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The continuously rising importance of lithium-ion
batteries to power portable electronic devices and,
more recently, electric vehicles has triggered great

interest in lithium−metal batteries (LMBs), potentially oering
an even higher energy density.1−3 One of the great challenges
toward a widespread commercialization of LMBs is the
identication of a suitable electrolyte that enables long-term
stable cycling and the formation of stable electrode|electrolyte
interphases.2,4−7 Given that electrolytes based on poly(ethylene
oxide) (PEO) are presently the only commercial electrolyte
system for LMBs,8 polymers have attracted great attention in the
past years owing to their suitable mechanical properties, thermal
stability, and, not least, the proven commercial relevance of such
systems.4,9−18 For “classic” polymer electrolytes containing a
dissolved lithium salt as, for instance, PEO, both ionic species
are free to move. The polarization upon charge and discharge
might results in severe concentration gradients of the ionic
species within the cell, which may further result in an
inhomogeneous, potentially dendritic, lithium deposition and
the related safety issues.19−23 Single-ion conducting polymer
electrolytes (SIPEs), in which the anion is covalently tethered to
the polymer backbone, may eectively solve this issue, as only
the lithium cations are mobile.24−29 Nonetheless, the high
lithium-ion transference numbers (tLi+) of such systems is
commonly accompanied by rather limited ionic conductivities at

room temperature, frequently only about 10−7 to 10−5 S
cm−1.30−32 The incorporation of organic carbonates with a high
dielectric constant like ethylene carbonate (EC) or propylene
carbonate (PC), however, can eectively enhance the
conductivity of SIPEs at room temperature as these molecules
may coordinate the lithium cations and facilitate the jump from
one anionic site to another.26,33−36 In this case, though, the
mechanical properties of the ionomer may degrade, thus,
requiring the blending with a second polymer such as
polyvinylidene uoride (PVdF) or the hexauoropropylene
copolymer (PVdF-HFP).33,34,36,37
We recently reported the synthesis and electrochemical

characterization of a SIPE based on multiblock copoly(arylene
ether sulfone), which comprises both a largely uorinated, rigid
ionophobic block and a weakly coordinating ionophilic block,
delivering remarkable ionic conductivity and stable cycling of
Li∥LiNi1−x−yCoxMnyO2 cells.29,38−40 The rigid ionophobic
block provides sucient mechanical stability to yield self-
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ABSTRACT: High-performance polymer electrolyte systems for
lithium−metal batteries (LMBs) commonly contain a relatively high
amount of uorine to stabilize the electrode|electrolyte interfaces,
particularly that with lithium metal. Herein, we report an advanced
single-ion conducting polymer electrolyte that contains less uorine in
the backbone than previous systems, enabling a signicant cost
reduction, while still providing highly stable cycling of LMB cells
containing LiNi0.6Co0.2Mn0.2O2 (NCM622) and LiNi0.8Co0.1Mn0.1O2
(NCM811) positive electrodes. Moreover, we show that the choice of
the incorporated “molecular transporters”, i.e., small molecules with
high mobility and a high dielectric constant to facilitate the Li+
transport, is essential for achieving high-performance LMB cells. In fact, the transition from pure ethylene carbonate to a
mixture with propylene carbonate allows for an extended electrochemical stability toward oxidation and higher limiting
current density, resulting in enhanced rate capability and cycling stability of Li∥NCM cells�and the possibility to cycle these
cells also at ambient temperature.



