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ABSTRACT: A plastic crystalline electrolyte (PCE) consisting of 0.4 mol/L lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in succinonitrile (SN) was blended with poly(ethylene oxide) (PEO), poly(vinylpyrrolidone) (PVP), poly(ethylene carbonate)
(PEC), and polyacrylonitrile (PAN). The influences of the regarding polymers on thermomechanical properties of the PCE were
studied systematically, utilizing differential scanning calorimetry, thermogravimetric analysis, and oscillation experiments. Depending
on the chosen polymer, the melting temperature and overall crystallinity of the PCE were increased. For PCEs containing PEO and
PVP, overall crystallinity was enhanced the most resulting in lamellae-like superstructures, identified by light microscopy images.
Furthermore, the onset for the sublimation process of SN was shifted to higher temperatures, and the mechanical strength was
increased by the presence of some polymers, with exception of PEC. Electrochemical characterization, including electrochemical
impedance spectroscopy and linear sweep voltammetry, revealed ionic conductivities of 10−4 S/cm at room temperature for PCE
with PAN and extended electrochemical stability windows of ≥4.5 V vs lithiated graphite for PCE with PEO. By correlating the
thermomechanical and electrochemical properties, some structure-property relationships were drawn, pointing out great potential for
specific tailoring of PCEs by polymer additives. The synergistic effect of increasing both, mechanical stability and ionic conductivity,
made the PCE + PAN composition especially attractive for a possible application in batteries.

■ INTRODUCTION
To reach today’s criteria for tomorrow’s electric devices and to
establish e-mobility, the development of feasible battery
materials is of high importance. Especially, to enhance safety
aspects, durability, performance, and processability, the
optimization of an electrolyte has drawn growing interest.
Conventional Li-ion batteries (LIBs) contain liquid electro-
lytes, which limit construction methods and exhibit a risk of
leakage and flammability. Therefore, solid electrolyte materials
like polymers or ceramics have been widely investigated in
various research works1−7 toward an all-solid-state battery
(ASSB). Polymer electrolytes offer advantages with respect to
facile processing techniques, low density and therefore, low
mass, as well as the possibility of “green” batteries1 using
renewable sources for synthesis. Indeed, other organic
compounds being considered for solid-state battery applica-

tions that are environmentally friendly are plastic crystals7,8 like
succinonitrile (SN). SN, a derivate of succinic acid, exhibits a
plastic crystalline phase from −30 °C until melting at 58
°C.9,10 Often used as an additive in polymer electrolytes to
enhance ionic conductivity,2,11 SN itself can be applied as a
solid electrolyte with an ionic conductivity of up to 10−4 S/cm
at room temperature.7,12 Although SN exhibits a feasible ionic
conductivity, regarding requirements for today’s batteries, an
SN-based electrolyte suffers from dimensional instability and
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high sublimation tendency of SN. Further studies demon-
strated that through the variation of the molecular structure
and concentration of the Li salt or the addition of polymers,
material properties like mechanical stability could be
improved.11,13 For example, the addition of polymers like
poly(ethylene oxide) (PEO),14 poly(vinylidenefluoride-co-
hexafluoropropylene) (PVDF-HFP),12 or polyacrylonitrile
(PAN)10 enhanced the mechanical properties of SN-based
electrolytes, i.e., Young modulus or elongation at break.
Additionally, through the solvating qualities of molten SN, a
solvent-free integration of polar polymers into the SN-rich
electrolyte is possible, and conventional thermal processing
methods13,15 like melt extrusion become accessible. Further, it
was demonstrated elsewhere16 that the addition of PEO to an
SN-based electrolyte could decelerate the sublimation of SN,
which is favorable to reduce exposition risks during processing.
However, the resulting property profile of the SN-based
electrolytes with polymers showed a strong dependence on the
chosen polymer’s molecular structure like functionality or
chain length. It is yet to be examined how the thermomechan-
ical properties of an SN-rich electrolyte can be enhanced by
the addition of polymers without detrimental effects on
electrochemical properties like ionic conductivity.
In this work, the polymers PEO, PVP, PEC, and PAN were

selected and their influence on thermomechanical and
electrochemical properties of an SN-based electrolyte (0.4
mol/L LiTFSI in SN) was investigated. The polymers varied in
their functionality (either carbonyl or nitrile groups) and in
their morphology, with PEO and PAN representing semi-
crystalline polymers and PVP and PEC amorphous polymers.
Keeping the “green battery” aspect of SN, the polymers were
chosen by their solubility in molten SN, realizing a solvent-free
processing route. Furthermore, ecological and economical
aspects were considered by choosing cost-efficient, commer-
cially available polymers. The collected data was evaluated
regarding the structure-property relations of the studied three-
component plastic crystal electrolytes (PCEs).

