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At present, the only commercial lithium-metal battery (LMB) technology is based on polyethylene oxide (PEO) based electrolytes.
However, its limited ionic conductivity at ambient temperatures requires the operation (discharge and charge) at elevated tempera-
tures of around 60 ◦C–80 ◦C, i.e., close to and above the melting point of PEO. Herein, we investigate the impact of incorporating
varying amounts of tetraethylene glycol dimethyl ether serving as chemically identical plasticizer to enhance the ionic conductivity
also at lower temperatures. A comprehensive comparison of the physicochemical, electrochemical, and mechanical properties is
conducted via complementary experimental and theoretical studies, with a particular focus on the impact on the morphology of the
deposited lithium using ex situ X-ray tomography. The results reveal that the mechanical properties play a key role for achieving
a homogeneous and smooth lithium deposition. These insights are anticipated to contribute to further optimized polymer-based
electrolytes for next-generation LMBs.
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High-energy density batteries—in particular lithium-ion batter-
ies (LIBs)—are ubiquitous in our modern life, facilitating energy
storage in mobile devices like mobile phones and electric vehicles.1

Lithium metal batteries (LMBs) promise to be the next generation
of high-energy-density batteries, offering theoretical energy densi-
ties several times higher—and practical energy densities 70%–80%
greater—than those of current LIBs.2–4 However, during charging,
nonuniform lithium metal plating often leads to the formation of
dendritic structures, posing a significant safety risk.5

One promising strategy to improve the safety of LMBs is to
replace the conventional flammable organic liquid electrolyte with
solid polymer electrolytes.6 Among these, polyethylene oxide (PEO)
is the most extensively studied, largely due to its good interfacial
contact and high electrochemical stability.7 However, PEO exhibits
much lower ionic conductivity at room temperature compared to liq-
uid electrolytes. For example, the ionic conductivity of PEO with
lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) at an ethylene
oxide-to-lithium salt molar ratio of 10:1 is approximately 0.02 mS
cm−1 at 20 ◦C,8 whereas for a typical liquid electrolyte containing
EC:EMC (3:7 wt/wt) with 1 mol kg−1 LiPF6, it is as high as 8 mS
cm−1.9

One strategy to approach this limitation is the incorporation of
a liquid plasticizer into crosslinked polymer networks, also com-
monly referred to as gel polymer electrolytes.10 The idea behind
this approach is to unite the advantages of liquid and solid elec-
trolytes, i.e., high ionic conductivity and high mechanical stability,
respectively.11 A suitable plasticizing agent for crosslinked PEO
is tetraethylene glycol dimethyl ether (or tetraglyme, TEGDME)
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because it exhibits a comparable electrochemical stability window
and a high thermal stability up to 200 ◦C.12,13 According to the
literature, plasticizing PEO with TEGDME remarkably alters its
physicochemical properties. For example, according to Yang et al.7

and Lehmann et al.,13 plasticizing PEO with TEGDME promotes the
segmental motion of the PEO chains and reduces the glass transition
temperature, thus facilitating ion transport. Moreover, the solvation
of lithium ions by TEGDME reduces the interaction between the
lithium salt and the polymer chains, and offers a fast, alternative ion
transport pathway through TEGDME.7,13

This positive impact on ionic mobility upon liquid addition, how-
ever, is typically accompanied by a significant reduction in mechan-
ical stiffness.14 Although crosslinking can increase the dimensional
stability and mechanical modulus of plasticized polymer electrolytes,
higher mechanical stiffness often comes at the cost of reduced ionic
conductivity.10,13 This trade-off is particularly relevant in the con-
text of dendrite suppression. Some studies on lithium dendrite growth
suggest that improved ionic conductivity and diffusivity—achievable
through plasticization—can promote more uniform lithium deposi-
tion and reduce dendrite formation by homogenizing the lithium-
ion flux, thereby minimizing local current density hotspots.15–17

Conversely, according to the theoretical work by Monroe and
Newman18 based on linear elasticity theory, suppressing dendritic
lithium growth requires solid electrolytes with high shear modu-
lus values—in the megapascal range for materials with a Poisson’s
ratio similar to PEO. While this theory has reached its limits for
inorganic solid electrolytes like LLZO, where, despite the high mod-
ulus of the bulk material, dendrites grow along grain boundaries,19,20

its validity for polymer-based electrolytes remains ambiguous. For
instance, Khurana et al.17 have presented a crosslinked polymer
electrolyte with a modulus of only G̀≈105 Pa and remarkable den-
drite growth resistance, suggesting that a high modulus polymer
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electrolyte is not a strict requirement for the control of dendrite
proliferation. However, Röring et al.21 reported that the mechan-
ical properties play an essential role for the homogeneity of the
lithium deposition and the suppression of dendritic lithium growth.
Consequently, the net effect of, e.g., adding a plasticizer on a poten-
tial lithium dendrite growth remains an open question. In fact, also
the solid electrolyte interphase (SEI) may influence lithium nucle-
ation and growth through its ionic transport properties, mechanical
integrity, chemical composition, and spatial homogeneity.22,23

In this study, we elucidate how the plasticizer content in
crosslinked PEO-based polymer electrolytes and the resulting
changes of the mechanical properties affect the lithium plating
morphology and dendrite formation. To this end, we perform a
comprehensive electrochemical and mechanical characterization of
three polymer-based electrolytes with varying TEGDME content.
Lithium plating behavior is analyzed by electrochemical impedance
spectroscopy (EIS), tomography, and computational modeling. This
combined approach enables the identification of the dominant factors
influencing the morphology of plated lithium in plasticized polymer
electrolytes.