standing membranes, and the ionophilic block, selectively
coordinating the small molecules with a high dielectric constant
(also referred to as “molecular transporters”), provides fast Li+
ion transport. The commonly rather high uorine content in the
ionophobic block, though, comes along with relatively high cost.
Moreover, if pure EC is used as “molecular transporter”, the
system frequently requires operating temperatures of 40 °C and
more due to the high melting point of EC (36 °C). Therefore,
developing further enhanced SIPEs with a nonuorinated or at
least less-uorinated ionophobic block and an optimized
composition of the molecular transporters is important for the
potential commercial use of these systems.
Accordingly, we synthesized a novel poly(arylene ether

sulfone)-based single-ion conducting multiblock copolymer
electrolyte, characterized by self-extinguishing properties (even
if comprising generally ammable EC; see Video S1), with a less-
uorinated ionophobic block in the backbone, as depicted in
Figure 1a. The synthesis of the SIPE with a reduced uorine
content and the basic characterization by nuclear magnetic
resonance (NMR) spectroscopy (Figures S1−S3), Fourier
transform infrared (FT-IR) spectroscopy (Figure S4), and gel
permeation chromatography (GPC; Table S1) is described in
the Supporting Information. Based on the precursors’ cost for
the herein developed SIPE and the earlier reported one,29 a
decrease in cost by 48% (Table S2) is anticipated, with a
potential further reduction upon further optimization of the
SIPE chemistry and synthesis scale-up. In fact, the given cost
comparison is based on rather small quantities to be acquired
from a provider of research chemicals. Scaling up the synthesis of
such monomers naturally comes with a reduction of cost, which
is apparently true for all chemicals, i.e., the uorinated and
nonuorinated or less uorinated compounds. Nevertheless, the
synthesis of uorinated organic compounds always requires
additional synthetic steps, which naturally adds cost, and the use

of highly corrosive and hazardous HF at some point, which
requires particular safety precautions, thus, adding cost as
well.41−44 Hence, it is anticipated that uorine-free and uorine-
poorer monomers will be more cost-ecient than (highly)
uorinated ones also when synthesized at a larger scale.
To enhance, in a next step, also the ambient and low

temperature performance, we evaluated the impact of the
molecular transporters incorporated into the SIPE and
compared pure EC with a 1:1 mixture of EC and PC, which
combines the higher dielectric constant of EC45 and the lower
melting point of PC (−49 °C). The appearance of the
membranes after swelling with 55 wt % of EC and EC+PC is
shown in Figure 1b. Thermogravimetric analysis (TGA) of the
neat SIPE, SIPE-EC, and SIPE-EC+PC is presented in Figure
1c. The comparison reveals that the neat SIPE is stable until 350
°C, while the swollen SIPEs show amass loss of 55 wt % between
150 and 250 °C, which is ascribed to the evaporation of EC and
EC+PC. Figure 1d shows the dierential scanning calorimetry
(DSC) data recorded for the two swollen SIPEs. Both electrolyte
systems exhibit a very similar glass transition temperature (Tg)
in the range of 0 °C, indicating that the Tg is essentially
independent from the choice of the molecular transporter�at
least for the two systems investigated herein. The comparison of
the ionic conductivity reveals a somewhat higher conductivity
for SIPE-EC at temperatures of 30 °C and higher (Figure 1e),
with around 0.78 mS cm−1 and 0.45 mS cm−1 at 40 °C for SIPE-
EC and SIPE-EC+PC, respectively, and more than 1 mS cm−1 at
70 °C for both electrolytes. At 20 °C, however, the ionic
conductivity of SIPE-EC drops sharply to only 0.01 mS cm−1 at
20 °C owing to the solidication of EC, while it is 0.21 mS cm−1,
i.e., 20 times higher, for SIPE-EC+PC. To conrm the
contribution of the solvent molecules to the charge transport,
we exemplarily tted the ionic conductivity data of SIPE-EC
+PC with the Vogel−Fulcher−Tammann46 (VFT) and the

Figure 1. (a) Molecular structure of the new SIPE with an indication of the ionophobic block and anm/n ratio of 2/1. (b) Photographs of SIPE-
EC (top) and SIPE-EC+PC (bottom). (c) TGA data recorded for the neat SIPE, SIPE-EC, and SIPE-EC+PC (sweep rate: 5 °C min−1;
atmosphere: O2/N2, 1:1). (d) DSC data recorded for SIPE-EC and SIPE-EC+PC with an indication of the glass transition temperature (Tg;
heating rate: 5 °C min−1). (e) Ionic conductivity as a function of temperature for SIPE-EC and SIPE-EC+PC with an indication of the ionic
conductivity at 20 °C. The logo in Figure 1b is reproduced with permission from the Helmholtz Institute Ulm (HIU).