■ EXPERIMENTAL SECTION
Materials. Succinonitrile (SN, ≥99%) was purchased from

Sigma-Aldrich (Taufkirchen, Germany) or TCI Deutschland
GmbH (Eschborn, Germany) and was used as received.
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.9%)
from IoLiTec GmbH (Heilbronn, Germany) was used as Li
salt. The polymers polyacrylonitrile (N-PAN, Mw = 80.000 g/
mol) from Dolan GmbH (Kelheim, Germany) and poly-
(ethylene carbonate) (QPAC 25, Mw = 50.000−200.000 g/
mol) from Empower Materials (New Castle) were provided by
named companies as a free sample. Poly(ethylene oxide)
(PEO, Mw = 100.000 g/mol) was supplied by Alfa Aesar and
Thermo Fisher GmbH (Kandel, Germany), and poly-
(vinylpyrrolidone) (PVP, Mw = 25.000 g/mol) by Merck
Millipore (Darmstadt, Germany). Polymers were dried in
vacuum for 24 h before use. A glass fiber nonwoven (30 g/m2)

was purchased from R&G (Waldenbuch, Germany) and was
used as a separator.
Physicochemical Properties of Selected Polymers.

Physicochemical properties of the selected polymers such as
selected molar mass (M), morphology, calculated chain length,
amount of the polymer (Npolymer), and the corresponding
number of the polymer’s repeating units (NRU) in PCE +
polymer are listed in Table 1.
Preparation of Plastic Crystal Electrolyte (PCE) and

Plastic Crystal Electrolyte with Polymer Additives (PCE
+ Polymer). All preparation steps were carried out in an
argon-filled glovebox (MBRAUN, O2 and H2O <0.1 ppm). For
a 0.4 mol/L mixture (PCE), SN was molten at 70 °C in a sand
bath, and the corresponding amount of LiTFSI was added to
the melt. The sample was stirred until a clear solution was
obtained. For samples containing polymers (PCE + polymer),
the same procedure was performed with the addition of 10%
w/w of the appropriate polymers PEO, PVP, PEC, and PAN to
the 0.4 mol/L LiTFSI-SN melt. The samples were stirred until
homogeneous solutions were obtained.
Characterization Methods. Phase transitions of the PCE

and the PCE + polymer and influences of thermal history on
these phase transitions were examined by differential scanning
calorimetry using a Discovery DSC (TA Instruments, Hüll-
horst, Germany). LiTFSI-containing samples were weighed
and sealed in hermetic aluminum pans under glovebox
atmosphere. Heat flows of the samples were recorded upon
heating and cooling in a temperature range between −80 and
100 °C in three distinct experiments. For the evaluation of
thermal history influences, three different heating and cooling
cycles were performed. The first experiment was performed
with a heating ramp at 10 K/min and a cooling ramp at 5 K/
min. Results from the second heating ramp were used for
identification of characteristic phase transitions and compar-
ison between the examined samples. Further experiments with
a reduced cooling rate of 2 K/min (run 2, heating ramp at 10
K/min) or a reduced heating rate of 5 K/min (run 3, cooling
ramp at 5 K/min) were conducted only for PCE + PEC and
PCE + PAN.
Thermal and thermo-oxidative degradation of the PCE and

the PCE + polymer was derived from mass loss, detected via
thermogravimetric analysis with a Q5000 TGA (TA Instru-
ments, Hüllhorst, Germany) under nitrogen atmosphere and
air over a temperature range from 30 to 800 °C, respectively.
The samples were weighed into platinum TGA crucibles under
glovebox atmosphere and transferred into the instrument with
minimal air exposure. A heating rate of 10 K/min was applied
for all experiments.
Light microscopy was performed on a Keyence VHX-7000

digital microscope (Keyence Deutschland GmbH, Neu-
Isenburg, Germany). Test samples were prepared in a glovebox
by melting the regarding PCE and PCE-polymer samples and
applying one droplet in the middle of a glass microscope slide.
The applied drop was left at room temperature to cool down
until solidification took place. For examination, the sample was

Table 1. Characteristics of the Selected Polymers

polymer M, g/mol morphology chain length Npolymer, mol/g NRU, mol/g

PEO 100 000 semicrystalline ∼2270 9.1 × 10−7 2.1 × 10−3

PVP 25 000 amorphous ∼225 3.6 × 10−6 8.2 × 10−4

PEC 50 000−200 000 amorphous ∼568 to 2270 1.8 × 10−6−4.6 × 10−7 1 × 10−3

PAN 80 000 semicrystalline ∼1508 1.1 × 10−6 1.7 × 10−3
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packed in a plastic box for transportation and examined
quickly.
Rheological behavior upon cooling and heating was

investigated via oscillation experiments with a Discovery
Hybrid rheometer (TA Instruments, Hüllhorst, Germany) at
a frequency of 1 Hz over a temperature range from 5 to 80 °C.
Molten samples were loaded on the tempered base plate, and
the loading gap between the parallel peltier steel plates was
adjusted to 500 μm. Experiments were conducted with a
constant strain of 40 1/rad (0.1%), in compliance with 1
mrad/N m. Heating and cooling rates were set at 1 K/min.
Soak times for start temperatures were 120 s at 80 °C (cooling
ramp) and 600 s at 5 °C (heating ramp).
All electrochemical experiments were conducted with an