Methods

Polymer electrolyte fabrication.—Polymer membranes were pre-
pared via a solvent-free method previously reported in the literature
(e.g., Refs.24, 25) Polymer electrolytes consisting of polyethy-
lene oxide (PEO, Mw = 4000 000 g mol−1), tetraethylene gly-
col dimethyl ether (TEGDME), lithium bis(trifluoromethane sul-
fonyl)imide (LiTFSI), and benzophenone were prepared at HIU in
three different PEO:TEGDME ratios, being 90:10 wt.%, 70:30 wt.%,
and 50:50 wt.%. LiTFSI, the conducting salt, and benzophenone,
serving as crosslinking initiator, were added to yield an ethylene
oxide-LiTFSI-benzophenone molar ratio of 100:10:1. Before mix-
ing, all solid materials were dried under vacuum at 10−3 bar: PEO
at 50 ◦C for 48 h, LiTFSI at 120 ◦C for 24 h, and benzophenone
at room temperature for 24 h. The dried materials were only han-
dled in a dry room (dew point ≈−70 ◦C ≡ <2 ppm H2O). The
materials were mixed until a cohesive, rubbery mass was obtained,
vacuum-sealed in a pouch bag, and annealed at 90 ◦C (in a Binder
E 28 oven) overnight. The next day, the materials were hot-pressed
(Polystat 200 T, Servitec) at 100 ◦C in a multistep process start-
ing at ca. 7 bar for one minute, followed by 3 min at 10 bar in the
50:50 case, 14 bar in the 70:30 case, and 18 bar in the 90:10 case,
yielding membranes with a thickness of ca. 100 µm. Subsequently,
the membranes were exposed to UV light (UVACUBE 100, hönle uv
technology) from both sides for 4 min each to initiate cross-linking.
These membranes were also shipped to UCB.

Mechanical testing.—For the mechanical analysis of the poly-
mer membranes, tensile strength measurements were performed at
the material testing machine ZwickiLine (ZwickRoell) according to
the ISO 527 series of standards to determine the elastic moduli.
Standardized polymer pieces (dog bone shape type 1B with a gauge
length of 50 mm) were punched out in a dry room (dew point ≈−70
◦C ≡ <2 ppm H2O), using a bent lever-cutting press (ZCP020,
ZwickRoell). The tensile strength measurements were performed at
room temperature under an inert atmosphere (in a glove bag flushed
several times with argon). The polymer films were stretched at 5 mm
min−1 until a pre-load of 0.1 MPa was reached, held for ten seconds,
and then stretched continuously. Between 0.25% and 25% strain, the
polymer membranes were elongated at 1 mm min−1 and afterwards
at 200 mm−1 until either the material tore or the soft end of the
machine was reached. The elastic or Young’s modulus was deter-
mined between 0.25% and 20% strain and was averaged over at
least three measurements for each material.

Cell fabrication.—At HIU, pouch cells were built under dry room
conditions (dew point ≈−70 ◦C ≡ <2 ppm H2O). Cells were typ-
ically assembled in a Li||Li geometry with an active cell area of

1.131 cm2, as described in the following. A polymer electrolyte piece
(thickness: ∼100–120 µm; diameter: 16 mm) was placed between a
lithium stripe (Honjo Metal Co., thickness: 300 µm; width: 20 mm)
and a punched lithium disk (diameter: 12 mm). The lithium stripe
and disk were attached to the nickel current collector stripes within
the pouch cell housing. For the conductivity measurements, a block-
ing stainless steel||stainless steel pouch cell with an active area of
4 cm2 was used instead. For this, a square-shaped polymer electrolyte
piece was placed between two stainless steel stripes with a width of
20 mm each. After cell assembly, the pouch cells were sealed under
vacuum (Audionvac VMS 163).

At UCB, Li||Li pouch cells were assembled in an argon-filled
glovebox. For measuring electrochemical properties (i.e., conductiv-
ity, diffusion coefficient, transference number), two 6.35 mm lithium
electrodes were punched out from a lithium metal foil (MSE sup-
plies). An electrolyte disc (diameter: 8 mm) was punched out from
the given electrolyte samples, prepared at HIU. The electrolyte was
layered between the lithium electrodes and mechanically pressed
to ensure good contact. The entire assembly was placed between
nickel tabs and sealed in pouch foil under vacuum. For the unidi-
rectional plating and tomography experiments, the diameter of the
lithium electrodes and electrolyte was 9.5 mm and 10.1 mm, respec-
tively. The assembly was placed between two stainless steel shims
for mechanical support and attached with aluminum tabs. The cell
was sealed in pouch foil under vacuum.

Electrochemical testing.—All electrochemical measurements
were conducted with a VMP-3e potentiostat system from Biologic.
The experiments were repeated three times and the results averaged.

Transference number.—Before any electrochemical properties
were measured, the cells were rested for at least 100 h (100 h
at UCB and 250 h at HIU) at open circuit potential at 40 ◦C.
Transference number measurements were carried out via the Bruce–
Vincent method in non-blocking Li||Li cells.26–28 In brief, a constant
potential of 10 mV was applied for ⩾5 h until a steady-state current,
iss, was achieved. EIS was used to measure the bulk and interfa-
cial impedance (Rb and Ri) before and after polarization. The initial
current, iΩ, is calculated using Ohm’s Law in Eq. 1:

iΩ =
∆V

Ri,0 + Rb,0
[1]

Rb,0 and Ri,0 represent the initial bulk and interfacial resistances,
respectively. The steady-state transference number, t+, was calcu-
lated using the following Eq. 2:

t+ =
iss
(
∆V− iΩRi,0

)
iΩ
(
∆V− issRi,ss

) . [2]

Diffusion coefficient.—Restricted diffusion coefficient measure-
ments were obtained by using the concentration polarization curves
from the transference number experiments. The cells were relaxed
for 12 h after the 10 mV polarization. This relaxation potential decay
was fitted to Eq. 3:

U
(
t
)
= k0 + ae−bt [3]

where k0, a, and b are fitted parameters. The salt diffusion coefficient
can then be found using Eq. 4. L represents the electrolyte thickness.

