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ABSTRACT

Single-ion conducting polymer electrolytes (SIPEs) are promising candidates for high-energy and high-
safety lithium-metal batteries (LMBs). However, their insufficient ionic conductivity and electrochemical
stability hinder their practical application. Herein, three new SIPEs, i.e., poly (1,4-phenylene ether ether
sulfone)-Li (PEES-Li), polysulfone-Li (PSF-Li), and hexafluoropolysulfone-Li (6FPSF-Li), all containing
covalently tethered perfluorinated ionic side chains, have been designed, synthesized, and compared to
investigate the influence of the backbone chemistry and the concentration of the ionic group on their
electrochemical properties and cell performance. Especially, the trifluoromethyl group in the backbone
and the concentration of the ionic function appear to play an essential role for the charge transport
and stability towards oxidation, and the combination of both yields the best-performing SIPE with high

NCMg;, cathode
Lithium-metal battery

1. Introduction

The development of rechargeable lithium-metal batteries
(LMBs) has attracted scientists and engineers since the 1970 s,
owing to the high theoretical specific capacity (3,860 mAhg™)
and the low negative electrochemical potential ( 3.04V vs the
standard hydrogen electrode) of metallic lithium [1-7]. However,
in spite of a rapidly growing market, only lithium-ion batteries
(LIBs) are widely employed now in portable electronic devices, (hy-
brid) electric vehicles (EVs), and stationary energy storage [8];
with only one exception: the polymer electrolyte-based Bolloré
LMB technology operating at temperatures above 60 °C [9]. In fact,
LMBs are still facing a few challenges for their further deployment.
When using a liquid electrolyte, for example, capacity fading and
safety hazards occur, caused by the Li dendrite growth [10-19].
In order to improve the cycling stability and safety of LMBs, solid
polymer electrolytes are being intensively studied [20-28]. Com-
pared with liquid electrolytes, they can alleviate most of the draw-
backs of being poorly flammable, less toxic and more resistant to
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ionic conductivity of ca. 2.5 x 107 S cm
capacity retention in Li||LiNig §C0op>Mng >0, cells.

~1, anodic stability of more than 4.8 V, and the by far highest

dendrite growth [29-32]. Among all, single-ion conducting poly-
mer electrolytes (SIPEs) are considered appealing alternatives to
conventional electrolytes, because they offer high thermal and
chemical stabilities. Also they show lithium ion transference num-
ber close to unity, by which they can effectively suppress the
growth of lithium dendrites, thus, improving the cycle life of the
cell [22,33-37]. However, their usage has been hindered so far by
insufficient ionic conductivity and/or limited electrochemical sta-
bility towards oxidation, preventing the combination with high-
energy cathode materials such as LiNiggC0g2Mng20> (NCMezz).
Some SIPEs that have been reported earlier show, for instance, high
ionic conductivity of more than 9.3 x 1074 S cm™! at 40 °C, but the
relatively low electrochemical stability towards oxidation limits
their use to lithium battery cells comprising LiFePO, (LFP) as the
positive electrode active material [38-40]. Others show high ionic
conductivity of more than 1.2 x 103 S cm™' at 40 °C and the pos-
sibility to yield also stable cycling with NCMg,, cathodes, but the
synthesis procedure is more complex and, thus, requiring greater
efforts for a potential scale-up [41,42]. Moreover, despite signifi-
cant progress in the design principles for high-conductivity poly-
mer electrolytes [41,43-51], the influence of the SIPE backbone
chemistry and structure as well as the ionic group and its concen-
tration on the electrochemical properties and cell performance
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requires further investigation. This is of great importance for the
development of advanced polymer electrolytes for cost-efficient
high-energy and high-safety LMBs.

Targeting an improved understanding of these impact factors,
we compare herein three different SIPEs. The first one is based
on poly(1,4-phenylene ether-ether-sulfone) (PEES), which is
known to have good film-forming properties and high thermal
resistance [52,53]. The sulfonyl group (i.e., sulfur is in the highest
possible oxidation state) attracts electrons from the neighboring
benzene rings, causing an electron deficiency and, hence, an
increasing oxidation resistance. In combination with the aromatic
groups and ether bonds in the PEES backbone, PEES thus provides
the necessary strength, molecular rigidity, and good processability
for the production of mechanically, chemically, and electrochemi-
cally stable membranes [54].

