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ABSTRACT

Polymer electrolytes are promising materials to enable practical lithium-metal batteries for high-energy-density energy storage.
Yet, parasitic side reactions at the lithium|polymer interface and inhomogeneous lithium deposition, compromising cycling
reversibility and safety, remain a challenge. Despite the key role of the interfacial reactivity, there is a lack of quantitative
and comparable information on interfacial charge-transfer kinetics with polymer electrolytes, and their impact on the lithium
plating/stripping behavior remains unclear. Therefore, in this work, we apply a validated method for quantifying interfacial
charge-transfer kinetics via the exchange current density j, to a series of polyethylene oxide (PEO)-based polymer electrolytes
to clarify how the electrolyte composition influences interfacial kinetics. By combining the j, analyses with measurements of the
solid electrolyte interphase resistance and lithium cycling reversibility, we identify a consistent trend in which smaller j, and
higher Rggy values correlate with higher Coulombic efficiencies. This indicates that moderated interfacial kinetics and a suffi-
ciently passivating interphase favor higher plating/stripping reversibility. The results provide a coherent dataset of interfacial
charge-transfer parameters for polymer electrolytes and highlight the importance of deliberate electrolyte and interphase design

for achieving highly reversible lithium-metal cycling in polymer-based electrolyte systems.

1 | Introduction

Lithium-metal batteries (LMBs) with polymer electrolytes, often
incorporating certain amounts of a liquid phase to boost the ionic
conductivity, are receiving a lot of attention as promising candi-
dates for next-generation high-energy density storage systems
[1, 2]. Despite their great potential, though, the reactivity at
the lithium|polymer interface is still insufficiently understood.

A key descriptor for the interfacial charge transfer reactivity is
the exchange current density, jo, which quantifies the magnitude
of the forward and reverse rate of charge transfer under equilib-
rium conditions. Beyond its classical role in the Butler-Volmer
framework, the exchange current density is also connected to the
electrodeposition process through its influence on the nucleation
overpotential and the associated Gibbs energy barrier, linking
interfacial kinetics to the lithium morphology evolution [3].
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Recent works on liquid electrolytes have hypothesized that j,
can govern the coupling between interfacial charge-transfer
kinetics and ion transport, and can therefore impact the
Coulombic efficiency (CE) (i.e., the reversibility of the lithium
stripping and plating process) by modulating the homogeneity
of the local current distribution and, thereby, the lithium depo-
sition morphology [4-6]. Since the CE directly determines the
long-term cyclability and practical viability of LMBSs, identifying
the fundamental parameters that govern the CE is of central
importance for the rational design of advanced electrolyte
systems. In this context, understanding whether and how the
exchange current density influences the CE represents a key
step toward linking interfacial kinetics to battery performance
metrics.

While the aforementioned studies [4-6] underscore the relevance
of jo for understanding and improving the reversibility in LMB
systems, easy-to-compare, reliable j, values for polymer electro-
lytes remain scarce. The reported values vary widely, in part due
to the use of inconsistent measurement and analysis approaches
[7]. For example, the often overlooked influence of the solid
electrolyte interphase (SEI) layer can significantly affect the mea-
sured values, complicating a direct comparison and a meaningful
interpretation [7]. Moreover, the connection between interfacial
charge-transfer kinetics and CE has - to the best of our knowl-
edge - not yet been systematically investigated for polymer elec-
trolyte systems. Establishing such a relationship would clarify
whether j, can serve as a meaningful descriptor linking electro-
lyte composition, interfacial kinetics, and the reversibility of the
lithium plating and stripping process. This gap is particularly
critical given competing hypotheses: a higher j, might facilitate
a faster charge transfer and improve the plating/stripping
process, but could also accelerate reductive electrolyte decompo-
sition and SEI growth, resulting in a reduced CE. On the other
hand, a lower j, might promote a more homogeneous current
distribution and smooth lithium deposition, in turn resulting
in higher CE. Consequently, a systematic investigation of the
correlation between j, and CE is required to determine whether
and how interfacial charge-transfer kinetics govern the revers-
ibility of lithium metal electrodes in combination with polymer
electrolytes.