D =
L2b
π 2

. [4]

Fitting was conducted by incrementally increasing the lower bounds
of time until the nondimensional number α (Eq. 5) reached a value
greater than 0.05.29
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α =
Dt
L2

. [5]

Ionic conductivity.—To measure the ionic conductivity, block-
ing stainless steel||stainless steel pouch cells were used. These cells
were equilibrated in a Binder climatic chamber for at least 2 h prior
to the EIS measurements, which were conducted using a Solartron SI
1260 impedance analyzer. EIS measurements were performed start-
ing at 90 ◦C, decreasing in 10 K increments down to 10 ◦C, followed
by a return to 90 ◦C in the same stepwise manner. This temperature
cycling was carried out to identify and rule out potential hysteresis-
related anomalies. The frequency range for the EIS measurements
spanned from 1 MHz to 100 Hz. Conductivity values reported for
UCB were determined using the bulk resistance obtained from trans-
ference number measurements. The impedance spectra were fitted
using a classical equivalent circuit model for symmetrical blocking
cells, consisting of a constant phase element (CPE) in series with a
resistor (R), to extract the resistance values. The ionic conductivity
σ was then calculated using Eq. 6:

σ =
L
RA

. [6]

Limiting current density.—For determining the limiting current
of the polymer electrolyte samples, symmetric Li||Li pouch cells
were assembled and tested using linear sweep voltammetry using an
SI 1287 impedance analyzer from Solartron. The cells were tested at
40 ◦C in a climatic chamber. Before the sweep voltammetry test, the
cells were stored at 40 ◦C for 12 h to ensure thermal equilibration of
the cells. The sweep rate was set to 0.1 mV s−1. The limiting current
was approximated by the appearance of a plateau-like behavior of
the data curve resulting from plotting the current density versus the
swept potential.

Unidirectional plating experiment with EIS.—For the unidirec-
tional plating experiment at 40 ◦C, a current density of 50 µA cm−2

was applied for 250 h and the overpotential was recorded. Every
5 h, after 5 min rest, EIS was performed in the frequency range
from 1 MHz to 1 Hz with an excitation amplitude of 10 mV. At
UCB, the unidirectional plating experiment was conducted using the
tomography cell setup. The cell was then imaged using hard X-ray
microtomography without disassembling. The same experiment was
conducted at HIU under open circuit conditions (during storage) for
250 h.

The obtained EIS spectra were fitted between 0.2 MHz and 20 Hz
with the software RelaxIS3 (rhd instruments) using the following
equivalent circuit model R-(R)(CPE)-(R)(CPE) with the three R val-
ues being a resistor corresponding to the bulk resistance, the charge
transfer resistance, and the SEI resistance, respectively, and CPE
representing a constant phase element. The distribution of relaxation
times analysis (DRT) was also performed using RelaxIS3 with the
regularization parameter λ carefully chosen at 0.001 following the
description in Ref.30

X-ray tomography.—The cells were imaged at the Advanced
Light Source (ALS) beamline 8.3.2 using hard X-ray microtomog-
raphy. Monochromatic X-rays with an energy of 22 keV were
transmitted through the sample and converted to visible light using a
scintillator. The image was magnified using a 4× lens and converted
to a digital image using an optical microscope. The pixel size is
approximately 1.62 µm for a 4× lens. The sample was incrementally
rotated 180◦ to collect a total of 1313 projections. Cross-sectional
slices were reconstructed and then rendered using ImageJ. A subsec-
tion of the imaged cell with an area of 0.54 cm2 (0.74 × 0.74 cm)
was used to manually classify and count each dendritic feature.

Subsections measuring approximately 750 µm in all three spatial
dimensions were randomly selected from each of the three samples.
Each voxel was then assigned a lithium or polymer tag using the

Weka 3D Segmentation plug-in for ImageJ. Remaining dendrites,
holes, and other spatial outliers not indicative of the global behavior
of each interface were removed manually in Avizo. 3D renderings
of each sample were generated in Avizo as well.

Modeling.—In order to capture the dynamic growth of den-
dritic protrusions, charge, mass, and momentum balance relations are
solved within a computational domain with moving boundary capa-
bilities. The computational domain includes the polymer electrolyte,
the deposited lithium layer, and a small portion of the lithium-metal
electrode, which is demonstrated in Fig. S6a. The electrolyte is
denoted by blue, the lithium deposit layer is shown in magenta, and
the lithium-metal electrode is demonstrated by the red region.

During the plating of lithium, current and lithium-ion flow occurs
from the top of the electrolyte, while lithium is deposited at the
bottom after the electrochemical reduction process:

Li+ + e− → Li. [7]

Transport of lithium ions within the polymer electrolyte occurs
through both migration and diffusion, which is captured using the
concentration solution theory. Nonuniform deposition of lithium
at the bottom electrode leads to nonuniform displacement of the
electrode|electrolyte interface, which effectively leads to compres-
sive stress generation within both the electrode and the electrolyte
domains. Momentum balance relations capable of capturing large
deformations are solved to estimate the deformation and stress evo-
lution within the electrode and electrolyte regions under mechanical
equilibrium. The impact of mechanical stress on the electrochemical
deposition of lithium is modeled through a modified Butler–Volmer
expression (iBV, Eq. 8, compare Refs.18,31,32)

iBV = Fkrefc
0.5
e exp

(
∆µe−/2RT

)
·
[
exp
(
Fηs/2RT

)
− exp

(
−Fηs/2RT

)]
. [8]

Here, F is the Faraday constant, kref indicates the reaction rate con-
stant, ce denotes the electrolyte salt concentration, R indicates the
universal gas constant, T is temperature, ∆µe− is the stress-induced
electrochemical potential term, and ηs is the surface overpotential.
The surface overpotential is defined as, ηs = ϕ s − ϕ e − ULi +(
∆µe−/F

)
, where ϕ s is the potential in lithium electrode or deposit

layer adjacent to the electrolyte, ϕ e is the potential in the electrolyte
adjacent to the electrode, and ULi indicates the open circuit potential
for lithium deposition (in general, ULi ∼ 0.0 V). The stress induced
electrochemical potential is defined according to Refs.32,33 as:

∆µe− = V̄LipLi − V̄Li + pLi + [9]

where, V̄Li is the partial molar volume of lithium metal, V̄Li + is the
partial molar volume of lithium ions within the electrolyte, pLi and
pLi + are the pressure in the metal electrode and solid electrolyte due
to nonuniform deposition. Stress evolution within the lithium metal
electrode is assumed to follow elastic–plastic constitutive relations.
The deposit layer is assumed to be mechanically stiff, and the stresses
within the top of the lithium electrode is considered as the stress
within the lithium adjacent to the electrolyte. The detailed governing
equations, corresponding boundary conditions, constitutive relations,
and the list of parameters used in the model are provided within the
Tables S3 and S4.