The second SIPE is based on polysulfone (PSF), which was cho-
sen owing to its good thermal stability, film forming ability, and
superior mechanical strength [55,56]. For these reasons, PSF is
widely utilized, e.g., for the manufacturing of synthetic membranes
for gas separation [57], ultra-filtration [58], ion exchange-
membranes [59-61], polymer electrolyte membrane fuel cells
[62], redox-flow batteries [63], and very recently also as artificial
interphase for LMBs [64,65]. Moreover, there have already been
efforts to prepare Li-ion conducting solid polymer electrolytes
based on modified PSFs [66], however, the relatively strong-
coordinating anionic species and insufficient room-temperature
conductivity hinder their development. Compared to PEES, PSF
offers one more brominated electrophilic reaction site in the poly-
mer backbone, which enables the covalent linkage of two ionic
functional groups per repeating unit rather than only one.

The third SIPE, hexafluoropolysulfone (6FPSF), is based on the
two monomers 6F-bisphenol-A and bis(4-fluorophenyl)sulfone,
and exhibits excellent thermal stability [67,68]. The intermediately
formed polymer backbone also provides two reaction sites per
repeating unit for a bromination reaction, which is then used for
covalently tethering the ionic side chain. Furthermore, the -CF3
groups in 6FPSF contribute to a reduced intersegmental chain
packing and interaction, owing to the intermolecular repulsive
forces between the fluorine atoms due to their high electron den-
sity [69]. In addition to the increased fractional free volume of the
polymer, the fluorination leads to a relatively low dielectric con-
stant and low water absorption, which renders such polymers

favorable concerning their gas permeability and electronic isola-
tion [70].

These three different kinds of polymers are functionalized with
the same ionic side chain, i.e., lithium perfluorinated sulfonimide
(-psiLi), yielding three SIPEs (Fig. 1) that are reported herein for
the first time to the best of our knowledge. The three SIPEs have
been comparatively investigated concerning their physicochemical
and, especially, their electrochemical properties to derive impor-
tant insights into the impact of the chemical structure of the back-
bone and the concentration of the ionic side chains. Eventually, all
three SIPEs have been tested as electrolytes for Li||LFP and
Li||[NCMg,, cells, evidencing the benefits of the trifluoromethyl
groups in the backbone and the higher concentration of the lithi-
ated side chain in 6FPSF-Li.

2. Experimental
2.1. Materials and synthesis

PEES, PSF, tetrafluoro-2-(tetrafluoro-2-iodoethoxy)ethanesulfo
nylfluoride (ICF,CF,OCF,CF,SO,F, 97%), and EC were purchased
from Sigma Aldrich. Trifluoromethansulfonamide (CF3SO,NH,
96%), anhydrous potassium carbonate (K,COs, 98%), 4,4'-(hexafluor
isopropyliden)diphenol ((CF3),C(C¢H40H),, 98%), and copper pow-
der (100 mesh, 99%) were purchased from Alfa Aesar. Triethy-
lamine (TEA, 99.7%), bromine (Br,, 99.5%), and bis(4-fluorphenyl)
sulfone ((FCgH4),S0,, 99%) were purchased from Acros Organics.
6FPSF was synthesized via a one-step polymerization reaction
using 6F-bisphenol-A and bis(4-fluorophenyl)sulfone as the mono-
mers. The covalent tethering of the -psiLi [41] side chains was con-
ducted via a bromination of the polymer, followed by an Ullmann
coupling reaction. The synthesis of all three ionomers is described
in detail in the Supplementary Information, along with the corre-
sponding 'H NMR and '°F NMR spectroscopy data.

2.2. Fabrication of the polymer membranes

To prepare the polymer electrolyte membranes of PEES-Li, PSF-
Li, and 6FPSF-Li, the polymer powder was ground together with EC
and deposited on Mylar films. Subsequently, these Mylar films
were pressed via a hot press at 50 °C and 15 bar for 2 min. After
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Fig. 1. Overview of the three SIPEs comparatively investigated herein and their synthesis: (a) PEES-Li, (b) PSF-Li, and (c) 6FPSF-Li.



cooling down to room temperature, they were hot-pressed twice

more. All the dried polymer powder and membranes were stored

and processed in the dry room with a dew point of less than
70 °C.

