Comparison of the average CE obtained from modified-Method 2 with the other three methods that were
shown in Figure 3.

Li is known to plate unevenly or at least not perfectly dense on metallic current collectors.[23, 24]
We next compared the Li loss observed in an anode-free configuration versus having a thin Li
anode. A 5 um thick Li film was deposited onto Cu foil via thermal evaporation, which was used
as the working electrode. Freestanding PE membranes were used to prepare these cells. A
commercial thick Li foil (same as in the other cells) was used as the counter electrode. Method 2
was chosen to be the cycling protocol, where a ~5 um thick Li reservoir (1 mAh cm) was first
electroplated (Figure 5a). For the cells with a 5 um thick evaporated Li anode, the cycling protocol
was modified to omit the first long electroplating step, as a similar amount of Li was already
present (Figure Sb); the rest of the protocol remained the same. Thus, this test, in essence,
compares stripping/plating from an electroplated reservoir, which is likely porous, with a dense
evaporated Li reservoir. The initial state of the two cell formats compared here is shown
schematically in Figure Sc. Another difference is the amount of Li loss to SEI formation during
the electroplating of the reservoir (likely non-planar) versus just bringing the planar evaporated Li
film in contact with the electrolyte. Li loss prior to the 10 intermediate cycles is expected to be
lesser in the latter case because a native surface passivation layer on the evaporated Li surface,
composed of lithium oxide, hydroxide, and carbonate,[25] will likely suppress or at least
substantially reduce any immediate reaction upon contact. Despite an expected greater loss to SEI
formation during initial reservoir building via electroplating, the average CE was similar (within



error bars) or slightly higher for two out of three PEs (Figure 5d). However, only 1-2 cells per
electrolyte were tested for tests with evaporated Li to obtain the error bars. An improved CE was
observed for the “dry” PEO, but the large error bar calls for a more careful investigation in the
future. Overall, a dense Li seed layer did not significantly improve the average CEs, indicating a
somewhat superior reversibility of the SEI-covered electroplated Li. This could be due to better
maintenance of contact of the electroplated Li reservoir with the PE during stripping/plating
because of the presence of an SEI layer. However, a detailed investigation is needed, which is
beyond the scope of this study. Similar low CE values when paired with a thin Li metal electrode
were reported previously for a different plasticized (gel) PE.[26]
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Figure 5. a, b) Representative voltage profiles (shown for Single-ion PE w/ EC) of the cycling protocol
(method 2) applied to the Ni||Li (top) and 5 um Li||[Li cells (bottom). The initial electroplating step was
omitted when a similar amount (~5 um) of Li is already available in the evaporated Li film. b) Schematic
showing the two types of cell formats. ¢) Comparison of the corresponding average CEs obtained for the
three PEs.

Accordingly, the nature of the current collector can also affect the Li nucleation and growth
behavior, and therefore the resulting morphology.[27, 28] This is because the plating morphology
greatly depends on the adsorption energy and diffusivity of Li adatoms on the current collector
surface, which is different for Cu and Ni. [27, 28] This can, in turn, affect the average CE. To
study this, we compared the average CE as a function of the current collector type by switching
from Ni foil to Cu foil (Figure 6). Method 3 was chosen for the determination of the average CE.
A significant improvement in CE was observed for two out of three PEs with switching from Ni
to Cu (Figure 6a). However, it is surprising that the difference in CE with the two current
collectors is negligible for Single-ion PE w/ EC. Other factors, such as the adhesion of the PE to
the current collector, may also have a substantial impact.[29] To rule out any impact of the
difference in surface roughness between the two foils, the surfaces of pristine foils were
characterized via atomic force microscopy (AFM). The surface roughness was measured to be
similar as well as small (15 = 7 nm for Ni and 11 £ 7 nm for Cu) for the two foils (Figure 6b).



Such minor differences in roughness should have minimal impact on the CE results.[30] All three
electrolytes showed a similar average CE of 80-85% with Cu.
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Figure 6. a) Average CE obtained with anode-free cycling of the three PEs as a function of the metallic
substrate (Ni||Li vs. Cul|Li). Method 3 was used for this comparison. b) Characterization of the surface
roughness of pristine Cu and Ni foils via AFM. Characterization of the surface roughness of pristine Cu
and Ni foils via AFM. Box plots (left) represent the statistics of root-mean-square roughness of four
different regions on the electrode surfaces. AFM images (right) show 3D maps of regions on Ni and Cu
with 4 x 4 x 0.05 pm dimensions in X, Y, and Z, respectively.

While these numbers remain to be improved for practical purposes, modifying the current collector
appears to be a promising approach for improving the CE under low-pressure cycling conditions.
For example, applying lithophilic metal layers onto the Cu current collectors can planarize the Li
plating morphology and help improve the CE[31] However, CE values in this study by Bertoli et
al. remained <90%. Indeed, engineering the PE itself could also help to increase the CE.[32]

Conclusions

A wide space of test parameters expected to impact the average Coulombic efficiency (CE) of
anode-free solid-state batteries (SSBs) with polymer electrolytes (PEs), was investigated. These
included the PE type, the cycling profile, current collector type, and the presence of a thin Li seed
layer. We found that the CE values ranged between ~50 and 85% for all the PEs and test conditions
in this study. The cycling profile strongly impacted the resulting average CE, causing a variation
in CE of >20% for one of the PEs. Changing the substrate from Cu foil to a thin (5 pm) evaporated
Li metal seed layer had a minor impact on the average CE for two out of three PEs. On the other
hand, changing the current collector from commercial Ni foil to commercial Cu foil dramatically



improved the CE for two out of three PEs. This work presents initial data on the CE losses in low-
pressure anode-free configuration cells with PEs. Future works will focus on achieving a physical
understanding of the origin of Li losses and employing other engineering strategies to improve the
CE.
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