In order to estimate the lithium deposition induced vertical defor-
mation

(
dLi
)
of the electrode|electrolyte interface, only the excess

current at and around the peak of the protrusion is taken into
consideration:

dLi = max
(
0.0,

(
abs
(
iBV
(
x
))

− abs
(
iBV
(
L
))))

·
(
V̄Li/F

)
[10]

where, iBV
(
x
)
is the Butler–Volmer reaction current along the x-

direction, and iBV
(
L
)
is the reaction current density at the very end of
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the domain
(
x = L

)
. Since reduction of the lithium ions occur at the

electrode, the sign of the Butler–Volmer reaction current is negative.
The “abs” function helps to convert the negative reaction current to
positive value. No backward movement of the electrolyte layer is
modeled here. The reaction current density at x = L is considered
to be close to the applied current. In order to satisfy balance of the
electrolyte salt before and after the deformation of the electrolyte
domain, an extra mass balance step is implemented:

Vn+1 · cn+1
e = Vn · cne [11]

where, n indicates the timestep, V is the volume of the electrolyte
domain, and ce denotes the salt concentration in the electrolyte
domain. This is implemented as a separate solve conducted after
each of the lithium deposition induced mechanical deformation of
the electrode and electrolyte domains.

Even though an updated Lagrangian (UL) framework is imple-
mented for capturing the geometric nonlinearity associated with
the large deformation of the electrode and electrolyte domains,
the elastic–plastic material nonlinearity of the lithium-metal elec-
trode is captured using a linear framework. The nonlinear strain-
displacement relations are given as:

εtotij =
1
2

(
∂ui
∂xj

+
∂uj
∂xi

+
∂uk
∂xi

∂uk
∂xj

)
[12]

where, εtotij indicates the total strain, ui is the displacement along the
ith direction, and xi is the coordinate for the ith direction. The PEO-
TEGDME solid electrolyte is assumed to deform only elastically,

where the elastic
(
εelij
)
and plastic

(
εplij

)
strains of the metal electrode

is considered additive.

εtotij = εelij + εplij . [13]

Plastic deformation of the lithium-metal electrode starts once the
stress exceeds the yield strength, and the magnitude of yield strength
is adopted from the existing literature measured on bulk materials
under tensile as well as compressive conditions.

Results and Discussion

Electrochemical and mechanical characterization.—Three
crosslinked plasticized polymer electrolyte samples with different
PEO:TEGDME weight ratios—90:10, 70:30, and 50:50—all con-
taining LiTFSI as conducting salt, were investigated in this study.
This work consists of several cross-validated experiments conducted
at the Helmholtz Institute Ulm (HIU) and University of California
Berkeley (UCB). Figure 1a shows the ionic conductivity (σ) mea-
sured over a temperature range from 10 ◦C to 90 ◦C in 10 ◦C
increments at HIU.

For all three materials, the conductivity increases with an increas-
ing temperature. The 90:10 sample exhibits the most pronounced
increase from 10 ◦C to 40 ◦C, which corresponds to crystalline
phases becoming amorphous.34 This sharp increase in conductivity
at lower temperatures observed in the 90:10 sample is not present
in the 70:30 and 50:50 materials, which contain higher amounts of
TEGDME. This is likely due to the ability of TEGDME to infil-
trate the PEO matrix, facilitate the separation of PEO chains, alter
the solvation environment of the salt ions, and modify the overall
matrix structure, thereby reducing crystallinity.13 When comparing
the ionic conductivity values between the different electrolyte com-
positions (90:10 in blue, 70:30 in purple, and 50:50 in red), it is
apparent that an increased TEGDME content results in higher con-
ductivities across the whole temperature range. To verify this result,
the ionic conductivity was also determined independently at UCB at
40 ◦C, which largely confirmed the conductivity values from HIU
(compare Fig. 1a). Increasing the TEGDME content from 10 wt.%

to 50 wt.% (relative to PEO) effectively increases the conductivity
by approximately a factor of five. Hence, the results from both lab-
oratories confirm a consistent trend of rising σ with an increasing
TEGDME content. (UCB measured σ(90:10) = 0.13 < σ(70:30)
= 0.30 < σ(50:50) = 0.79; HIU measured σ(90:10) = 0.17 <
σ(70:30) = 0.44 < σ(50:50) = 0.80 mS cm−1). This trend of
increasing plasticizer amount contributing to an increased σ is well
established in the literature.13,35 The ionic conductivity values also
align with those reported in the literature for systems with similar
composition.35–37

Figure 1b shows the diffusion coefficient D independently deter-
mined at UCB and HIU. According to the literature, a larger
TEGDME content is expected to enhance not only the ionic conduc-
tivity, but also the diffusion owing to an increased ion mobility.36

Restricted diffusion measurements are, however, sensitive to several
experimental factors. For example, small inaccuracies in electrolyte
layer thickness directly affect the calculated values, while differences
in data acquisition rates can alter the fitting quality. In addition,
variations in cell setup between laboratories may introduce fur-
ther deviations. Since the experimental conditions at UCB and HIU
were not identical, discrepancies between the two datasets are not
unexpected. Nevertheless, both datasets clearly confirm the trend of
faster diffusion with more liquid plasticizer: D(90:10) < D(70:30) <
D(50:50). The measured diffusion coefficients range from approx-
imately 1.0 10−8–1.5 10−7 cm2 s−1. Porcarelli et al.37 measured
a diffusion coefficient of 2.1 10−8 cm2 s−1 for PEO:TEGDME
50:50 at 25 ◦C, which aligns well with our results at 40 ◦C
that are somewhat larger due to the known increase in D with
temperature.36 Wang et al.36 reported a diffusion coefficient of
3.4 10−7 cm2 s−1 for a 70:30 composition at 60 ◦C, which is
in a similar range to what was measured at UCB at 40 ◦C.
Altogether, the comparison with previously reported studies con-
firms that the diffusion coefficient values we found fall within the
expected range.