In this study, we address these open questions by applying a
previously validated and consistent methodology for determin-
ing the exchange current density [7] to a broad set of PEO-based
(gel) polymer electrolytes containing different conducting salts
and liquid plasticizers. We chose PEO-based systems, since they
represent the most extensively studied polymer electrolyte
platform and therefore provide an ideal model system for a
systematic investigation of the interfacial kinetics. This system-
atic approach enables the direct comparison of j, values across
different electrolyte compositions and provides new insights
into the question of how the polymer electrolyte composition
influences interfacial charge—transfer kinetics. Building on this
comprehensive data set, we further investigate whether j, and
the related SEI resistance correlate with the CE of the lithium
plating and stripping process, thereby evaluating how interfa-
cial kinetics govern lithium reversibility in polymer-based
LMBs and providing guidance for the rational design of
advanced polymer electrolytes.

2 | Results and Discussion

2.1 | Influence of the Polymer Composition on
the Exchange Current Density

The exchange current density j, was determined for a set of
eleven different PEO-based electrolyte systems containing
four different conducting salts, lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI), lithium (fluorosulfonyl)(trifluorome-
thanesulfonyl)imide (LiFTFSI), lithium perchlorate (LiClOy,),
and lithium bis(fluorosulfonyl)imide (LiFSI) - with and
without a liquid plasticizer — as well as one block-copolymer
polystyrene-b-poly(ethylene oxide) (PS-PEO). The plasticizers
employed were the ionic liquids 1-butyl-1-methylpyrrolidi-
nium bis(trifluoromethanesulfonyl)imide (Pyr;4,TFSI) and
1-butyl-1-methylpyrrolidinium  (fluorosulfonyl)(trifluorome-
thanesulfonyl)imide (Pyr;,FTFSI), as well as tetraethylene
glycol dimethyl ether (TEGDME).

To determine j, for these materials, we applied a method previ-
ously established and validated on PEO-based polymer electro-
lytes for LMBs to ensure comparability [7], which is essential
for assessing how the polymer electrolyte composition influences
Jjo- Accordingly, symmetric Li||Li cells were assembled and
allowed to rest at open-circuit voltage for 24 h before conducting
electrochemical impedance spectroscopy (EIS) in a first step. By
fitting the EIS results (displayed as Nyquist plots) with a suitable
equivalent circuit model, the charge transfer resistance (R.) can
be extracted (see Figure 1) [7]. Alternatively, distribution of
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FIGURE 1 | Exemplary EIS results for a Li||Li cell with PEO,
TEGDME, and LiClO,4, measured at 80 °C. (a) Nyquist plot with equiva-
lent circuit model fit, (b) Distribution of relaxation times analysis in the
mid frequency region between 107° and 107> s. The feature at higher
frequencies corresponds to the charge transfer resistance.
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relaxation times (DRT) analysis, which transforms the frequency-
dependent impedance spectrum into the time domain so that
the polarization contributions appear as distinct peaks, allows
for the extraction of R, via Gaussian peak fitting [7]. The
exchange current density is directly related to the charge transfer
resistance via the Butler-Volmer equation, which simplifies to
Equation (1):

Jo=RT/nFRy ey

for small overpotentials, where R is the ideal gas constant, T'is the
temperature in Kelvin, n is the number of electrons transferred,
and F is the Faraday constant.

The results for j, obtained using these methods are shown in
Figure 2. As evident from Figure 2a (40 °C) and Figure 2b (80 °C),
the values derived from Nyquist plot fitting and DRT analysis
are in very good agreement and consistent with previous
findings [7]. Therefore, in the remainder of this manuscript,
we present the j, values obtained from Nyquist plot fitting.
These j, values are also compiled in Table 1.