Arrhenius equation (Figure S5). This comparison revealed that
the use of the VFT equation yielded a substantially better t,
corroborating a solvent-coordinated Li+ transport, supported by
the enhanced mobility of the ionic side chains when coordinated
by the solvent molecules.29

Figure 2a shows the determination of the limiting current
density in symmetric Li∥Li cells at 40 °C. In both cases, it is
rather high with about 1.6 mA cm−2 for SIPE-EC and around 2.5
mA cm−2 for SIPE-EC+PC�both values being higher than the
limiting current density of about 1.2 mA cm−2 recorded earlier
for the rst SIPE of this class.29 The higher limiting current
density of SIPE-EC+PC indicates that the charge transport in
these systems is not solely reected by the ionic conductivity.
Beside the positive eect of PC on the limiting current density
and the ambient ionic conductivity, the partial replacement of
EC appears to have a benecial impact also on the electro-
chemical stability toward oxidation as shown in the linear sweep
voltammetry tests illustrated in Figure 2b. Setting the current
threshold at 10 μA cm−2, the anodic stability of SIPE-EC+PC
(4.83 V) is slightly higher than that of SIPE-EC (4.55 V), which
is ascribed to the higher anodic stability of PC compared to
EC47−49 and the resulting decomposition products propylene
oxide and ethylene oxide, respectively.50 Accordingly, we may
anticipate that a further improvement of the electrochemical
stability toward oxidation may be achieved by introducing
suitable additives (potentially beneting from the work
conducted for liquid organic electrolytes51,52) and/or more
oxidation-resistant molecular transporters (e.g., supported by
computational studies, as they simultaneously need to provide a
high dielectric constant and a suciently lowmelting point). For
the cathodic sweep, there is essentially no dierence for the two
electrolyte systems�both being very stable, presumably owing
to the formation of LiF at the interface with lithium metal.53

Besides, some minor features at above and below 1.0 V, prior to
the onset of lithium plating, are assigned to the reaction with the
native NiO surface layer on the nickel electrodes and the solvent
decomposition, respectively.29,54,55

To complete the basic electrochemical characterization of the
two electrolyte systems, we determined the lithium-ion
transference number using the method reported by Bruce,
Vincent and Evans,56,57 combining a potentiostatic measure-
ment with electrochemical impedance spectroscopy (EIS). The
results are presented in Figure 2c,d (see the Supporting
Information for the experimental details), revealing a lithium-
ion transference number of 0.93 and 0.94 for SIPE-EC and
SIPE-EC+PC, respectively, which is fairly close to unity. Such a
minor deviation is frequently observed for SIPEs,58−60 and
presumably results from a spontaneous formation of an
interphase at the electrode|electrolyte interface and the charge
transport across this interphase.61

The compatibility with lithium metal was further investigated
by lithium stripping/plating experiments in symmetric Li∥Li
cells at 40 °C (Figure 3). When applying a constant current
density of 0.01 mA cm−2 (Figure 3a), both electrolyte systems
show a rather comparable overpotential, which slightly increases
initially before stabilizing after about 60−70 h. The over-
potential remains a little lower, though, for SIPE-EC+PC and
constant for 400 h, while there is a slight increase toward the end
for SIPE-EC, indicating that PC contributes to the establish-
ment of a more stable interphase. The more favorable interfacial
stability and charge transport becomes even more apparent
when varying the current density from 0.005mA cm−2 to 0.5 mA
cm−2 (with 20 stripping/plating cycles at each current density;
Figure 3b). Again, both electrolyte systems provide rather stable
overpotentials, which scale with the current density. The
magnication of selected lithium stripping/plating cycles