2.3. Thermal characterization

The thermal stability of the electrolytes was measured from 40
to 600 °C with a heating rate of 5°C min~! using a thermogravi-
metric analyzer under synthetic air (80% N, and 20% O,) with a
flow rate of 20 mL min~'. These measurements were also used to
determine the EC content in the polymer membranes. Differential
scanning calorimetry (DSC) was performed for the identification of
the glass transition temperature (Tg) and crystallinity of the sam-
ples. The measurement was conducted using 5 mg of sample in a
sealed aluminum capsule under the continuous flow of dried and
deoxygenated argon at 50 mLmin~!, and at a sweep rate of
5°Cmin~! from 100 to 150 °C and backwards. The heating step
of the second cycle was used for the determination of the Tg.

2.4. Electrochemical characterization

The electrochemical stability of the electrolytes was investi-
gated by linear sweep voltammetry (LSV) performed with pouch
bag-type cells, which contained the electrolyte membranes sand-
wiched between lithium metal (Honjo, battery grade) and nickel
foil, at a scan rate of 1.0 mV s~! between 0.5 and 5.5V and uti-
lizing a VMP Biologic electrochemical workstation. The ionic con-
ductivity of the polymer electrolytes was determined by
electrochemical impedance spectroscopy (EIS) at various temper-
atures ranging from 20 to 80°C using a Solartron impedance
analyzer (SI 1260). For these experiments, the polymer elec-
trolyte membranes were sandwiched between two copper foils
and sealed in pouch bag-type cells inside the dry room. The cells
were allowed to stabilize at a given temperature for 3 h prior to
each measurement. The impedance spectra were taken in the
frequency range from 0.01 Hz to 0.1 MHz with an AC amplitude
of 10 mV. The bulk resistance of the membrane was determined
as the intercept of the semicircle with the real axis in the
Nyquist plot using the ZView software. The conductivity (o)
was calculated from Eq. (1).

L
T=R+s (1)

where R is the bulk membrane resistance, L is the thickness of the
electrolyte membrane, and S is the electrode surface area.

The limiting current density was determined using symmetric
Li||lLi cells and the Solatron 1400 CellTest system at a constant
sweep rate of 0.02 mV s~ .

To investigate the interfacial stability between Li and the SIPEs,
long-term galvanostatic lithium stripping and plating tests were
performed at different current densities for symmetric Li||Li pouch
cells using a Maccor S4000 battery tester.

The Li* transference number (t*) was determined by combining
chronoamperometry (CA) and EIS for symmetric Li||Li pouch cells
according to the method reported by Bruce, Vincent and Evans
[71,72]. The applied polarization (AV) was 10 mV. t* was calculated
by Eq. (2).

Is(AV — 4R
= s( oRo) 2)
Io(AV — IsRs)

where Iy and Is represent the initial and steady-state current,
respectively. Ry and Rs are the initial and steady-state resistance
before and after the polarization process, respectively.

2.5. Electrode preparation and testing

LFP positive electrodes were composed of 80 wt% LFP, 10 wt%
polyvinylidene fluoride (PVdF, Solvay; 4 wt%), and 10 wt% carbon
black, cast on aluminum foil. After drying for 6 h at 80 °C, the
coated aluminum foils were cut into 12 mm diameter disks, which
were eventually dried at 120 °C for 10 h under vacuum. The areal
loading of the LFP electrodes was 1.9 0.1 mgcm 2. The LFP|
SIPE|Li cells were charged and discharged between 2.5 and 4.0V
at different current densities. The NCMg,, cathodes consisted of
92 wt% NCM, 4 wt% PVdF, and 4 wt% carbon black coated on alu-
minum foil. After punching, the electrodes were subjected to air-
drying at 80 °C for 6 h and vacuum drying at 120 °C for 10 h. The
average active material mass loading was 2.3 #0.1 mgcm 2
NCMg,|SIPE|Li cells were cycled between 3.0 and 4.2 V. A dis-/
charge rate of 1C corresponds to a specific current of 170 mA g~!
for both active materials. The pouch cells were assembled in the
dry room with a dew point of less than 70 °C. The tests were per-
formed with a Maccor battery cycler at 40 °C.