In general, the determined j, values fall within the expected
range for PEO-based electrolytes at elevated temperatures. For
instance, j, of PEO + LiTFSI at 40 °C aligns well with what
has been reported in the literature [7, 8]. A comparison of the
scales in Figure 2a,b clearly illustrates a temperature dependence
of the exchange current density: j, increases by approximately
one order of magnitude from 40 °C to 80 °C for all polymer

compositions. This trend is consistent with the thermally
activated nature of the interfacial kinetics, described by the
Arrhenius equation:

Jo ~ e ©)

where E, is the activation energy for the charge transfer process.
With only two data points per material (at 40 °C and 80 °C), and
considering that PEO melts at around 65 °C (which affects the
slope of the Arrhenius plot) [9], the activation energies can only
be roughly estimated. “E,(R.)” and “E,(Rsg1)” range from 46 to
60kJ mol™!, corresponding to 0.48-0.66eV. On average, j,
increased by a factor of 13 £ 7 from 40 °C to 80 °C. To contextu-
alize these results, we compare them with values reported in the
literature. Egashira et al. [10] reported charge transfer activation
energies between 25kJ mol™* (at 60 °C-70 °C) and 69 kJ mol™
(at 35 °C-60 °C) for PEO with LiBF,, agreeing well with our find-
ings. Isaac et al. [11] found the activation energy for charge trans-
fer at Li|PEO + LiTFSI interfaces to be 0.72 + 0.03 eV between 70 °C
and 100 °C, slightly higher than our estimate. We also compared
the increase in j, from 40 °C to 80 °C in previous studies.
These values -16 for PEO + LiCF3SO; [12], 14.5 with PEO + Lil
[12], and 6 for PEO + LiBF, [10] — are consistent with our obser-
vation (13 £ 7).

We further show that temperature has the most significant
impact, although also the polymer composition (such as modify-
ing the matrix from PEO to PS-PEO, the salt, and the addition of a
plasticizer) influences jo. This becomes evident by plotting the
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FIGURE 2 | Comparison of the exchange current densities j, determined by EIS for different PEO-based polymer electrolyte compositions in Li||Li
cells. The EIS data measured at (a) 40 °C and (b) 80 °C were analyzed by Nyquist plot fitting (dark color) and DRT analysis (bright color) to extract j,. The
Jo values were multiplied by two to represent per-interface values. The polymer electrolytes contained four different salts (monochrome), an ionic liquid
as plasticizer (striped), TEGDME as plasticizer (spotted), and/or a different polymer matrix (checkered).
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TABLE 1 | Exchange current densities j, determined by Nyquist plot fitting of EIS data for different PEO-based polymer electrolyte compositions in Li || Li cells.

PS-
PEO +

PEO + PEO + PEO + PEO +
Pyr,,TFSI+ Pyr,,FTFSI +
LiTFSI

PEO +

PEO +
TEGDME+ TEGDME+ TEGDME+ TEGDME +

PEO + PEO + PEO +
LiClO,

LiFTFSI

PEO +
LiTFSI

LiFTFSI LiCl0, LiFSI LiTFSI LiFTFSI

LiTFSI

LiFSI

jo» 40 °C/mA cm ™2

0.98 +0.08
14.09 = 0.63

0.92 +=0.01 1.64 +0.06 0.30 =0.05 1.06 +0.03
27.22 +6.58 3.54 £0.18 9.83 +£0.27

16.60 +10.25

1.24 £0.04
15.25 +2.06

0.66 £0.15 0.42 £0.04

0.72 £0.01 0.74 £0.02

3.10 +£0.03

jo» 80 °C/mA cm™> 9.44 £0.04 7.40£0.01 10.69 £0.78 7.21 £1.37

Note: The EIS data were measured at 40 °C and 80 °C. The j, values were multiplied by two to represent per-interface values.

exchange current densities grouped by the comprised lithium
salt, as shown in Figure 3. Generally, the exchange current
density increases with the addition of an ionic liquid
(Pyr14TFSI or Pyr 4,FTFSI) and further increases with the incor-
poration of TEGDME as an alternative plasticizer (except for
LiFSI, for which it decreases slightly when adding TEGDME).
This trend is especially evident in the inset of Figure 3a
PEO + LiTFSI at 40 °C and in Figure 3c (PEO + LiClO, at both
40 °C and 80 °C), which can be attributed to altered lithium sol-
vation environments associated with the plasticization of poly-
mer electrolytes. First, the presence of liquid components
enhances the ionic conductivity and mobility due to: (i) increased
amorphicity [13], which is essential since ion transport in PEO-
based electrolytes predominantly occurs in the amorphous phase
(ii) increased “free volume” available for the charge transport
which facilitates ion hopping between coordination sites since
the space facilitates polymer chain movement [14], and therefore
(iif) improved dynamics of the polymer chain segments [15], all
promoting more efficient lithium-ion transfer to the reaction
interface. In addition, liquid plasticizers can increase interfacial
wetting and contact [16], to provide higher dielectric environ-
ments [17], and beneficially modify the solvation environment
of lithium ions [18], which can reduce the energy barrier for
the lithium-ion transfer and facilitate the charge transfer step.