Interface 1010e potentiostat (Gamry Instruments, Warmin-
ster). For test cell assembling in EL-Cell test cells (ECC-Std,
EL-Cell, Hamburg, Germany), samples were prepared by
punching out a glass fiber nonwoven separator in a round
shape of 18 mm diameter, which was infiltrated afterward with
the melt of PCE or PCE + polymer, respectively. Glass fiber
nonwoven was used because commercial separators like
Celgard showed poor infiltration results.
For the investigation of ionic conductivity (σ), electro-

chemical impedance spectroscopy (EIS) was performed in a
frequency range of 106−1 Hz and an amplitude of 10 mV in a
temperature range from 80 to −20 °C, using an Espec SU-242

temperature chamber (Espec Europe). The samples (infiltrated
glass nonwoven) were sandwiched between two ion-blocking
stainless steel electrodes of 50 μm thickness and 18 mm
diameter. EIS measurements were proceeded every 10K, and
cells were held at an appropriate temperature for 30 min prior
to measurement for equilibration.
For electrochemical stability experiments, linear sweep

voltammetry (LSV) was carried out on the samples. Stainless
steel was used as the working electrode and lithium metal was
chosen as the reference electrode. LSV was carried out at 50
°C in a voltage window from the open-circuit voltage (OCV)
of the sample until 5.5 V vs lithium.

■ RESULTS AND DISCUSSION
Thermal Properties of PCE and PCE + Polymer

Samples. Phase Transitions. The solid−solid phase tran-
sitions and melting events of the PCE (SN containing 0.4 mol/
L LiTFSI) and mixtures of PCE with the studied polymers
PEO, PVP, PEC, and PAN (PCE + polymer) were determined
by DSC experiments. In the second heating cycle, a first
endothermic signal between −42 and −30 °C was observed in
all samples, which was attributed to the solid−solid phase
transition (Tpc) of SN from its crystalline to plastic crystalline
state (Figure 1a). The corresponding peak maximum temper-
atures of PCE and PCE-polymer samples can be observed in

Figure 1. DSC thermograms of the second heating cycle with 10 K/min for the PCE and PCE + polymer showing (a) Tpc range from −50 and
−25 °C and (b) Tm range from 20 to 60 °C.

Table 2. Temperatures (Tpc, Tm) and Enthalpies (ΔHpc, ΔHm) for Solid Phase and Melting Transitions, as well as Calculated
Rel. Crystallinity (χc) of SN, Derived from DSC Experiments

2nd heating ramp 3rd heating ramp

Tpc, °C ΔHpc, J/g Tm, °C ΔHm, J/g χc, % Tpc, °C ΔHpc, J/g Tm, °C ΔHm, J/g χc, %
Experiment 1: Heating 10 K/min and Cooling 5 K/min

PCE −40.2 67.3 48.6 27.6 57.5 −40.0 67.2 48.9 27.6 57.5
PCE + PEO −41.2 66.6 51.2 32.5 67.7 −41.4 66.6 51.1 32.6 67.9
PCE + PVP −38.1 64.8 52.2 38.2 79.6 −38.4 64.6 52.2 38.1 79.4
PCE + PEC −40.8 59.8 44.0 20.5 42.7 none none 43.9 20.4 42.5
PCE + PAN −40.9 0.3 42.0 19.8 41.3 −40.9 0.7 42.0 19.9 41.5

Experiment 2: Heating 10 K/min and Cooling 2 K/min
PCE + PEC −41.0 0.3 46.3 20.5 42.7 none none 46.3 20.5 42.7
PCE + PAN none none 42.1 12.6 26.3 none none 42.1 12.6 26.3

Experiment 3: Heating 5 K/min and Cooling 5 K/min
PCE + PEC −40.8 50 35.7 6.8 14.2 −40.8 50.1 35.8 6.8 14.2
PCE + PAN −40.6 1.2 43.0 9.2 19.2 −40.5 2 43.0 9.2 19.2

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02174
ACS Omega 2023, 8, 9058−9066