3. Results and discussion

First, the amount of solvent to be incorporated in the SIPE was
investigated to maximize the ionic conductivity while maintaining
good mechanical properties. It was observed that solvent contents
higher than 40 wt% led to extremely sticky and soft membranes,
resulting in detrimental electrode|electrolyte interfaces upon cell
assembly and, accordingly, inferior cell performance. Hence, an
EC content of 40 wt% was chosen for all further tests. In the next
step, different organic carbonates and carbonate mixtures were
evaluated as potential “molecular transporters” by comparing their
electrochemical stability after incorporation in the three different
SIPEs (Fig. S1). While there is no clear trend concerning the anodic
stability, it is apparent that the use of EC favors lithium plating, as
indicated by the higher cathodic current. This is assigned to the
higher dielectric constant of EC [21], which is beneficial for reduc-
ing the interaction between the anionic side chains and the Li
cations, making the latter more mobile [73]. Hence, it was chosen
as the most appropriate solvent in the given setup for further
investigation of the polymer electrolytes. Fig. S2 shows pho-
tographs of the three SIPE membranes containing 40 wt% EC along
with the determination of their thickness (all about 200 pm). The
membranes show good flexibility, processability, and self-
standing properties.

Subsequently, we looked at the ESW in more detail, now keep-
ing the solvent the same, but comparing the different SIPEs in one
plot (Fig. 2). The PEES-Li polymer electrolyte displays an ESW of
456V vs Li*/Li at 40°C, considering a current flow of 20 pA
cm2 as the stability threshold. The ESW increases to 4.82 V and
4.96 V for 6FPSF-Li and PSF-Li, respectively (Fig. 2), which renders
all of them as promising candidate electrolytes for the realization
of high-voltage LMBs. The slightly lower anodic stability of
6FPSF-Li compared to PSF-Li is in line with previous observations
concerning the incorporation of such -CF; groups and might be
related to the formation of thermodynamically more stable decom-
position products [74]. Besides, the tiny peak above 1.0V in the
cathodic scan indicates that there is a small amount of DMSO
remaining in the ionomer from the synthesis procedure [75], and
the additional feature below 1.0V is ascribed to the reductive
decomposition of EC [76]. The sharp current increase below 0V
is related to the deposition of metallic lithium, and among the
three SIPEs, 6FPSF-Li shows a slightly steeper current increase,
revealing faster deposition kinetics.

The thermal stability of the three materials was analyzed via
TGA and the results obtained for three polymers as such and with
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40 wt% EC are presented in Fig. 3(a and b), respectively. The TGA
curves of the polymer powders are very similar and almost over-
lapping at temperatures below 300 °C (Fig. 3a), indicating that
the concentration of ionic functions (side chains) does not substan-
tially affect the thermal stability of the dry ionomers. All polymers
show very good thermal stability with less than 2.7% weight loss
below 300 °C, which is well above the lithium melting point or
the SEI degradation of graphite [32]. From Fig. 3(b), the evapora-
tion of EC is seen to occur between around 150 and 250 °C, fol-
lowed by the decomposition of the polymer. The PEES-Li
electrolyte releases all EC at the lowest temperature as expected
for the lowest number of ionic functions, i.e., the lowest interaction
between the solvent and the ions. Among the other two SIPEs,
6FPSF-Li appears to show the slightly weaker interaction with sol-
vent, presumably owing to the ionophobic nature of the -CF;
groups. In fact, only PSF-Li shows an EC evaporation onset compa-
rable to pure EC (Fig. S3), indicating that the molecular distribution
of the solvent molecules in the SIPEs favors the evaporation if the
interaction with the SIPE is not sufficiently strong to counterbal-
ance this behavior.
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Fig. 3. Thermal analysis of (a) the dry and (b) the EC-doped ionomers. The heating ramp was 5 °C min ' from 40 °C to 600 °C with a N,/O, flow rate of 20 mL min .