Figure 2. (a) Determination of the limiting current density and (b) electrochemical stability window by linear sweep voltammetry of SIPE-EC
and SIPE-EC+PC. (c,d) Determination of the lithium-ion transference number (tLi+) via a combination of chrononamperometry and
electrochemical impedance spectroscopy (EIS) for (c) SIPE-EC and (d) SIPE-EC+PC; the equivalent circuits used for the analysis of the EIS
data are provided as insets. All measurements were performed at 40 °C.



shows essentially constant voltage responses (Figure 3c), as
expected for a single-ion conductor.62,63 However, the cells
employing SIPE-EC+PC show generally a lower overpotential
than the ones containing SIPE-EC. For instance, at 0.1 mA cm−2

the initial overpotential of the SIPE-EC+PC cell (0.13 V) is only
half that of the SIPE-EC cell (0.25 V), underlining the benecial
impact of PC on the interfacial charge transfer. At elevated
current densities of 0.3 mA cm−2, SIPE-EC shows a steadily
increasing overpotential, before nally suering from a short
circuit at 0.5 mA cm−2. In contrast, the overpotential remains
rather stable for SIPE-EC+PC at 0.3 mA cm−2 and does not
show any sign of a short circuit at 0.5 mA cm−2, despite an initial
increase in polarization before it stabilizes. In sum, the presence
of PC appears favorable for the interfacial stability and charge
transport.
In a next step, we studied the two electrolyte systems in

Li∥NCM622 cells (Figure 4), starting with an evaluation of the
rate capability at 40 °C (Figure 4a).While the specic capacity is
basically the same for both electrolytes, it drops much faster for
SIPE-EC, providing only about 20 mAh g−1 at 1C, while it is still

around 106 mAh g−1 for SIPE-EC+PC. The comparison of the
corresponding dis-/charge proles, depicted in Figure 4b,
reveals that this greater capacity loss at elevated C rates
originates from a much higher polarization. These ndings
further highlight the benecial impact of PC on the interfacial
charge transport and, with regard to the slightly higher stability
toward oxidation (Figure 2b), maybe also at the cathode|
electrolyte interface. Similarly, the constant current cycling at an
intermediate C rate (0.2C) shows a higher capacity retention for
SIPE-EC+PC (87.4%) compared to SIPE-EC (82.3%) after 300
cycles (Figure 4c). The comparison of the corresponding dis-/
charge proles (Figure 4d) suggests that this is largely related to
a shortening of the dis-/charge proles, indicating either a less
stable interface with the positive electrode or an inferior wetting
and consequent contact loss at the porous positive electrode.
When decreasing the ambient temperature to 20 °C (Figure 4e),
the specic capacity of the SIPE-EC cells rapidly drops�
presumably owing to the solidication of EC, accompanied by a
substantial decrease in ionic conductivity and contact loss�
while the SIPE-EC+PC cells provide a very stable cycling at 0.3C

Figure 3. Lithium stripping/plating tests conducted on symmetric Li∥Li cells employing SIPE-EC and SIPE-EC+PC as the electrolyte at (a)
0.01 mA cm−2 (areal capacity: 0.01 mAh cm−2) and (b) varying current densities, ranging from 0.005 to 0.5 mA cm−2 (areal capacity: 0.005 to
0.5 mAh cm−2), with (c) a magnication of selected lithium stripping/plating cycles at dierent current densities (T = 40 °C, each stripping and
plating step lasted for 1 h).