9060

https://pubs.acs.org/doi/10.1021/acsomega.2c02174?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02174?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02174?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02174?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the range of −42 and −38 °C and were used for comparison
between the PCE and PCE + polymer.
In the absence of polymers, SN in the PCE exhibits a plastic

crystalline transition enthalpy (ΔHpc) of ΔHpc = 67.3 J/g and
Tpc = −40 °C, both remaining constant in the second and third
heating cycle. The presence of the studied polymers PEO,
PVP, PEC, and PAN in the corresponding PCE + polymer
samples does not show a significant influence on Tpc. However,
for PCE + PVP, the signal appears broader and bimodal, which
indicates the presence of two different phases (Figure 1a). In
contrast to PCE + PEO and PCE + PVP, ΔHpc of SN in PCE
+ PEC diminished slightly to 59.8 J/g, whereas the plastic
crystal phase transition was hardly detectable for PCE + PAN
with ΔHpc <1 J/g. In previous studies, a decrease of ΔHpc of
SN is often correlated to a higher disorder in the structure of
SN.9,13 This can be caused by an increase of trans-isomer
concentration, which is mainly provoked by impurities like Li
salt or polymers. From this, it can be assumed that SN in PCE
+ PAN is highly disordered, lacking a three-dimensional
positional order. Furthermore, Tpc disappeared completely in
the third heating cycle for PCE + PEC, whereas ΔHpc for PCE
+ PAN slightly increased from the second to the third heating
cycle (Table 2, Experiment 1). This clearly points to a
sensitivity of the crystallization processes in SN-rich electro-
lytes toward changes in temperature, time, and the polymeric
additives. Several heating and cooling cycles may lead to
structural reorganization that inhibits or facilitates crystal-
lization processes.
With further temperature increase, melting (Tm, ΔHm) of

SN in the PCE and the PCE + polymer is detected as a broad
endothermic signal in the temperature range from 25 to 60 °C
(Figure 1b), which is in agreement with the literature.9,13,17 In
comparison to polymer-free PCE (Tm = 48.6 °C, ΔHm = 27.6
J/g), the presence of polymers (PCE + polymer) influences the
melting event slightly. For PCEs containing PEO or PVP, Tm is
shifted by 2−3 °C to higher temperatures and ΔHm is
increased to 38.2 J/g, in the case of PCE + PVP. In contrast,
the presence of PEC or PAN lowers Tm of SN in the PCEs to
42 and 44 °C, respectively, and decreases ΔHm by 7−8 J/g.
Since the polymers themselves do not show melting events
below 60 °C, which could influence here discussed melting
event, ΔHm, was used to evaluate the relative crystallinity (χc)
of SN in the PCE and in the PCE + polymer using eq 1) with
ΔHm(SN) = 48 J/g.

17

= ×H H( / ) 100%c m(SN in PCE) m(SN) (1)

PCE + PEO and PCE + PVP reach the highest ΔHm value
among the studied PCEs with polymer with 32.5 and 38.1 J/g,
respectively. The highest χc was calculated for PCE + PVP with
χc = 80%. This higher degree of crystallinity is also identified
by light microscopy, revealing crystalline lamelle-like super-
structures (Figure 2c). For PCE + PEO, spherulite- and
lamella-like structures can be explained by the semicrystalline
nature of pristine PEO and interactions between the polymer’s
ether groups, SN and LiTFSI.16,18 For a polymer electrolyte
based on PVP and LiClO4,

19 physical interactions between
PVP and LiClO4 ions were described to result in a complex
network structure, increasing the overall crystallinity. The
studied low-molecular-weight, amorphous PVP fraction (Table
1) showed an unexpected high influence on the PCE’s
morphology, which most probably results from appropriate
intramolecular interactions between PVP and LiTFSI. The role
of the polymer’s functionality also becomes apparent by
comparing PCEs containing PEC or PAN, which exhibit the
lowest rel. crystallinity with χc = 43 and 41%, respectively. For
PCE + PEC, a few crystalline domains can be identified and in
the case of PCE + PAN, appropriate structures are missing in
microscopy images (Figure 2d,e). Even though PAN is
semicrystalline in its pristine form, the addition of Li salts
has been reported to reduce the crystallinity in semicrystalline
polymers.5,6,20

Additionally, a significant sensitivity of Tpc and Tm of PCE +
PEC and PCE + PAN samples on heating and cooling rates
was observed. For PCE + PAN, a reduction of the cooling rate
from 5 to 2 K/min leads to an absence of SN’s Tpc in the
second and third heating cycles with 10 K/min (Table 2,
Experiment 2). For PCE + PEC, the reduced cooling rate of 2
K/min decreases ΔHpc of SN upon the second heating cycle to
only 0.3 J/g, and in the third heating cycle, the signal is not
detectable. Increasing the heating and cooling rates to 5 K/
min, respectively, yields an increase of ΔHpc of SN in PCE +
PAN to 1.2 J/g (second heating) and to 2 J/g (third heating),
exceeding the ones from the first experiment with an
accelerated cooling rate (Table 2, Experiment 3). The solid
phase transition of SN in PCE + PEC reaches the highest ΔHpc
with 50 J/g in the third experiment, remaining constant in the
examined heating cycles (Table 2, Experiment 3).
Thermal and Thermo-Oxidative Degradation. The

influence of the polymers PEO, PVP, PEC, or PAN on the
thermal and thermo-oxidative stability of the PCE was
determined by thermogravimetric analysis (TGA) under
nitrogen and air atmosphere.