Contrary to the effect of introducing a plasticizer, the modifica-
tion of the polymer matrix from PEO to PS-PEO led to a lower
exchange current density (Figure 2b). This may be explained by
the more rigid nature of the PS-PEO block copolymer [19],
resulting in hampered chain reorganization during the charge
transfer step, thus causing a higher charge transfer resistance
and, hence, a lower jj.

In addition to the plasticizer and the polymer matrix, the nature
of the conducting salt also has a non-negligible influence on jj,
which has been observed previously for liquid electrolytes as
well [4]. For example, we found similar exchange current den-
sities for electrolytes with LiTFSI and LiFTFSI, which are higher
than those obtained for LiClO,, but lower than those found for
LiFSI. Different anions in the salt can alter salt association ener-
getics [20], and ion-pair formation tendencies [21], which can
modify lithium-ion coordination structures and influence desol-
vation and charge transfer kinetics [18, 20, 22, 23]. While salts
have been reported to influence the composition of the SEI and
the apparent jo,, we decouple these effects in this work,
considering j, independently of the SEI resistance.

We further compare the j, values of polymer electrolytes in this
study with previous work, where the scope is limited due to the
scarcity of reported j, or R, values. The j, value for PEO + LiTFSI
at 40°C (0.72+0.01mAcm™>?) aligns well with previously
reported results (0.75+0.05mA [7], 0.7£0.1mA cm™2 [8]). In
addition, Wetjen et al. [24] reported j, values of 0.06 mA cm™
at 40 °C and 0.25 mA cm ™2 at 80 °C for PEO-containing Pyr;,TFSI,
which are lower than our findings. However, their measurements
did not account for the SEI resistance, unlike this work, which
might be responsible for lower j, values. Moreover, Appetecchi
et al. [25] reported a charge transfer resistance corresponding to
an exchange current density of j,=0.41 mA cm™> for a polymeric
ionic liquid with Pyr;4TFSI and LiTFSI at 40°C after 30 days
of rest, which, considering the different polymer matrix, is in
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FIGURE 3 | Exchange current densities j, determined by EIS for different PEO-based polymer electrolyte compositions in Li||Li cells at 40 °C (blue)
and 80 °C (red). Panels (a-d) show the j, results from Nyquist plot fitting (see Figure 1) grouped by the containing conducting salt, being (a) LiTFSI, (b)

LiFTFS]I, (c) LiClO,, and (d) LiFSI.

reasonable agreement with our finding of ~07mA cm™2
Lastly, Munichandraiah et al. [26] provided R, values for
PEO + LiClO, from EIS measurements, which can be translated
to jo=0.24 mA cm 2 at 80 °C. While this value is smaller than
ours (0.72 +0.01 mA cm™2), a twofold increase in j, when plasti-
cizing the PEO + LiClO, electrolyte with propylene carbonate
agrees well with our observations when plasticizing with
TEGDME (Figure 3).

Overall, these results demonstrate that the exchange current
density at the lithium|polymer interface is strongly governed
by the electrolyte composition — particularly the polymer matrix,
plasticization, and salt chemistry - and that the consistently
determined j, values are in good agreement with literature
reports when differences in methodology and SEI contributions
are accounted for. Having established a coherent and comparable
dataset of interfacial charge-transfer kinetics for these polymer
electrolytes, we now turn to examining how the magnitude of j,
relates to the reversibility of lithium plating and stripping, as
quantified by the CE.