and reasonable rate capability with about 160 mAh g−1 at 0.05C
and around 106 mAh g−1 at 0.5C (i.e., 0.2 mA cm−2; see also
Figure S6), thus, further underlining the benecial impact of the
presence of “low-melting” PC. Additional tests at 0.2C (Figure
4f) show that the capacity retention after more than 300 cycles
remained very high with about 93.6%, which originates (among
others) from the rather high average Coulombic eciency of
99.5% and is at least competitive, if not superior to previous
studies employing NCM-type cathodes (Table S3).
To further investigate the suitability of our electrolyte system

with state-of-the-art lithium-ion positive electrode materials, we
assembled Li∥NCM811 cells and subjected them to galvanostatic
cycling experiments (Figure 5). The cells containing either
SIPE-EC or SIPE-EC+PC show a very similar capacity during
the rst cycle at 0.05C (Figure 5a). However, when elevating the
C rate, the capacity of the Li|SIPE-EC|NCM811 cell drops faster
than the capacity of the Li|SIPE-EC+PC|NCM811 cell. At 2C, the
latter cell shows a rather high discharge capacity (109 mAh g−1)
while the capacity of the former drops to about 62mAh g−1. This

superior performance is attributed to the better interfacial
contact in the presence of PC, enabling a faster charge transfer,
as also indicated by a lower polarization at elevated C rates
(Figure 5b). When subjecting the cells to constant current
cycling at 0.2C (Figure 5c), the cells containing EC and EC+PC
exhibit a high discharge capacity retention of 82.7% (137 mAh
g−1) and 75.9% (123 mAh g−1), respectively, after 200 cycles.
The comparison of the corresponding dis-/charge proles
(Figure 5d) shows a higher polarization for the cell containing
SIPE-EC, supporting for a poorer interfacial contact and/or
stability.
Following these very good results for SIPE-EC+PC, we

increased the active material mass loading of the NCM811
electrode by a factor of 4 to about 11.4 ± 0.1 mg cm−2

(including 5 wt % of the SIPE to ensure a suitable ionic
conductivity) and increased the electrode size from about 1.13
cm2 (disk shape) to 16 cm2 (squared, 4 × 4 cm2), assembled in
pouch cells. These cells show a comparable specic capacity of
177 mAh g−1 at 0.05C (Figure 5e). When increasing the C rate

Figure 4. Comparison of the performance of Li∥NCM622 cells employing SIPE-EC and SIPE-EC+PC as the electrolyte: (a) evaluation of the rate
capability at C rates ranging from 0.05C to 1C (T = 40 °C); (b) selected dis-/charge proles obtained at the dierent C rates; (c) plot of the
specic discharge capacity upon long-term constant current cycling at 0.2C (i.e., 0.08 mA cm−2) with an indication of the eventual capacity
retention for both electrolytes (T = 40 °C); (d) selected dis-/charge proles at 0.2C from the 1st to the 300th cycle; (e) evaluation of the rate
capability at C rates ranging from 0.05C to 0.5C, followed by constant current cycling at 0.3C with an indication of the average Coulombic
eciency for SIPE-EC+PC (T = 20 °C); (f) plot of the specic discharge capacity upon long-term constant current cycling at 0.2C (i.e., 0.08mA
cm−2) for SIPE-EC+PC with an indication of the average Coulombic eciency and eventual capacity retention (T = 20 °C). All tests were
performed with cuto voltages of 3.0 and 4.2 V.



to 0.2C and 0.5C for the charge and discharge step, respectively,
though, the capacity decreases to about 90 mAh g−1, indicating
that further improvement of the electrode composition and
architecture is needed. Nevertheless, the capacity remains stable
for 20 cycles, underlining that the material as such is very well
suited for this cell chemistry�even when increasing the cathode
active material mass loading to commercially meaningful
values�and, thus, to far higher values than commonly reported
in the scientic literature (see Table S3). Anticipating further
advances concerning the electrode composition and architec-
ture, the “simple” implementation of the SIPE into the positive
electrode, yielding “standard” electrode tapes, in combination
with the self-standing properties of the SIPE membranes, owing
to the presence of the ionophobic block, render a state-of-the-art
roll-to-roll cell fabrication as used for commercially available
LMBs feasible.
Finally, we evaluated the safety of this SIPE system. In a rst