The Bruce–Vincent lithium-ion transference number, t+, was
determined using the approach described in Refs.26–28 (Fig. 1c,
Table S1). While the ionic conductivity and diffusion coefficient
increase with higher TEGDME content (Figs. 1a and 1b), the
lithium-ion transference number (Fig. 1c), does not exhibit a clear
trend. In all three compositions, t+ lies in the range from 0.05 to
0.15, which is in good agreement with previous studies,38 indi-
cating that in general the anion mobility largely contributes to
the overall ionic conductivity. This behavior is not ideal, though,
because it exacerbates concentration gradient formation in the pres-
ence of an electric field, which can promote dendritic lithium
plating.

To complete the characterization of the ionic transport properties
of these plasticized polymer electrolytes, we also determined the
limiting current density (iL). Figure 1d shows the results from linear
sweep voltammetry experiments conducted at HIU. As the potential
was steadily increased, the current rose sharply, transitioning into a
current plateau at around 0.3 V vs Li+ /Li. These plateaus corre-
spond to limiting current densities (iL) of 0.41 mA cm−2, 0.87 mA
cm−2, and 1.7 mA cm−2, for the 90:10, 70:30, and 50:50 materials,
respectively. Normalizing by thickness, d, allows for better compar-
ison across many electrolytes. The corresponding length-normalized
limiting currents are iLd(90:10) = 0.005 mA cm−1, iLd(70:30) =
0.010 mA cm−1, and iLd(50:50) = 0.020 mA cm−1. The observed
increase in limiting current density with more plasticizer content
in the order iL(90:10) < iL(70:30) < iL(50:50) can be attributed
to an enhanced ion mobility and ionic conductivity, enabling the
electrolyte to supply ions to the reaction interface and to sustain
higher current densities without inducing cell failure.14 In a recent
study investigating a PEO:TEGDME material in a 50:50 ratio, also
with LiTFSI as conducting salt, Bertoli et al.39 found a limiting cur-
rent density of 1.45 mA cm−2, which closely matches our results.
Additionally, the length-normalized limiting current density, iLd, can
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Figure 1. Electrochemical characterization of three plasticized polymer electrolytes with LiTFSI in PEO:TEGDME weight ratios of 90:10 (blue), 70:30 (purple),
and 50:50 (red) analyzed at UCB and at HIU. (a) Ionic conductivity measurements conducted from 10 ◦C to 90 ◦C at HIU, independently validated at 40 ◦C
at UCB. (b) Diffusion coefficient measurements for all three compositions at 40 ◦C, obtained in both laboratories. (c) Transference number results for all three
compositions acquired in both laboratories in non-blocking cell setups. (d) Linear sweep voltammetry (LSV) from 0 to 1.0 V vs Li+/Li conducted at HIU to
determine the limiting current density for all three compositions at 40 ◦C.

also be approximated by the dilute solution theory using Eq. 14:

ilimd =
2cDF(
1− t+

) [14]

where c is the salt concentration, D is the diffusion coefficient, F
is Faraday’s constant, and t+ is the transference number. The aver-
age salt concentration was determined to be 1.73 mol l−1. Using
the average diffusion coefficients and transference numbers for each
electrolyte, iLd for the 90:10, 70:30, and 50:50 electrolytes were
0.0052 mA cm−1, 0.013 mA cm−1, and 0.022 mA cm−1, respec-
tively. These are in very good agreement with the experimental
values reported above.

To complement the electrochemical analysis, the electrolyte
materials were characterized mechanically by performing tensile
strength tests. Figures 2 and S1 show the stress–strain curves for
the three electrolytes with varying TEGDME content.

By linear fitting between 0% and 20% strain, the elastic mod-
uli were determined to be 0.62 ± 0.05, 0.31 ± 0.05, and 0.13 ±
0.03 MPa for the 90:10, 70:30, and 50:50 compositions, respec-
tively. As evident from Fig. S1, also the ultimate tensile strength is
reduced with higher TEGDME content. These results clearly demon-
strate that increasing the fraction of TEGDME significantly reduces
the mechanical stiffness and strength of the polymer electrolyte. In
the literature, dry PEO-LiTFSI-based electrolytes, especially when
crosslinked, reach higher moduli with the shear modulus being in
the range of 1–10 MPa, which translates into a Young’s mod-
ulus in the range of 3–30 MPa (assuming a Poisson’s ratio of

0.5).40 For PEO-LiTFSI polymer electrolytes plasticized or modi-
fied with additives (e.g., succinonitrile41 or polyhedral oligomeric
silsesquioxane-polyethylene glycol42), Young’s modulus values in
the range of 0.19–1 MPa were reported, agreeing well with the range
measured herein.41,42

Overall, the electrochemical characterization has shown that
increasing the TEGDME content generally favors the ion transport
properties, resulting in higher limiting current densities. However,
there is a concomitant reduction of the mechanical stability, as
evidenced by the decreased Young’s moduli. These findings raise
important questions about how the trade-off between enhanced ion
transport and reduced mechanical modulus may influence lithium
deposition during battery operation. To explore this, the following
section discusses the expected implications of these properties on the
potential growth of dendritic lithium deposits.

In theory, high ionic conductivities and diffusion coefficients
are beneficial for inhibiting lithium dendrite formation. Fast dif-
fusion enables a more uniform lithium-ion distribution, therefore
facilitating a homogeneous ion supply for homogeneous lithium
plating. Fast ionic conductivity reduces any potential concentration
polarization, delaying the onset of ion-depletion near the electrode
surface—a key factor in dendrite formation—as also shown by the
increase in limiting current density.43,44 Following these implica-
tions from the electrochemical characterization, one would expect
reduced dendrite growth with larger plasticizer portions. On the
other hand, as mentioned above, an earlier study by Monroe and
Newman18 suggests that a higher Young’s modulus can be an
effective way for inhibiting dendrite growth due to the physical
sturdiness of the solid electrolyte. Considering that the mechanical



Journal of The Electrochemical Society, 2026 173 150505

Figure 2. Mechanical characterization of the three plasticized polymer electrolytes with LiTFSI in PEO:TEGDME weight ratios of 90:10 (blue), 70:30 (purple),
and 50:50 (red). Tensile tests were performed thrice per material at room temperature. The resulting stress–strain curves were averaged and linearly fitted between
0% and 20% strain to determine the Young’s moduli, as indicated in the figure.

stiffness decreased with more TEGDME, one would expect a higher
propensity for dendrite growth with larger plasticizer content. While
the electrochemical characterization suggests a more homogenous
lithium deposition for an increasing TEDGME content, the mechan-
ical characterization suggests the opposite trend.45,46 Therefore, it
is necessary to conduct long-term plating experiments to analyze
the overall impact of the TEGDME content on the lithium plating
behavior.

