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Photo-Cross-Linked Single-Ion Conducting Polymer
Electrolyte for Lithium-Metal Batteries

Hai-Peng Liang, Zhen Chen, Xu Dong, Tatiana Zinkevich, Sylvio Indris, Stefano Passerini,*
and Dominic Bresser*

Polymer electrolytes are considered potential key enablers for lithium-metal
batteries due to their compatibility with the lithium-metal negative electrode.
Herein, cross-linked self-standing single-ion conducting polymer electrolytes
are obtained via a facile UV-initiated radical polymerization using
pentaerythritol tetraacrylate as the cross-linker and lithium
(3-methacryloyloxypropylsulfonyl)-(trifluoromethylsulfonyl)imide as the ionic
functional group. Incorporating propylene carbonate as charge-transport
supporting additive allowed for achieving single-ion conductivities of
0.21 mS cm−1 at 20 °C and 0.40 mS cm−1 at 40 °C, while maintaining a
suitable electrochemical stability window for 4 V-class positive electrodes
(cathodes). As a result, this single-ion polymer electrolyte featured good
cycling stability and rate capability in Li||LiFePO4 and Li||LiNi0.6Mn0.2Co0.2O2

cells. These results render this polymer electrolyte as potential alternative to
liquid electrolytes for high-energy lithium-metal batteries.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are nowadays dominat-
ing the market of portable electronic devices and also increasing
the transportation sector owing to their high energy and power
density as well as their long-term stable operation.[1–3] To further
increase the driving range of electric vehicles, however, batteries
with even higher energy densities are needed. Among the most
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promising candidates are lithium-metal
batteries (LMBs),[4,5] for which, however,
safety remains an issue due to, e.g., the con-
tinuous electrolyte decomposition and den-
drite growth upon lithium deposition.[6,7]

A widely followed approach to overcome
these issues is the replacement of common
liquid organic solvent-based electrolytes by
solid electrolytes, promising the elimina-
tion of electrolyte leakage, lower flammabil-
ity and greater thermal stability, enhanced
interfacial stability, and suppression of den-
dritic lithium deposition.[8–11] Compared
with inorganic solid-state ionic conductors,
polymer-based electrolytes are character-
ized by low densities (light weight), good
flexibility, and facile processing; properties
that are propitious for improving the en-
ergy density and facilitating the interfacial
charge transfer, and reducing the cost.

Great progress has been achieved since the pioneering work
by Wright and co-workers as well as Armand and co-workers
on poly(ethylene oxide) (PEO)-based electrolyte systems.[12–14] In
such “classic” polymer electrolytes, a lithium salt is dissolved
into the polymer taking advantage of the strong coordination
of the Li+ cations and the ether oxygen of the polymer. Thus,
the Li+ transport is associated to the segmental relaxation of
the polymer chains while the counter-anion moves freely in
the empty space.[15] This dual-ion conductivity suffers an un-
even contribution of the two ionic species, i.e., the anion and
cation. Additionally, it leads to the occurrence of charge con-
centration gradients and cell polarization, which jeopardizes
the long-term cycling performance.[16,17] These obstacles can be
circumvented by covalently tethering the anionic function to
the polymer, thus, realizing single-ion conducting polymer elec-
trolytes (SIPEs). Here, only the Li+ cations are (theoretically)
mobile—or in other words, for which the Li+ transference num-
ber (tLi

+) approaches unity, which is beneficial for achieving
higher energy and power densities.[16–19] To date, extensive ef-
forts have been made to increase the ionic conductivity of SIPEs.
These include the design of weakly coordinating polyanionic
functions with extensive negative charge delocalization, for in-
stance, by introducing strong electron-withdrawing groups or el-
egantly modifying the anionic centers by coupling Li+ with differ-
ent heteroatoms to facilitate Li+ conduction.[20,21] Alternatively,
SIPEs are designed as self-assembling block copolymers with
well-defined ionophilic domains that serve as Li+ conduction
pathways supported by “molecular transporters,” thus, yielding
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Figure 1. Schematic illustration of the UV-induced polymer synthesis including the precursors, the subsequent hot pressing, a scheme of the network-like
product, and a photograph of the resulting polymer membrane.