2.2 | Correlation of the Exchange Current Density
With the CE

Having consistently determined the exchange current densities
for a set of different polymer electrolytes, the question of how j,

relates to the lithium plating/stripping reversibility is addressed
next. To assess the influence of j, on the plating/stripping
behavior, the average CEs were determined over ten cycles
(following a formation cycle) in Cu||Li cells using the method
described by Adams et al. [27]. Figure 4 shows the relationship
between j, and the average CE at 40 °C (Figure 4a) and at 80 °C
(Figure 4b). Although the determination of the CE could not be
performed at 40 °C for some materials (namely, PEO + LiCIO,,
PEO + LiFSI, and PS-PEO+LiTFSI) due to experimental limita-
tions (e.g., poor ionic conductivity at such a temperature)
[28-30], the remaining data points reveal a general trend of
an increasing CE with a decreasing j,. For the data at 40 °C
in Figure 4a, this is graphically illustrated by the ellipse and
statistically evident from the negative Pearson correlation coef-
ficient (PPC) of —0.68. While a PPC of 0 would indicate no lin-
ear correlation between the variables, a value of —1 or 1 would
indicate a perfect linear relationship, with all data points lying
on a straight line with a negative or positive slope, respectively.
Although the trend is less pronounced at 80 °C (Figure 4b), also
because of a generally lower CE, a subtle correlation between
higher CE and lower j, with a PPC of —0.22 is still observed.
Hence, also at 80 °C, a higher CE coincides with lower j, values.
Nonetheless, at such elevated temperatures the electrolyte
decomposition kinetics get faster as well, potentially impacting
the CE too - not least owing to an increased polymer flowability
above the melting temperature (which lies between the two
measurement temperatures) [31]. The easier transport of
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FIGURE 4 | Correlation of exchange current density j, with CE. The j, values obtained at (a) 40 °C and (b) 80 °C for a set of PEO-based polymer
electrolytes with different composition (see Figures 2 and 3) are plotted versus the respective average CEs determined in Cul||Li cells. The PCC for these

data points is —0.68 at 40 °C and —0.22 at 80 °C.

reactive species to the lithium|electrolyte interface further
facilitates parasitic side reactions, reducing the CE [32].
Another factor potentially impacting the CE is the reduction
in mechanical strength due to thermal softening [33, 34],
which is particularly pronounced for the initially robust
nonplasticized polymer electrolytes such as PEO + LiTFSI
and PEO + LiFTFSI (because plasticized electrolytes already
show much lower mechanical moduli at low temperature,
see Figure Sla) [35]. The dry materials, in fact, experience a
relatively greater decrease in CE from 40 °C to 80 °C. As shown
by Monroe and Newman [36] and our recent work [35],
mechanically stiff solid polymer electrolytes promote a more
compact lithium deposition, which mitigates lithium losses
associated with electrically isolated “dead” lithium during strip-
ping and increases the CE. This hypothesis may be supported by
the observation of PS-PEO + LiTFSI, which exhibits a higher
CE than the other materials (Figure 4b). While it shows the low-
est jo, consistent with the general trend we observed (i.e.,
smaller j, corresponds to higher CE), its elevated CE may also
be partially attributed to the increased mechanical stiffness of
the block-copolymer matrix (compare Figure S1b) [37].
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To facilitate the comparison with the previously reported analysis
with liquid electrolytes by Hobold et al. [4], Figure 5 presents the
data from Figure 4 plotted as CE versus j/j, (instead of j,) on a
logarithmic x-axis. Hobold et al. [4] reported that the CE initially
increases with increasing j/jo, reaches a maximum at around 10
J/jo, and subsequently decreases. In the present study, the acces-
sible range is limited to j/jo < 1, as a further uniform increase in
current density j was experimentally not feasible due to the lim-
ited conductivity of some materials, particularly at 40 °C [28, 29].
As shown in Figure 5, within this accessible regime, a similar
trend is observed, as the CE tends to increase with increasing
J/jo, (i-e., decreasing j,). Hobold et al. [4] proposed that a lower
Jjo can lead to a more uniform current distribution for plating,
resulting in a higher CE. Nonetheless, the studies used for their
analysis did not account for the SEI when determining j, by lin-
ear fitting of the Tafel plots [3, 38]. Consequently, their reported
Jo values may be generally lower due to the contribution of the
SEI resistance (Rsgy), leaving space for an alternative interpreta-
tion: a low apparent j, may reflect a passivating, homogeneous,
and resistive SEI that suppresses further electrolyte decomposi-
tion, thus contributing to higher CEs. To test this hypothesis, we
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FIGURES5 | Correlation of the CE with j/jo, where j is the current density applied during the CE determination and j, the exchange current density.
Data are presented for a set of PEO-based polymer electrolytes with different compositions at (a) 40 °C and (b) 80 °C.
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first extracted the Rgg; values from the EIS and DRT data (similar
to the R, determination), as displayed in Figure 6. Similar to the
Jo data in Figure 2, good agreement between Nyquist plot fitting
and DRT analysis was obtained. Using these values, we examined
the relationship between Rgg; and CE, as shown in Figure 7. As
highlighted by the ellipses and evident from the PPC # 0 (0.18 at
40 °C and 0.35 at 80 °C), a higher Rgg; does indeed appear to
correlate with a larger CE at both temperatures. This correlation
between Rggr and CE is indicative of the formation of a passivat-
ing, homogeneous, and resistive SEI.