Unidirectional lithium plating experiment.—To experimentally
assess how the plasticizer content in the PEO-based electrolytes
impacts the lithium plating behavior, lithium was plated unidirec-
tionally in symmetric Li||Li cells containing the three different
PEO:TEGDME compositio

ns, i.e., 90:10, 70:30, and 50:50. During this experiment, the
plating behavior was investigated by EIS and overpotential mea-
surements. Figures 3a–3c (measured at UCB) and Figs. S2a and
S2c (measured at HIU) show the plating overpotential as a func-
tion of time. Generally, the results obtained from both laboratories
are in good agreement. For instance, a larger TEGDME con-
tent results in a lower plating overpotential, indicating facilitated
plating. Nonetheless, the two compositions with more TEGDME
(70:30 and 50:50) exhibit abrupt drops in their potential pro-
files between 150 and 300 h. These potential drops, highlighted
in green in the respective figures, indicate (soft) short-circuiting
of the cells.47 Every five hours, the cells were allowed to rest
briefly to equilibrate before conducting EIS. These rest peri-
ods explain the periodic potential drops in the voltage profiles.
EIS measurements were performed during these rest steps to
analyze the impact of the polymer electrolyte composition on
the cell impedance and to see how it evolves during lithium
plating.

Figures 3d–3f (measured at UCB) and Figs. S2d–S2f (measured
at HIU) show the evolution of the Nyquist plots over the duration
of the plating experiment. Overall, the total impedance decreases for
an increasing TEGDME content, with the resistances being the high-
est for the 90:10 composition, followed by 70:30, and eventually
by 50:50. Comparing the EIS data with the corresponding over-
potential profiles reveals a strong correlation. Firstly, irregularities
like a distorted high frequency region in the Nyquist plots (com-
pare Fig. 3f inset) coincide with the occurrence of potential drops,
which originate from soft-short circuiting (cf Fig. 3c), where the
dynamic formation and morphological evolution of localized lithium

filaments create fluctuating parallel electronic and ionic pathways
and alter the active surface area. Secondly, high resistance values
correspond to higher overpotentials, as illustrated in Fig. S3. To gain
deeper insights into the underlying processes, distribution of relax-
ation times analysis (DRT) was performed. In DRT, the impedance
spectra are transformed into the time domain using a model com-
posed of parallel resistor–capacitor elements ((R)(C)-elements) in
series. Figure 3g shows the DRT plots, obtained after careful adjust-
ment of the regularization parameter λ for the mid-frequency range.
In this region, all three materials exhibit a small and a large peak.
Based on previous work,48 the smaller peak (at around 5 10−5 s) can
be assigned to the charge transfer resistance (RCT), and the larger
peak (around 3–5 10−4 s) to the SEI resistance (RSEI). In DRT anal-
ysis, the peak area corresponds to the magnitude of the resistance,
and the peak position indicates the characteristic time constant of
the associated physicochemical process. Accordingly, Fig. 3g shows
that more TEGDME results in lower resistances and a peak shift to
higher frequencies, indicating faster interfacial processes. Generally,
the DRT results are in very good agreement with the results of
the Nyquist plot fitting that will be discussed in the following
(cf Table S2).

To get more quantitative information about the resistances over
the 250 h plating period, the EIS data were fitted to a suitable equiva-
lent circuit model, i.e., R-(R)(CPE)-(R)(CPE), as shown in Fig. S4.48

This model follows our previous work on PEO-based polymer elec-
trolytes, where the use of two (R)(CPE)-elements to describe the
intermediate-frequency response is discussed and validated. In this
model, CPE denotes a constant phase element, representing non-
ideal capacitive behavior. According to Ref.,48 the resistances are
attributed to bulk ionic transport (Rbulk), charge transfer (RCT), and
transport through the SEI (RSEI). Figure 3h shows the fitted resistance
values as a function of time. Consistent with previous observations,
this representation illustrates the trend of decreasing resistances for
an increasing TEGDME content (R(90:10) > R(70:30) > R(50:50))
for all three resistance types. More liquid plasticizer results in a
smaller RSEI, corresponding to facilitated charge transport across
the SEI—potentially due to the formation of a less dense and/or
more porous SEI with a higher mobility of the lithium-ion coordinat-
ing species.49,50 Additionally, a smaller RCT is observed (inversely
proportional to the exchange current density j0), indicating faster
charge transfer kinetics, as well as a smaller Rbulk, corresponding
to a higher ionic conductivity. Rbulk and RCT stay relatively con-
stant during the course of cycling, while RSEI rises during the first
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Figure 3. Electrochemical analysis of unidirectional plating in Li||Li cells with the three plasticized polymer electrolytes containing PEO and TEGDME. The
experiment was conducted at UCB at 40 ◦C with a current density of 0.05 mA cm−2. (a)–(c) Plating overpotential profiles over time for the (a) 90:10 (blue),
(b) 70:30 (purple), and (c) 50:50 (red) electrolytes. Potential drops due to (soft) short-circuiting are highlighted in green. (d)–(f) Nyquist plots of the EIS data,
recorded every five hours during the plating experiment for cells with the (d) 90:10 (blue), (e) 70:30 (purple), (f) and 50:50 (red) composition. Irregularities
in the impedance spectra due to (soft) short-circuiting are highlighted in green. (g) DRT analysis for a representative impedance spectrum after 113 h with
each electrolyte composition in the mid-frequency range (between 10−5 and 10−3 s). (h) Resistance values obtained by fitting the impedance spectra during
lithium plating with the three different electrolytes (refer to panels (d)–(f)). After approximately 175 h, (soft) short-circuiting of the cells with the 70:30 and
50:50 electrolytes prevented meaningful fitting, as indicated in green.