remarkable ionic conductivities approaching 10−3 S cm−1 even
at ambient temperatures.[22–24] Another approach targets the de-
crease of the glass transition temperature (Tg) in order to expe-
dite the segmental motion of the polymer—similar to the ma-
jority of approaches followed for PEO-type electrolytes. This can
be achieved, for instance, by chemical cross-linking, mitigat-
ing inter/intramolecular packing and by suppressing the local
ordering.[25,26] Simultaneously the knitted networks provide en-
hanced dimensional rigidity,[27,28] which is beneficial for allevi-
ating dendrite growth owing to a more homogeneous lithium
deposition.[29–35] One issue that commonly remains, however, is
the electrochemical stability of the polymer toward oxidation. In
fact, most polymer electrolytes show an anodic stability on metal
electrodes (e.g., Ni, Pt, and Au) of up to 4.5 V versus Li+/Li and
sometimes even more, but cell tests are eventually limited to
LiFePO4 (LFP) cathodes[36–38] and stable cycling with 4 V cathodes
such as LiNixMnyCo1-x-yO2 (NMC), LiNixCoyAl1−x−yO2 (NCA), or
LiCoO2 (LCO) remains an issue.[22–24,39,40]

Herein, we present the facile synthesis of a new photo-
cross-linked SIPE (PSIPE) for lithium-metal batteries, us-
ing pentaerythritol tetraacrylate (PETA) and lithium (3-
methacryloyloxypropylsulfonyl)-(trifluoromethylsulfonyl)imide
(LiMTFSI) as the building blocks. The cross-linked structure
provides mechanical stability, while the flexible pendant chains
retain segmental mobility. A smooth polymer electrolyte with
an easily adjustable thickness was achieved by hot-pressing—
a technique that has been well established for PEO-based
electrolytes,[41–44] but has not been reported so far for single-
ion conductors based on other polymers—to the best of our
knowledge. The incorporation of propylene carbonate (PC) into
the PSIPE results in high ionic conductivity, excellent stability
against metallic lithium, and, most remarkably, it enables ex-
cellent cycling stability of Li||LiFP and Li||LiNi0.6Mn0.2Co0.2O2
(NMC622) cells.

2. Results and Discussion

The synthesis via UV-induced photo-crosslinking and prepara-
tion of self-standing PSIPE membranes are depicted in Figure
1 and described in detail in Figures S1–S3, Supporting Informa-
tion. The LiMTFSI pendant ionic function was chosen owing to

its pronounced structural flexibility and the weak coordinating
anion.[45] A molar ratio of LiMTFSI to PETA of 2:1 was selected
as such ratio yields polymer electrolyte membranes with both
high ionic conductivity and suitable mechanical properties. An
increased ratio of 3:1 leads to membranes that are simply too
brittle for facile processing and handling, while a lower ratio (1:1)
results in polymer electrolyte membranes with a significantly
lower ionic conductivity, as will be discussed later on. Generally,
the PSIPE as a whole provides many carbonyl- and ether-type
functions, which are anticipated to facilitate charge transport by
serving as additional coordination sites. The hot-pressing step
allowed for carefully adjusting the thickness of the flexible mem-
branes, characterized by a smooth surface (Figure S4, Supporting
Information).

The analysis via Fourier-transform infrared (FT-IR) spec-
troscopy revealed the successful polymerization of the two build-
ing blocks LiMTFSI and PETA (Figure 2a). The stretching vibra-
tion band of the C = C double bond at ṽ = 1635—1618 cm−1

vanished (see also the magnification in Figure S5, Supporting
Information).[46,47] The band ascribed to C = O (̃v = 1734 cm−1) is
shifted toward higher wavenumbers for the PSIPE compared to
LiMTFSI and PETA owing to the absence of the neighboring dou-
ble bond. The absorption bands at 1320, 1118, and 1052 cm−1 are
assigned to S = O as part of the sulfonylimide moieties. The band
at ṽ = 1171 cm−1 is assigned to the C–F bond of –CF3 end group.
The band at ṽ = 1265 cm−1 corresponds to the C–O bond present
in the ethoxylated moieties. The stretching vibration bands in the
range from ṽ = 2960–2880 cm−1 are ascribed to the –CH2– link-
ages and –CH3.

The thermal stability of the PSIPE was studied by thermo-
gravimetric analysis (TGA) in a mixture of N2/O2 (V:V = 50:50)
(Figure S6, Supporting Information). The onset of the thermal
decomposition is around 165 °C, which is suitable for the
common processing (e.g., extrusion, hot pressing, and drying)
procedures during battery cell fabrication. Differential scanning
calorimetry (DSC, Figure 2b) revealed a Tg of−29 °C, which is sig-
nificantly lower than the values that have been reported for other
crosslinked SIPEs.[37,35] This finding is ascribed to the highly
flexible pendant ionic groups. Also important to note is that only
one Tg was detected, corroborating a homogeneous distribution
of the two buildings blocks LiMTFSI and PETA in the PSIPE.[48]
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Figure 2. a) FT-IR spectra of the PC-free PSIPE and the two building blocks. b) DSC data of the PC-free PSIPE with an indication of the Tg.