Figure 2. Light microscopy images of (a) PCE, (b) PCE + PEO, (c) PCE + PVP, (d) PCE + PEC, and (e) PCE + PAN.
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In a nitrogen atmosphere, two distinct mass loss events can
be observed for all samples (Figure 3a). Up to 220 °C, PCEs
containing PEO, PVP, or PAN show a mass loss of ∼80% of
their initial weight. In agreement with the initial composition
of PCE + polymer with 81.6% SN, 9.3% LiTFSI, and 9.1%
polymer, this first mass loss can be attributed to the
evaporation of SN. In contrast, PCE blended with PEC
shows an increased weight loss of 92% until 220 °C. This can
be explained by the simultaneous evaporation of SN and
degradation of PEC, which exhibits a mass loss of 99% until
220 °C (Table S1). Thereof, the remaining 8% of the initial
weight in PCE + PEC at T > 220 °C can be related to the
LiTFSI fraction, which degrades at temperatures above 300 °C
(Table S1).
Moreover, the polymers’ influence on the sublimation

process of SN can be noticed and was determined with the
onset temperature (Tonset) of the first mass loss step and the
temperature at the initial mass loss of 5% (T5%) (Figure 3b).
Tonset indicates the beginning of the first mass loss step and was
determined manually using tangents. For PCE, Tonset for the
first mass loss was determined at ∼40 °C. The presence of
PEO or PVP in the PCE shifts Tonset to higher temperatures,
resulting in Tonset ∼60 °C for both samples. In addition, PCE +
PVP exhibits higher T5% = 122 °C than the PCE without
polymer (T5% = 108 °C). An increase of Tonset and T5% could
be an indicator for an inhibited sublimation process of SN due
to the presence of polymers. One possible explanation for this
could be the integration and trapping of SN in the polymer’s
structure. This could be especially the case for PCE + PEO and
PCE + PVP, which cause the highest relative crystallinity of SN
and corresponding crystalline structures (Table 2 and Figure
2). Entrapping due to polymer chain entanglement, as well as
noncovalent interactions between the nitrile groups of SN and
functional groups of the polymer, could further inhibit the
sublimation of SN. However, it must be noted that melting
events soften the PCEs, which could facilitate SN evaporation.
In comparison to PCEs containing PEO or PVP, the PCE +

PEC and PCE + PAN reveal a Tonset = 40−50 °C, which
corresponds to the Tonset of the PCE lacking polymer. As PCE
+ PEC and PCE + PAN also reveal melting events in the range
of 42 and 44 °C, melting could facilitate the sublimation
process. But, for PCE + PAN, the derived T5% of 122 °C does
not support this assumption.

A second mass loss step is observed for PCE samples in a
temperature range from 330 to 500 °C. Since pristine SN
shows a mass loss of 99% until 180 °C (Supporting
Information), the observed mass loss step of PCE and PCE
+ polymer was aligned to the thermal degradation of LiTFSI
and the appropriate polymers, respectively.
For a better comparison in this temperature region, the

temperature at the inflection point (TIP) of the identified mass
loss step was determined at the peak maximum of the derivate
mass loss. PCE + PVP exhibits the highest TIP with 444 °C, in
comparison to the other PCE + polymer samples, showing TIP
= 420 °C (Table S2). Also, in comparison with pristine PVP,
exhibiting TIP = 434 °C (Table S1), PCE + PVP demonstrates
an enhanced thermal stability. It is assumed that noncovalent
interactions between PVP and LiTFSI, as described for a PVP-
LiClO4,

19,21 could create complex network structures resulting
in an increased thermal stability. At 800 °C, all samples reach a
residual mass of <1%, with exception of PCE blended with
PVP or PAN with a residue of 1.3 and 6.4%, respectively, being
more prone to char formation.
In air atmosphere, PCE samples reveal almost the same

behavior until 220 °C as observed in a N2 atmosphere.
However, in comparison to a N2 atmosphere, PCE + polymer
samples show a deviant behavior in the temperature range
between 220 and 650 °C attributed to thermo-oxidative
degradation mechanisms. As the PEC degrades completely
until 220 °C, a polymer impact at T > 220 °C can be ruled out,
and the observed mass loss of PCE + PEC with TIP = 420 °C is
solely related to LiTFSI degradation. In contrast, PCE + PVP
and PCE + PAN show two overlapping mass loss steps (Figure
3c) at temperatures above 300 °C. For the first partial mass
loss, TIP corresponds to ∼450 °C for both samples. In the
second step, PCE + PAN shows a higher TIP at 607 °C (Table
S2) than PCE + PVP with TIP = 566 °C. It can be assumed
that within the first mass loss step, LiTFSI degrades, which
corresponds to TIP of 420 °C for pristine LiTFSI. The second
mass loss can be related to thermo-oxidative degradation
reactions of PVP and PAN.
At 800 °C in air atmosphere, all samples exhibit a residual

mass <1% of the initial weight, indicating a complete
degradation under air atmosphere.
Thermomechanical Properties of the PCE. Thermo-

mechanical properties of the PCE and PCE + polymer samples
were studied by oscillation experiments with a rheometer at 1