Thus, we find a discernible correlation between both R, (~1/jo)
and Rggr with CE, revealing the trend that higher interfacial
resistances (both R and Rgg) relate to higher CEs across
the studied polymer electrolytes. Since the magnitude of R
and Rgg; correlates linearly, as evident from Figure 8, their indi-
vidual influence on CE remains difficult to isolate. Nonetheless,
the data suggest that both resistances are connected to revers-
ibility, even though potentially in ways that depend on
additional factors.

Several parameters could contribute to the imperfect correlation.
Studies on liquid electrolytes suggest that at lower CE values,
dead lithium formation dominates, while at higher CEs, SEI
transport and lithium-ion charge transfer properties become
key differentiators [4]. If similar mechanisms apply to poly-
mer-based electrolytes, the influence of j, may become more
pronounced in materials that already achieve very high CE.
Additionally, differences in mechanical properties — such as stiff-
ness and modulus — were not included in this analysis, but are
known to affect the lithium morphology and, thus, also the
CE [35, 36].

Despite these complexities, the observed trends are consistent
with established mechanistic models: a lower j, leads to a higher
critical nucleus size and supports a more uniform current distri-
bution at the lithium interface [3, 4]. Both effects are conducive
to denser, more uniform lithium growth and improved cycling
stability [3, 39]. Additionally, a homogeneous and passivating
SEI further contributes to smooth lithium plating and stripping,
while limiting the progression of parasitic side reactions with the
electrolyte [39]. Thus, while fast charge-transfer kinetics are
generally considered favorable to achieve high rate capability,
this study highlights that in polymer-based systems, slower inter-
facial kinetics - associated with higher interfacial resistances -
can be beneficial for promoting more favorable lithium deposi-
tion and higher reversibility.

It should be noted, however, that this observation does not imply
that j, should be minimized unconditionally. In PEO-based solid
polymer electrolytes, the accessible current density is primarily
constrained by the limiting current density, which is governed
by ionic conductivity, transference number, and electrolyte thick-
ness, rather than by j, alone [40, 41]. Within the operating
window typical of practical polymer-based LMBs (C/10-C/3)
[42], moderately slow charge-transfer kinetics can act as a stabi-
lizing factor by suppressing local current inhomogeneities and
promoting more uniform nucleation and growth of lithium
[3, 43], while not necessarily constituting the dominant rate-
limiting step for power delivery under these conditions
[40, 44]. The practical design challenge is therefore to co-opti-
mize j, and the properties of the SEI such that the lithium depo-
sition remains uniform and kinetically moderated at the target
current density [43], while ensuring that the overall interfacial
resistance does not excessively compromise rate capability [41].
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3 | Conclusions

In this study, we systematically determined the exchange cur-
rent densities for a broad set of PEO-based polymer electrolytes
at the lithium|electrolyte interface using a validated and consis-
tent methodology. By applying this uniform approach to elec-
trolytes that differ in their polymer architecture, conducting
salt, and plasticization, influencing factors and general trends
have been identified. While the temperature exerted a strong
influence on the interfacial kinetics, as expected, increasing
Jjo by roughly an order of magnitude from 40 °C to 80 °C, the
polymer matrix, conducting salt, and liquid content introduced
additional variations. In particular, the addition of plasticizers
led to increased j, values by enhancing mobility and wetting
and/or altering the solvation environment, and salt-dependent
trends reflected known coordination and desolvation chemistry.
These results align very well with mechanistic expectations but
also help to bridge the existing gap in the literature by providing
a coherent and directly comparable dataset of j, values for
diverse polymer electrolytes.