hours, before transitioning into a plateau after approximately 50 h.
To validate these trends, the same experiment was also conducted
at HIU (see Figs. S5a–S5c), and under storage conditions (see Figs.
S5d–S5f). As evident from Fig. S5, the above-mentioned resistance
trends obtained during plating at UCB (compare Fig. 3h) could be
reproduced at HIU and were also confirmed during storage, which
ruled out large distortions from lithium plating. These consistent
results across different conditions and laboratories confirm the relia-
bility of the observed resistance trends during the plating experiment
that, as we suspect, originate in the greater mobility of TEGDME
(fragments) in the bulk of the electrolyte and in the interface/-phase
region. Nevertheless, the resistance values provide only averaged
information across the whole active cell area. Therefore, it is not
fully certain if or to what extent local inhomogeneities, such as
thinner SEI regions or TEGDME-rich (pore-type) transport path-
ways that would reduce the respective resistances, may influence the
impedance response and the long-term stability of the lithium-metal
anode.

While it is tempting to postulate changes in the nature of the
plating electrode based entirely on current–voltage relationships, we
chose to study the nature, morphology and spatial distribution of the
plated lithium after the unidirectional plating experiments directly
using the nondestructive X-ray tomography imaging technique. This
approach enables the direct visualization of the actual deposition
structures formed at the end of the 250 h plating period.

Figure 4 shows the cross-sectional tomography images obtained
for the three types of electrolytes (90:10, 70:30, and 50:50). In these
diagrams, lithium is stripped from the top electrode and plated on the
bottom electrode. Typical tomograms are shown in panels a, c, and
g. The stripping electrode is smooth in all cases, with occasional
globules as shown in panels b, d, and h. The main observation,
however, is that the roughness of the plating electrode increases
with increasing TEGDME content (compare panels a, c, and g).
In addition, cells with the 70:30 and 50:50 electrolytes also show
multiglobular and mossy structures growing into the electrolyte. In
the 50:50 electrolyte material, some of these features spanned the
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Figure 4. Cross-sectional tomography images after plating a capacity of 12.5 mAh at 40 ◦C in Li||Li cells using the three different PEO:TEGDME electrolytes
with weight ratios of (a) and (b) 90:10 (blue), (c)–(f) 70:30 (purple), and (g)–(j) 50:50 (red). Lithium was plated from top to bottom. The left panels show a
representative section for each cell, illustrating the respective plating morphologies at the bottom. The right panels show additional typical features found in
the tomography images, including (b)–(h) globules at the top electrode, (e) multiglobular structures at the bottom electrode, (f) and (i) mossy lithium formation
at the bottom electrode, and (j) large mossy structures reaching from the bottom to the top electrode.

whole electrolyte. Since these large mossy structures likely con-
nect both lithium-metal electrodes electrically, it explains the sudden
potential drops and the irregularities in the EIS data due to cell
shorting.

Figure 5 quantifies the relative density of the features at the bot-
tom interface labeled as “bottom multiglobular”, “bottom mossy”,
and “bottom-top mossy” depending on their location and type. It
shows that the fraction and size of globular and mossy features
increases with higher TEGDME content in the electrolyte. While
it is qualitatively apparent that the 50:50 electrolyte shows more
inhomogeneous plating and a rougher interface at the plating elec-
trode, it is also important to quantify the surface roughness based on
the tomographic images. To do this, the tomographic images were
segmented to define the local thickness of the electrolyte using the
Weka 3D Segmentation Plugin for ImageJ. The average thickness
Lavg of our 50:50, 70:30, and 90:10 samples was 133, 133, and 93
µm. These values were subtracted from each of our point-wise thick-
ness of the electrolyte Li to compute a parameter that we call relative
interfacial growth (RIG), for which we refer to the ordinate in Fig.
6b for the sake of simplicity. Areas that contained multiglobular and
mossy structures were excluded from RIG calculations. Our objec-
tive was to quantify the general roughness differences in the three
cases (Figs. 4a–4g). If plating were perfectly uniform, all RIG values
would be zero. The larger the magnitude of RIG, the larger the local
plating nonuniformity. Quantitatively RIG is defined at each voxel
along the x–y plane, i, as:

RIGi = Lavg − Li [15]

Positive values of RIGi represent peaks, while negative values sig-
nify valleys (cf Fig. 6a). When we analyze the plating at a given
surface, we obtain a range of RIGi values. Figure 6b shows the
distributions of RIGi values obtained for the three electrolytes. We
report on RIGi values that fall within the 5th–95th percentile. For
concreteness, let us consider the 50:50 dataset. At quantile = 0.2,
the reported value is −10 µm. This implies that 20% of the RIGi

values for this electrolyte have valleys that are deeper than 10 µm.
At quantile = 0.8, the reported value is +12 µm. This implies that

Figure 5. Quantification of the density of the features observed at the bottom
electrode in the tomography images after plating in Li ||Li cells using the
three PEO:TEGDME electrolytes with different weight ratios (90:10, 70:30,
and 50:50). The features quantified in this bar chart are mutliglobular (yellow)
and mossy (green) structures, potentially spanning from the bottom to the top
electrode (pink).

80% of the RIGi values for this electrolyte have either peaks with
heights less than 12 µm or valleys. In other words, 20% of the area
of the electrode for the 50:50 electrolyte has peaks higher than 12
µm. In comparison, for the 90:10 electrolyte, at quantile = 0.8, the
reported value is+6 µm. In this case, 20% of the area of the electrode
has peaks higher than 6 µm. Based on Fig. 6b, we can quantita-
tively conclude that the roughness of the electrode increases with
TEGDME content. This conclusion holds regardless of the chosen
quantile.