Figure 3. a) Plot of the ionic conductivity as a function of temperature for the PC-containing PSIPE and b) the electrochemical stability window as
determined by linear sweep voltammetry at 40 °C.

For the subsequent electrochemical characterization, PC was
incorporated into the PSIPE to favor the Li+-ion mobility. Upon
optimization, 80 wt% PC (the wt% refers to the mass of the dry
polymer membrane) was selected as the best composition with
regard to the mechanical properties and ionic conductivity of the
polymer electrolyte. Both the PC-free and the swollen membrane
provide a suitable flexibility and appropriate mechanical proper-
ties for the use in laboratory-scale battery cells, as demonstrated
in Video S1 (Supporting Information). The plot of the ionic
conductivity is presented in Figure 3a. The nonlinear increase
in conductivity with temperature indicates Vogel-Tammann-
Fulcher (VTF) behavior, implying that Li+ ions are (at least
partially) coupled to the segmental motion of the PSIPE, poten-
tially supported by the PC molecules. The ionic conductivity at
20 °C is 0.21 mS cm−1 and increases to 0.40 mS cm−1 at 40 °C,
which is substantially higher than for the 1:1 LiMTFSI:PETA
ratio, for which it is 0.12 and 0.27 mS cm–1 at 20 and 40 °C,
respectively (not shown herein). This is also higher than most of
the recently reported SIPEs (Table S1, Supporting Information),
which is attributed to the combination of a rather low Tg, the
highly delocalized negative charge at the anionic group, as well
as the plasticizing effect and provision of additional coordination
sites by the PC molecules. As a matter of fact, the conductivity
at 40 °C is considered to be sufficient for use in electric vehicles
when the transference number approaches unity.[19] Another

important parameter determining the charge transport kinetics
is the limiting current density, which was determined via linear
sweep voltammetry (LSV) yielding 0.68 mA cm−2 at 40 °C (Figure
S7, Supporting Information). Additional LSV experiments were
performed to evaluate the electrochemical stability (Figure 3b).
The sharp increase in current density exceeding 0.02 mA cm−2

during the anodic sweep beyond 4.4 V indicates the onset of the
oxidative decomposition. Upon the cathodic sweep, a broad peak
is observed in the range from 1.0 to 1.6 V, which is assigned
to the reductive decomposition of PC and the electrochemical
reduction of the native oxide layer on the nickel electrode.[49,50]

Below 0 V the current rapidly increases owing to the plating of
metallic lithium on the working electrode.

To further evaluate the stability toward metallic lithium, we
conducted extended lithium stripping and plating experiments
at varying current densities in symmetric Li||Li cells (Figure 4).
As shown in Figure 4a, when applying a low current density
of 0.01 mA cm−2, the overpotential is as low as 6 mV. For ele-
vated applied current densities of 0.10 and 0.20 mA cm−2, the
overpotential increases to 0.054 and 0.12 V, respectively. These
values are half of those reported for the single-ion conducting
polymer electrolyte comprising boron-centered anions and or-
ganic carbonates as plasticizer[51] or the poly(ionic liquid)/Al2O3
composite electrolyte comprising a highly concentrated ionic
liquid.[52] When decreasing the current density eventually back
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Figure 4. Lithium stripping/plating tests in symmetric Li||Li cells at 40 °C employing PSIPE as the electrolyte and separator. a) A symmetric cell subjected
to varying current densities; each stripping/plating step lasts for 1 h. b) Long-term Li stripping/plating test at 0.01 mA cm−2 for the initial 80 cycles and
0.10 mA cm−2 for the subsequent cycles; insets: magnification of the corresponding voltage profiles at both current densities applied.