Figure 3. TGA ranging from 30 to 800 °C with a heating rate of 10 K/min for PCE and PCE + polymer samples under (a) nitrogen and (c) air
atmosphere; (b, d) the area of T5%.
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Hz in cooling and heating cycles. Here, the magnitudes of
storage modulus (G′) and loss modulus (G″) of the respective
PCEs demonstrate a certain dependence on the added polymer
and applied temperature. For all samples, two distinct areas
upon cooling and heating can be noted, which are related to
the PCE’s response in its liquid or solid, plastic crystalline
state.
In the cooling cycle, starting from melt at 70 °C, the PCE

exhibits G′ = 3.3 Pa and G″ = 0.3 Pa. With G′ exceeding G″, a
tan δ of 0.1 (tan δ = G″/G′) results, indicating a higher amount
of the elastic components than the viscous component (Figure
4a). This result is surprising, expecting a melted system at 70
°C. At the same temperature, the presence of the polymers
PEO, PVP, or PEC in the PCE increases slightly both moduli,
compared to the PCE without polymer, whereby tan δ remains
<1 for these samples. In comparison, PCE + PAN shows the
highest moduli with G′ = 5.5 Pa and G″ = 6.3 Pa and a deviant
tan δ with 1.1. These results lead to the conclusion that PCE +
PAN contains more elastic components in melt than the other
examined PCE + polymer samples.
In a temperature area from 50 to 35 °C, a sharp increase of

the moduli by a factor of 1000 is observed for all samples. This
increase is related to the phase transition from the liquid to
solid phase as mentioned in the discussion of DSC experiments
(Figure 4a). The characteristic temperature for this phase
transition, Tδ dmax

, was derived from the peak maximum of tan δ
(Figure S2). The PCE without polymer exhibits a Tδdmax

at 36.2
°C. As expected, from the observed polymer influences on
melting events (Tm) in DSC experiments, the presence of PEO
and PVP also shifts Tδdmax

to higher temperatures with Tδ dmax
= 44

°C. In contrast, the presence of PEC and PAN in the PCE
reduces Tδdmax

to 29.2 and 35.2 °C, respectively. Since the
discussed Tδ dmax

was recorded upon cooling and Tm was detected
upon heating, this certain discrepancy between those two data
points was expected.
For all samples, both moduli increase with decreasing

temperature, whereas G″ always exceeds G′ resulting tan δ > 1.
Thus, despite solidification, the viscous component governs
the viscoelastic solids. At 20 °C, the PCE without polymer
reaches moduli of G′ = 0.2 kPa and G″ = 0.4 kPa. The
presence of PEO in the PCE increases G′ to 2.3 kPa and G″ to

5.5 kPa. The evaluation of G′ and G″ at T < 30 °C for PCE +
PVP was not possible due to rattling effects (Figure 4).
However, in the temperature range from 50 to 30 °C, PCE +
PVP exhibits the most pronounced increase of both moduli,
exceeding the ones detected for PCE + PEO. Comparing the
here examined polymer additives PEO and PVP, PVP has a
lower molecular weight and chain length than PEO. Thereof,
earlier drawn correlation to a determining factor of the
polymers functional groups on the resulting properties of the
PCE + polymer could also apply here. In comparison, PCE +
PEC exhibits the lowest moduli with G′ = 0.1 kPa and G″ = 0.6
kPa. Further, the presence of the here examined PEC in the
PCE increases the viscous component in the PCE while
lowering the amount of elastic components.
After sample equilibration at 5 °C for 600 s, the heating

cycle followed. For the PCE and PCE + polymer with PEO,
PVP, or PEC, the observations are similar to the ones observed
in the cooling cycle. PCE + PAN shows deviant behavior upon
heating, with G′ exceeding G″ below 64 °C, and above Tδdmax

,
the other way around (G′ < G″) (Figure 4b). Thus, below
Tδdmax

, in its solid, plastic crystalline phase, elastic components
appear to determine the viscoelastic properties of PCE−PAN.
The differences between the sample’s response upon cooling
or heating can be explained by deviating kinetics regarding the
crystallization/solidification or melting process. As observed in
DSC experiments, phase transitions in the PCE + PAN showed
a high dependency on the chosen heating and cooling rates.
This may also have an effect on the rheological response with
set heating and cooling rates. In addition, influences of
mechanical stress, here, namely, frequency, can also intervene
in crystallization processes and is yet to be fully understood.
Electrochemical Properties. Ionic Conductivity. Exem-

plary Nyquist plots from EIS measurements, depicted in Figure
5, exhibit a high-frequency semicircle and low-frequency
straight line representing typical elements of a polymer
electrolyte placed between ion-blocking stainless steel electro-
des.22 The semicircle is attributed to the resistive and
capacitive properties of samples’ bulk, while the straight line
is the result of the capacitive properties of the ion-blocking
stainless steel electrodes. To determine the resistance of the
PCE samples, the Zreal value at the high frequency end of the

Figure 4. Development of storage modulus (G′) and loss modulus (G″) over temperature for the PCE and PCE + polymer upon (a) cooling and
(b) heating.
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straight line (ZrealX) was used as the resistance value to
calculate ionic conductivities.
The ionic conductivity is calculated using eq 2) with a

sample radius r = 0.9 cm, the sample thickness d, and
corresponding Zreal X for each sample and temperature.