In addition to the electrochemical and thermal stability, the
ionic conductivity of the polymer electrolyte plays a critical role
in improving the performance of LMBs. Fig. 4 displays the temper-
ature dependency of the polymer electrolytes’ ionic conductivity at
various temperatures, ranging from 10 °C to 80 °C. The ionic con-
ductivity of PEES-Li, PSF-Li, and 6FPSF-Li at 40 °C is 1.95 x 1074 S
cm™!, 223 x10% S cm™', and 2.46 x 10~*S cm™!, respectively.
These conductivity values essentially reflect the Li* conductivity,
as the lithium-ion transference numbers were determined to be
0.89 (PEES-Li), 0.93 (PSF-Li), and 0.93 (6FPSF-Li). The minor devia-
tion from unity might result from the presence of smaller charged
species (e.g., decomposition products resulting from the contact
with lithium), the immediate formation of a charge-transport lim-
iting interphase [77], or an initial reorganization at the interface.
Generally, though, it is obvious that a higher concentration of Li*
cations in the polymer electrolyte, resulting from higher contents
of the ionic side chain, yields higher conductivities, as offered by
PSF-Li and 6FPSF-Li.

The limiting current densities presented in Fig. 5 were obtained
from symmetric Li||Li cells subjected to voltage scan at a sweep
rate of 0.02 mV s~ ! at a temperature of 40 °C. PEES-Li shows a lim-
iting current density of 0.29 mA cm—2, while PSF-Li and 6FPSF-Li
showed a limiting current density of 0.64 mA cm 2, i.e., slightly
more than twice that of the former. This is ascribed to the essen-
tially doubled Li* concentration, suggesting that there is a direct
correlation between the two factors and implying a possibly higher
rate performance of the latter two systems [78,79].

The dynamic interfacial stability between the polymer elec-
trolytes and lithium-metal electrodes was investigated by lithium
stripping/plating experiments performed on symmetric Li||Li cells
(Fig. 6a-c). At a low current density of 0.005mA cm~2, PEES-Li,
PSF-Li, and 6FPSF-Li exhibit an overpotential of 8, 7, and 5 mV,
respectively.

The overpotential of 6FPSF-Li rises to 61 and 123 mV (Fig. 6¢) at
a current density of 0.05 and 0.1 mA cm 2, respectively, which is
somewhat lower than the increase in overpotential recorded for
the other two electrolytes (see Table S1 for a complete overview).
In all three cases, though, the overpotential increases linearly with
an increasing current, following Ohm’s law, and reversibly
decreases when lowering the current density back to
0.005 mA cm~2, demonstrating good compatibility with lithium-
metal electrodes and a rather stable electrode|electrolyte interface
and interphase. This is further corroborated by the Nyquist plots
recorded continuously during a lithium stripping and plating
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experiment at a constant current density of 0.05 mA cm~2 (Fig. 6d-
f; see Fig. S4 and Table S2 along with a more detailed discussion of
the findings in the Supporting Information). While these generally
indicate a rather stable interface resistance, the minor fluctuations
are well resembling the minor fluctuations observed for the over-
potential at higher current densities in Fig. 6(a-c). PEES-Li, for
instance, shows a steady (though minor) decrease (Fig. 6a and d),
while 6FPSF-Li shows a minor increase initially, before it eventu-
ally stabilizes — both the overpotential (Fig. 6¢) as well as the impe-
dance (Fig. 6f). Overall, 6FPSF-Li shows the most promising
electrochemical properties and behavior in contact with lithium-
metal electrodes out of the three different electrolyte systems, pre-
sumably owing to the formation of an F-richer interphase owing to
the incorporation of the additional fluorine.

To further investigate the impact of the backbone chemistry
and charge concentration in the ionomer, Li||LFP and Li||[NCMe22
cells were assembled and studied.