Building on these findings, we examined how the interfacial
charge-transfer kinetics relate to the lithium plating/stripping
reversibility by correlating both the charge-transfer resistance
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Correlation between the charge transfer resistance R.; and the SEI resistance Rsg;. Resistances were obtained from Nyquist plot fitting of

(Rt~ 1/jo) and SEI resistance with the CEs measured after
SEI formation. Across the range of compositions studied, we
found that smaller j, values and larger Rsg; consistently coincide
with a tendentially higher CE. This indicates that moderated
interfacial kinetics — together with a sufficiently resistive, i.e.,
passivating and homogeneous interphase — can promote higher
plating/stripping efficiencies in polymer electrolytes.

Overall, the results obtained in this study provide a coherent
dataset of interfacial charge transfer kinetics for different polymer
electrolytes, and shed light on their relation to the CE, highlighting
the importance of deliberate electrolyte and interphase design to
achieve a highly reversible lithium stripping and plating in poly-
mer-based LMBs.

4 | Methods

The experimental procedures for the polymer electrolyte fabrica-
tion (Section 4.2), cell assembly (Section 4.3), and determination
of the exchange current density j, by EIS and corresponding data
analysis (Section 4.4) largely follow our previously reported
protocol [7], with minor modifications as detailed below.
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4.1 | Ionic Liquid Preparation

Pyrrolidinium-based ionic liquids were synthesized according to
the procedure reported by Montanino et al. [45]. The purified
ionic liquids, Pyr;4,TFSI and Pyr,4,FTFSI, were pre-dried under
vacuum at 10> mbar (in the dry room), and then dried using
a turbo molecular pump at 10~ mbar and 20 °C for 2h, then
at 50 °C for 6 h and, finally, at 80 °C for 12 h. The ionic liquid
electrolyte mixtures [Pyr;,TFSLLiTFSI] and [Pyr;,FTFSIL:
LiFTFSI| were prepared in molar ratios of 8:2, and then dried
again at 1077 mbar and 80 °C for 12 h [46].

4.2 | Polymer Electrolyte Fabrication

Following Ref [7]., polymer electrolytes were prepared in a dry
room (dew point~ —70 °C, corresponding to <2 ppm H,0) by
mixing polyethylene oxide (PEO, My =4 Mio. g mol™", Sigma-
Aldrich; dried at 50 °C for 48 h) with the respective conducting
salt and benzophenone (>99% purity, Merck), which served as
UV cross-linking initiator. The mixing ratio of ethylene oxide:
salt:benzophenone was 100:10:1 (by moles). The salts used are
LiTFSI (3M), LiFSI (Provisco CS), LiFTFSI (Provisco CS), and
LiClO, (Sigma-Aldrich), each dried under vacuum prior to use
for at least 24 h: LiTFSI at 120 °C, LiFTFSI at 80 °C, LiFSI at
80 °C, and LiClO, at 120 °C. For the plasticized polymer electro-
Iytes containing TEGDME (Sigma-Aldrich), half of the PEO mass
was substituted with TEGDME. For the plasticized polymer elec-
trolytes incorporating ionic liquids as plasticizers, one of the ionic
liquids, [Pyr;4,TFSLLIiTFSI] or [Pyr;,FTFSL:LiFTFSI], was added to
PEO and benzophenone to yield a mixture with ethylene oxide:
ionic liquid:salt:benzophenone molar ratio of 100:40:10:1. The pre-
cursors were mixed manually with a spatula in the specified ratios,
sealed in pouch bags, and annealed at 65 °C for at least 24 h. The
resulting materials were then hot-pressed up to 100 bar using a
Polystat 200 T from Servitec with a thickness template to obtain
membranes approximately 100 pm thick. Subsequently, the mem-
branes were crosslinked twice for 6 min by exposing them to UV light
in a UVACUBE 100 from Honle UV Technology from both sides.