step, we cut Li∥NCM811 pouch cells containing SIPE-EC
(Figure S7a) and SIPE-EC+PC (Figure S7b) in half, and both
cells continued to power the blue LED light connected to the
cells. Notably, the LED light powered by the Li∥NCM811

containing SIPE-EC+PC appeared generally brighter�before
and after the cut�being in line with the aforementioned greater
performance of this electrolyte. In a second step, we subjected
the Li∥NCM811 cells comprising SIPE-EC+PC and the large
electrodes to a nail penetration test with a stainless-steel nail
after charging the cell at 0.1C (i.e., 0.055mA cm−2) to 4.2 V. The
cells got short-circuited when the nail was punched into the cell
and, thus, electronically connected the two electrodes directly
(Video S2). However, as soon as the nail was removed, the green
LED started shining again (Video S2, Figure 5f, and Figure S7c),
revealing that this short circuit did not have any signicant
impact on the cell. In fact, we repeated this nail penetration
experiment thrice on the same cell and the observation was
always the same: the cell got short-circuited when the nail was
punched through the cell, but the LED started shining again as
soon as the nail was removed (Video S2, Figure S7d−f), and
there was no apparent heat evolution or any other indication of
any signicant degradation of the cell�as also evident from the
magnication of the relevant area after opening the cell inside a
glovebox (Figure 5g). These results, even if being rather

Figure 5. (a−d) Comparison of the performance of Li∥NCM811 cells employing SIPE-EC and SIPE-EC+PC as the electrolyte: (a) evaluation of
the rate capability at varying C rates, ranging from 0.05C to 2C (T = 40 °C); (b) selected dis-/charge proles obtained at the dierent C rates;
(c) plot of the specic discharge capacity upon long-term constant current cycling at 0.2C (i.e., 0.11 mA cm−2) with an indication of the average
Coulombic eciency and eventual capacity retention for both electrolytes (T = 40 °C); (d) selected dis-/charge proles at 0.2C from the 1st to
the 200th cycle. (e) Galvanostatic cycling of Li|SIPE-EC+PC|NCM811 cells at 0.2C/0.5C (charge/discharge), employing NCM811 cathodes with
a high active material mass loading of 11.4 ± 0.1 mg cm−2 and an electrode area of 4 × 4 cm2 (T = 40 °C). All tests were performed within the
cuto voltages of 3.0 and 4.2 V. (f) Photograph of the 4× 4 cm2 Li∥NCM811 cells lighting a green LED after the nail penetration experiment and
(g) photograph of a disassembled 4 × 4 cm2 Li∥NCM811 cell from the back side of the NCM811 electrode after the nail penetration experiment.



qualitative, nicely highlight the great safety features of these
SIPE systems.
In summary, a new single-ion conducting multiblock

copolymer electrolyte has been successfully synthesized,
featuring a less-uorinated ionophobic block and substantially
reduced synthesis cost (based on an evaluation of the current
lab-scale prices). The physicochemical and electrochemical
characterization of these polymer electrolytes comprising
dierent molecular transporters, i.e., pure EC or a mixture of
EC and PC, revealed that the latter system provides a higher
ionic conductivity at room temperature, a higher limiting
current density and slightly higher electrochemical stability
toward oxidation, enabling a very good rate capability and
cycling stability in Li∥NCM622 and Li∥NCM811 cells�at 40 and
20 °C, and even when increasing the active material mass
loading to 11.4 ± 0.1 mg cm−2 for larger 4 × 4 cm2 electrodes.
Moreover, these electrolyte systems appear very safe based on an
extended (still qualitative) safety evaluation by cutting the cells
in half and subjecting them to a repeated nail penetration testing,
rendering this new SIPE a promising candidate for the
realization of cost-ecient, high-performance, and high-safety
room-temperature LMBs.
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