The rate performance upon galvanostatic cycling of the Li||LFP
pouch cells is presented in Fig. 7(a). The cell discharge capacities
delivered with the three electrolytes at low C rates are rather com-
parable ranging from about 157mAhg ' at 0.1C to about
140 mA h g~ at 0.5C. At higher C rates, however, the cell employ-
ing 6FPSF-Li delivers capacities of about 129 mAhg™! (1C) and
85 mA h g ' (2C), which are much higher than those achieved with

PEES-Li and PSF-Li. Especially at 2C, the cells employing these lat-
ter electrolytes deliver no capacity, in fact. The superior rate capa-
bility of the cells employing 6FPSF-Li may be attributed to the
higher charge concentration and the lower interfacial charge trans-
fer resistance owing to the presence of the trifluoromethyl groups
which appear to have a beneficial impact in this regard. Indeed, the
voltage profiles recorded at 1C (see Fig. 7b) show a lower polariza-
tion for the 6FPSF-Li-based cell compared to those recorded for the
other electrolytes, corroborating that the internal cell impedance is
the limiting factor at elevated rates. At lower rates, i.e., 0.1C, the
Li||LFP cells deliver (very) stable cycling for more than 250 cycles
(Fig. 7c), although the stability increases in the order PEES-
Li < PSF-Li < 6FPSF-Li. This is also reflected by the highly repro-
ducible and well-defined plateaus of the Li||[LFP cell employing
6FPSF-Li, confirming the importance of a suitable charge carrier
concentration and the advantageous presence of the -CF3 groups
(Fig. 7d).

The investigation of the Li||[NCMsg,, cells is presented in Fig. 8.
Fig. 8(a) shows the rate performance of these cells at dis-/charge
rates ranging from 0.05C to 1C. All electrolytes show a high specific
capacity of approximately 160 mA h g~! at 0.05C, with PEES-Li and
PSF-Li showing a slightly higher capacity than 6FPSF-Li. As the dis-/
charge rate is increased, however, the cell employing 6FPSF-Li
shows higher specific capacities of 97 mAhg~! and 54mAhg™!
at 0.5C and 1C, respectively, while the cells employing the other
two electrolytes only delivered a capacity of around 53 mAhg™!
and 0mAhg! at the same C rates owing to the substantially
higher polarization (Fig. 8b), presumably originating from superior
charge transport kinetics at the interfaces in the case of 6FPSF-Li.
Additionally, as shown in Fig. 8(c), the 6FPSF-Li-comprising
Li||[NCMg,, cells demonstrate excellent cycling stability at 0.2C
with a capacity retention of around 83% after 250 charge/discharge
cycles and an average CE of 99.6%. Differently, the cells employing
PEES-Li and PSF-Li only provide capacity retention of 60.3% and
53.2% after 80 and 250 cycles, respectively. Fig. 8(d) presents the
dis-/charge profiles of the 10th and 50th cycle for all three different
cells, highlighting the increasing polarization in the order 6FPSF-
Li < PSF-Li < PEES-Li. Particularly for 6FPSF-Li, the polarization
and capacity fading are substantially less pronounced compared
to the frequently observed capacity fading of NCM cathodes in
combination with polymer-based electrolytes [80,81].

Overall, the results obtained from the Li||LFP and Li||[NCMs;,
cells demonstrate the superior electrochemical behavior of the
6FPSF-Li-based SIPE, resulting from its high ionic conductivity
and limiting current density as well as the chemical and electro-
chemical stability, for which the higher charge concentration and
the presence of the trifluoromethyl group appear to be very bene-
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ficial; with the latter allowing presumably for the formation of
more stable and less resistive fluorine-richer interphases at the
negative and positive electrode.

4. Conclusions

Three new polymer electrolytes consisting of covalently teth-
ered -psili side chains to different polymer backbones were suc-
cessfully synthesized and evaluated for application as SIPEs in
LMBs. After introducing 40 wt% of EC, the polymer electrolytes
offer high Li* ion conductivity, excellent thermal stability, and
great performance in Li||LFP cells. Particularly, the 6FPSF-Li elec-
trolyte, bearing trifluoromethyl groups in the polymer backbone
and a higher content of the ionic side chains, offers superior charge
transport in the bulk and across the electrode|electrolyte interfaces
- for both lithium-metal anodes and NCMg,, cathodes. The corre-
sponding Li||NCMg,- cells exhibit highly reversible specific capaci-
ties, good cycling stability, and very good rate performance. These
results indicate that cell performance improvements may be sub-
stantially achieved by tailoring the chemical structure of the con-
sidered single-ion conducting polymer and increasing the
concentration of the lithiated side chain(s), thus, highlighting the
need for an in-depth understanding of the relevant impact factors
for the design of high-performance polymer electrolytes.
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