Figure 5. Galvanostatic cycling of Li|PSIPE|LFP cells at 40 °C within a voltage range of 2.5–4.0 V: a) Evaluation of the discharge capacity at varying
dis-/charge rates; b) The corresponding voltage profiles for selected cycles at the different dis-/charge rates; c) The long-term galvanostatic cycling at
0.5 C after three formation cycles at 0.05 C.

to 0.01 mA cm−2, the overpotential decreases to the initial value,
indicating a very stable Li|electrolyte interface. This finding is
further corroborated by the long-term stripping/plating experi-
ment presented in Figure 4b. The overpotential does not increase
even after 1000 h of continuous cycling and remains very stable—
even slightly decreasing, which might be related to an increasing
Li|electrolyte interface as a result of the stripping and plating. The
magnification of the voltage response provided as insets show
that the voltage is essentially constant, which confirms that there
is no detectable concentration gradient evolving.

The suitability of this PSIPE to serve as electrolytes in lithium-
metal batteries was subsequently studied in Li|PSIPE|LFP cells,
setting the cut-off voltages to 2.5 and 4.0 V (Figure 5). As dis-
played in Figure 5a, the cells provide a reversible capacity of 159,
147, 132, 109, and 81 mAh g−1 at dis-/charge rates of 0.05 C, 0.1 C,
0.3 C, 0.5 C, and 1 C, respectively. This decrease originates from
a significant increase in polarization (Figure 5b). The subsequent
decrease of the C rate, however, reveals that the capacity is well
recovered and there is no apparent fading (Figure 5a). In fact,
when applying a constant dis-/charge rate of 0.5 C for 300 cycles
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Figure 6. Galvanostatic cycling of Li|PSIPE|NMC622 cells at 40 °C within a voltage range of 3.0–4.1 V: a) Evaluation of the discharge capacity at varying
dis-/charge rates; b) the corresponding voltage profiles for selected cycles at the different dis-/charge rates; c) the long-term galvanostatic cycling at
0.3 C after three formation cycles at 0.05 C.

(Figure 5c), owing to the high average Coulombic efficiency of
99.9%, the reversible capacity decreased by only 2 mAh g−1, i.e.,
from 108 to 106 mAh g−1, corresponding to an excellent capacity
retention of 98.1%—a value that is among the highest reported
for SIPEs in Li||LFP cells (Table S1, Suporting Information).

In a next step, Li|PSIPE|NMC622 cells were assembled to
evaluate the compatibility of the polymer electrolyte with high-
energy Ni-rich cathode materials. Initially, the cut-off voltages
were set to 3.0 and 4.1 V, i.e., the upper one slightly higher than
for LFP-based cells. The results are shown in Figure 6. The cells
delivered reversible specific capacities of about 154 mAh g−1 at
0.05 C, 139 mAh g−1 at 0.1 C, 121 mAh g−1 at 0.3 C, 100 mAh g−1

at 0.5 C, and 72 mAh g−1 at 1 C (Figure 6a) and also in this
case a significant polarization is observed when increasing the
dis-/charge rate (Figure 6b), while the capacity is well recovered
when decreasing the C rate again (Figure 6a). In fact, when ap-
plying a constant dis-/charge rate of 0.3 C, the capacity remains
very stable for more than 200 cycles with an initial reversible
capacity of ≈123 mAh g−1 at 0.3 C and about 110 mAh g−1 after
200 cycles (i.e., a capacity retention of 89.4%), accompanied by
an average Coulombic efficiency of 99.8% (Figure 6c). When
increasing the upper cut-off voltage to 4.2 V (Figure S8, Sup-
porting Information), however, the capacity retention decreases
and the initial Coulombic efficiency also decreases from 90.2%
(as in the case of 4.1 V) to 85.1%. While the interface might be
stabilized by, for instance, applying suitable inorganic or organic
surface coatings on the cathode active material particles,[53,54]

this finding nicely highlights the need for evaluating the suit-
ability of (polymer) electrolytes in real cells rather than only

by determining the electrochemical stability window in, e.g.,
Li||Ni cells.[55,56]

3. Conclusions

The photo-crosslinked single-ion conducting polymer electrolyte
(PSIPE), synthesized via a facile radical polymerization, provides
self-standing membranes that show high ionic conductivities
of 0.21 mS cm−1 at 20 °C and 0.40 mS cm−1 at 40 °C. More-
over, this polymer electrolyte shows an excellent stability toward
lithium metal, as confirmed by an essentially constant overpo-
tential when continuously stripping and plating lithium in sym-
metric Li||Li cells for 1000 h. The high electrochemical stability
toward oxidation also allows for the very stable cycling of Li||LFP
and Li||NMC622 cells for several hundred cycles when limiting
the upper cut-off voltage to 4.1 V in the latter case. These results
render the PSIPE a suitable candidate for 4 V lithium-metal bat-
teries.
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