In order to visualize the dependence of the electrode roughness
on the TEGDME content, we computed the standard deviation of the



Journal of The Electrochemical Society, 2026 173 150505

Figure 6. Relative interfacial growth (RIG) determination of plated lithium
in Li||Li cells. (a) Schematic of our definition of “peaks” and “valleys” as
well as Lavg and Li used to calculate the RIG. (b) Results of the RIG for
each quantile across all three electrolyte compositions with PEO:TEGDME
ratios of 90:10 (blue), 70:30 (purple), and 50:50 (red). Data are limited to the
5th–95th percentile to exclude outliers.

electrolyte thickness, ν. If we were to plot pixel-based deviations,
the images would be dominated by outliers. We can instead use
averages over squares with fixed dimensions to define a local and
global standard deviation. ν is thus defined as:

ν =

(∑n
1

(
Lavg − Li

)2
n− 1

)1/2

[16]

where n = 41 µm (25 pixels) is used to compute the local stan-
dard deviation, and n = 730 µm (450 pixels) to compute the global
standard deviation. The global standard deviation is equivalent to tak-
ing the standard deviation based on the average electrolyte thickness
over the entire electrode area, while the local standard deviation iter-
atively calculates the standard deviation based on the local average
electrolyte thickness.

In Fig. 7, we show heat maps of the local standard deviation as
a function of x and y with 3D renderings of small but representative
portions of the electrode shown alongside the heat maps. Areas that
contained multiglobular and mossy structures were excluded from
the deviation calculations. The averages of the local standard devia-
tions are 2.4 µm for 90:10, 3.0 µm for 70:30, and 6.2 µm for 50:50.
It is clear from Fig. 7 that the 50:50 electrolyte gives the roughest
lithium electrode. The roughness of the 70:30 and 90:10 electrodes
look similar when examined by these heat maps. The global stan-
dard deviations of electrolyte thickness for the entire electrode area
shown in Fig. 7 are 5.1 µm for 90:10, 8.2 µm for 70:30 and 12 µm
for 50:50 samples.

In sum, the experiments show a systematic increase in surface
roughness with an increasing plasticizer content regardless of the
measure, i.e., whether RIG or ν.

Modeling.—To further analyze and understand the morphologies
observed in the tomography images, lithium plating was modeled
with the three different electrolytes. For this, the growth of an initial

Figure 7. Plating morphology analysis based on the tomography images after
plating 12.5 mAh at 40 ◦C in Li||Li cells with the electrolyte compositions
(a)–(c) 50:50, (d)–(f) 70:30, and (g)–(i) 90:10 (see Fig. 4. Panels on the
left: Mappings of the local standard deviation of the electrolyte thickness
(based on the average electrolyte thickness over areas of 25 by 25 pixels) as
a function of x and y. Panels on the right: 3D renderings of a rough (top) and
smooth (bottom) region of the electrode.

lithium metal protrusion (see Fig. S6a) was investigated during con-
stant current application, taking into account the different mechanical
properties of these electrolytes in the model. As evident from Fig. 8
and Figs. S6b and S6c, during the 250 h of plating, the protrusion
grows higher for an increasing TEGDME content. With an increasing
plasticizer content, the polymer electrolytes become more compliant,
which accelerates protrusion growth. In contrast, the 90:10 material,
with the highest Young’s modulus, shows the slowest increase in
protrusion height. The model thus captures the mechanical stress-
induced suppression of the protrusion growth. Interestingly, other
electrolyte-related parameters, such as their exchange current den-
sity (Table S5), electrolyte thickness, or ionic conductivity exert only
negligible influence on the protrusion evolution during the plating
period (see Fig. S7), while a potentially less dense SEI in the case
of higher TEGDME contents might also have an effect.



Journal of The Electrochemical Society, 2026 173 150505

Figure 8. Modeling results showing the evolution of a lithium-metal protrusion height (see Fig. S6) under unidirectional current in the three electrolytes with
different mechanical properties and thicknesses. The height of the dendritic protrusions is plotted as a function of time with the different PEO:TEGDME
electrolytes in weight ratios of 90:10 (blue), 70:30 (purple), and 50:50 (red).

Table I. Summary of material properties and plating characteristics for the studied PEO:TEGDME electrolytes.

Sample iLd / mA cm−1 E / MPa Time till cell failure / h

Theoretical protrusion
height at failure

time /µm

RIG difference between
5th and 95th
quantile /µm

Bottom mossy feature
density / cm−2

50:50 0.020 0.13 200 58 37 250

70:30 0.010 0.31 175 45 28 30

90:10 0.005 0.62 >250 30 16 0

Although the model assumes uniform deposition outside the ini-
tial protrusion (see Eq. 9), and does not explicitly model variations in
electrolyte thickness or electrode surface roughness, the simulation
results are in good agreement with the experimental observations.
Table I summarizes the key parameters from both modeling and
experiments. Notably, the RIG-based surface roughness values (16–
37 µm) fall within a similar range as the predicted protrusion heights
after about 200 h (30–58 µm), with both increasing monotonically
with the TEGDME content. This consistency highlights the strong
parallels between the model predictions and the tomography results.
Extending from the modeling observations, we conclude that the dif-
ferences in plating morphology observed in the tomography images
primarily originate from the varying mechanical properties of the
three electrolytes.

Conclusions

In this study, we investigated the impact of the TEGDME
plasticizer content in crosslinked PEO-based electrolytes on the
lithium plating behavior via a combined experimental and theoreti-
cal approach. The comprehensive electrochemical characterization
of the charge transport within the bulk electrolyte and at the
electrode|electrolyte interface reveals that a higher TEGDME con-
tent results in an increased ionic conductivity, diffusion coefficient,
and limiting current density, and a decreased interfacial resistance,
while the Li+ transference number remained essentially unaffected.
In contrast, though, the mechanical stiffness and strength of the plas-
ticized polymer electrolytes decreased with an increasing TEGDME

content. In other words, the improvement of electrochemical prop-
erties due to the addition of a plasticizer comes at a disproportionate
cost of deterioration of mechanical properties. While these results are
somehow expected, the surprising finding, obtained via ex situ X-ray
tomography, is that the morphology of the plated lithium becomes
increasingly globular and mossy, i.e., rougher and more uneven, for
an increasing TEGDME content—despite the superior charge trans-
port properties in the bulk and at the interface. In fact, theoretical
calculations confirm that the key factor for achieving smooth lithium
deposition in such electrolyte systems is the mechanical stiffness
rather than the given electrochemical properties. We may antici-
pate that this finding, highlighting the importance of mechanical
electrolyte properties, will be of great help for designing advanced
lithium battery polymer electrolytes.
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