=
·

·d
r

Z X2 real (2)

The derived ionic conductivities of the PCE and the PCE +
polymer are displayed in Figure 6 as an Arrhenius type.

For all samples, two areas with an explicit curve develop-
ment can be observed from 80 to 40 °C (first area) and from
40 to 0 °C (second area). In the first area, σ reaches values up
to 10−3 S/cm for all samples. In this temperature region, the
samples are expected to be molten. In melt, the PCE without
polymer exhibits the highest values for σ and the addition of
here examined polymers decreases σ slightly. As described for
polymer electrolyte melts, the ion mobility is correlated to
numerous factors like the diffusion coefficient. Assigned to
here studied PCE + polymer samples, diffusion coefficients are
unknown, and thereof, no correlations between the chosen
polymers with resulting σ values of the corresponding PCE +
polymer melt will be drawn at this point.
In the second temperature area, from 40 to 0 °C, σ decreases

with decreasing temperature and a pronounced influence of the
polymer can be observed (Figure 6). At 20 °C, the PCE

without polymer exhibits σ = 1.0 × 10−4 S/cm, which is in
good agreement with the literature values for SN doped with Li
salts.10,13 Hence, the effect of the used glass fiber nonwoven
separator on conductivity is negligible at this point. At 20 °C,
the presence of PEO or PVP in the PCE reduces σ to 3.0 ×
10−5 and 4.6 × 10−6 S/cm, respectively. In contrast, σ slightly
increases in the presence of PEC and PAN to 1.2 × 10−4 and
1.5 × 10−4 S/cm, respectively. Here, correlations with earlier
discussed observations of the polymers influence on the PCEs’
morphology could also apply. For example, at 20 °C, σ
decreases with increasing crystallinity of SN in the PCE +
polymer. PCE + PAN, described as completely amorphous,
exhibits the highest values for σ at T = 20 °C. As described for
polymer electrolytes, a beneficial effect of amorphous disorder
in the PCE + polymer samples on the ionic conductivity can be
observed in this study.
Comparing PCEs containing PEO or PVP, influences of the

polymer’s functional groups on the ionic conductivity can be
further discussed. As mentioned, PVP is amorphous with a
small chain length, whereof it is expected to facilitate ion
mobility, whereas the semicrystalline nature of PEO and longer
polymer chains were expected to inhibit ion mobility. But, it
appears that physical interactions/complexation of PVP’s
functional groups with LiTFSI and SN, as mentioned earlier,
have a stronger inhibiting effect on the ion mobility than
comparable interactions/complexation with PEO. Also, σ for
PCE + PVP could be decreased due to immobile TFSI‑
counterions, which coordinate to PVP’s amid groups.
The activation energy (EA) for Li-ion migration in PCEs in

the plastic crystalline phase (T < 40 °C, melting DSC) was
determined with the slope of regarding Arrhenius diagrams.
For the PCE without polymer, EA reaches 0.7 eV (Table 3).

The presence of the here used polymer additives increases EA,
with the exception of PAN. The increase of EA can have
various reasons like sterical hindrance due to the polymer
chain entanglement or strong interactions between functional
groups of the polymer and Li-ions. Strong physical interactions
between LiTFSI ions and PVP, as discussed earlier, can be the
reason for PCE + PVP, showing the highest EA = 1.15 eV in
this study. In addition, the possible network structure in PCE +
PVP can act as a sterical hindrance for ion migration. PCE +
PAN showing the lowest EA = 0.72 eV within the PCE +
polymer comparison, indicating a less energy consuming
migration of Li-ions. It can be assumed that the amorphous
structure of PCE + PAN (Figure 2) compared to other PCE +
polymer samples also reduces EA. However, the underlying
mechanism of ion transfer in the plastic crystalline state of an
SN-based electrolyte doped with polymer additives is not fully
understood yet.23

Electrochemical Stability Window. The oxidative limit of
the electrochemical stability window at room temperature was

Figure 5. Exemplary Nyquist plots of a representative PCE sample
(0.4 M LiTFSI-SN) at 30 and 20 °C.

Figure 6. Arrhenius plot of ionic conductivities between 0 and 80 °C
for the PCE and PCE + polymer.