Polystyrene-b-poly(ethylene oxide) block copolymers (PS-PEO)
were synthesized using anionic polymerization, as described in
the literature [19]. The molecular weights of the PEO and PS blocks
were 222 and 200 kg mol ™, respectively. The PS-PEO was trans-
ferred to an argon-filled glovebox (MBraun), where the H,O
and O, levels were both maintained to be less than 0.1 ppm,
and dried at 120 °C to remove any residual moisture. PS-PEO and
LiTFSI were mixed in N-methyl-2-pyrrolidone and stirred at 100 °C
until the lithium salt was fully dissolved. The mixing ratio of eth-
ylene oxide and the lithium salt was 11.76:1 (by moles). The solu-
tion was poured onto a nickel foil on a casting plate and heated at
60 °C for 24h. The semi-transparent film was peeled from the
nickel foil and further dried at 120 °C in the glovebox antechamber
under vacuum for 48 h. The films were placed in pouch material
and sealed under vacuum prior to shipping to HIU.

4.3 | Cell Fabrication

For the determination of the exchange current density (jo), sym-
metric Li||Li pouch cells were assembled with the polymer-based

electrolyte membranes acting simultaneously as separator and
electrolyte. For determining the CE, Cul||Li cells were employed.
Lithium metal was purchased from Honjo Metal Co., and the elec-
trodes had an area of approximately 1-2 cm? All cells were assem-
bled in a dry room (dew point = —70 °C = <2 ppm H,0). Squared
polymer electrolyte membranes were cut and sandwiched between
the overlapping lithium and copper or lithium electrodes
connected to nickel tabs, which extended outside the pouch cell
housing. The cells were vacuum-sealed and laminated using a
GBC Fusion 1000L laminator prior to electrochemical testing.

4.4 | Electrochemical Testing and Data Analysis

To determine j, with the different polymer electrolytes, EIS was
conducted on Li||Li cells at 40 °C and 80 °C. After equilibration at
open-circuit voltage for 24 h, alternating voltages with an ampli-
tude of 10 mV were applied over a frequency range from 1 MHz
to 100 mHz to record the impedance response using a Solartron
SI 1287 or a BioLogic VMP-3e.

To extract the charge transfer and the SEI resistances from the
EIS data, the resulting Nyquist plots were fitted using the
RelaxIS3 software from rhd instruments with an appropriate
equivalent circuit model, as described in the literature [7]. For
the plasticized electrolytes, an additional (R)(CPE) element
was included to account for a minor feature observed at mid-
to-low frequencies between the response from the (Rsg)(CPE)
element and the low-frequency Warburg tail — possibly attribut-
able to a charge layer. The DRT analysis was also performed
using RelaxIS3 in the frequency range from 5Hz to 1 MHz.
The regularization parameter A was set between 0.0001 and
0.01, guided by the approach described in Ref [47]. A was gradu-
ally reduced until the sum of the squared residuals between the
experimental data and the spectrum reconstructed from the DRT
stabilized, ensuring an optimal trade-off between fitting accuracy
and regularization. Peaks in the DRT spectra were fitted with
Gaussian functions to quantify their area, corresponding to
the respective resistance contributions.

For determining the CE with the different polymer electrolytes,
Cul[Li cells were used, following the procedure described by
Adams et al. [27]. After a 24 h rest period under open-circuit con-
ditions, a certain amount of lithium (Qconditioning = 1.3 mAh cm™?)
was plated and stripped (cut-off: 0.1 V) for SEI formation purposes.
To determine the average CE during plating and stripping, next,
a lithium reservoir of Qieservoir=04mAh cm ™ was plated,
followed by ten stripping/plating cycles at lower capacity (Qcycie =
30 pAh cm™3). A final stripping step up to 0.5V depletes the lith-
ium reservoir completely (Qremaining < 0.4 mAh cm™2). All steps
were performed at a current density of 0.02 mA cm™. The average
CE can be calculated according to Equation (3):

10 = Qcycle + Qremaining

CE=
10 = Qcycle + Qreservoir

3
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