Table 3. From Arrhenius Diagrams Derived Values of EA in
the Plastic Crystalline Phase (T < 40 °C) of Examined PCE
and PCE + Polymer Samples

sample EA (EIS), eV

PCE 0.7
PCE + PEO 0.85
PCE + PVP 1.15
PCE + PEC 0.85
PCE + PAN 0.72
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determined via linear sweep voltammetry (LSV) for the PCE
and PCE + polymer samples infiltrated in glass fiber
nonwoven. The stability window was determined by the
maximum voltage vs reference (lithium metal) before a
significant increase in current is overserved (Figure 7).

Measurements were carried out at 50 °C for all samples to
ensure comparable conductivity values of all samples. For the
PCE without polymer, the current does not increase
significantly until 5 V, indicating SN in the PCE as
electrochemically stable up to 5 V vs lithium in the chosen
setup. This is in accordance with previously reported
observations.10 However, the current density at lower voltages
heavily fluctuates. This might be due to chemical instabilities of
succinonitrile in contact with lithium metal. The addition of
polymers smoothens the current density curve and slightly
increases the electrochemical stability window. The results
indicate a reasonable stability for possible application in
batteries. Although, for specific cathode materials, stability
needs to be checked, since introducing reactive materials, such
as cathode active materials, may lead to results different from
inert stainless steel electrodes used here.
For PCEs with PEO, PEC, and PAN, a slight increase in

current, starting at 4.0 V, and a drastic increase in current,
starting at 4.9 V, is detected. Since the minor increase in
current is independent of the chosen polymer, it could be a
reaction of the chosen lithium salt LiTFSI, as described
previously.24 Furthermore, a decomposition of PEC at >4.5 V
has been reported.25 Nevertheless, the authors concluded a
suitability for PEC electrolytes for application. For PVP, the
overall lower current densities are recorded although the
temperature was increased to 50 °C to ensure comparable
ionic conductivity. Furthermore, PVP exhibits a peak in
current density at 5.25 V, which indicates a redox reaction
taking place. To further analyze this phenomenon, cyclic
voltammetry experiments are necessary, which is beyond the
scope of this publication.

■ CONCLUSIONS
We have demonstrated that the presence of the polymers PEO,
PVP, PEC, and PAN influences the thermomechanical and
electrochemical properties of an SN-based plastic crystalline
electrolyte (PCE). While the plastic crystalline phase transition
event of SN was not affected significantly, PEO and PVP
increased the melting temperature of SN in the PCE. Above

this, the highest relative crystallinity of SN of 80% was
observed for PCE + PVP, leading to microscopic lamelle-like
superstructures due to additional physical interactions between
the polymer functional groups and the remaining components.
Regarding the thermal stability, the presence of polymers

proved to delay SN sublimation, most likely due to entrapping
of SN in the polymer chain entanglements, crystalline
structures, and by noncovalent interactions. In contrast to
PCE (T5% = 107 °C), PCE + PVP and PCE + PAN showed
the strongest effect on the sublimation of SN with T5% shifted
to 122 °C. In agreement with the phase transition events, all
polymers increased storage and loss moduli of the SN-based
PCE above the melting temperature except for PEC. Electronic
effects between PEC and SN seem to suppress the plastic
crystalline state of SN diminishing thermomechanical stability.
For all PCE + polymer, the viscous components exceeded the
viscoelastic material properties, whereas PCE + PAN showed
exceptional behavior with solid components determining the
viscoelastic properties of PCE + PAN below Tδdmax

.
The ionic conductivity of the here examined SN-based

electrolyte is reduced by polymers PEO or PVP, whereby the
addition of PEC or PAN slightly increases the conductivity at
room temperature.
This shows that all properties of an SN-based electrolyte can

be tailored and improved by a polymer additive. In sum, the
addition of PAN to the SN-based electrolyte shows a
synergetic effect on mechanical and electrochemical properties,
increasing both storage and loss moduli as well as ionic
conductivity.
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(23) Voigt, N.; van Wüllen, L. The effect of plastic-crystalline
succinonitrile on the electrolyte system PEO:LiBF4: Insights from
solid state NMR. Solid State Ionics 2014, 260, 65−75.
(24) Zainuddin, Z.; Hambali, D.; Supa’at, I.; Osman, Z. Ionic
conductivity, ionic transport and electrochemical characterizations of
plastic crystal polymer electrolytes. Ionics 2017, 23, 265−273.
(25) Okumura, T.; Nishimura, S. Lithium ion conductive properties
of aliphatic polycarbonate. Solid State Ionics 2014, 267, 68−73.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02174
ACS Omega 2023, 8, 9058−9066

9066

https://orcid.org/0000-0002-3320-6414
https://orcid.org/0000-0002-3320-6414
https://pubs.acs.org/doi/10.1021/acsomega.2c02174?ref=pdf
https://doi.org/10.1016/j.memsci.2014.06.001
https://doi.org/10.1016/j.memsci.2014.06.001
https://doi.org/10.1149/2.014404jes
https://doi.org/10.1149/2.014404jes
https://doi.org/10.1149/2.014404jes
https://doi.org/10.1149/1.2781305
https://doi.org/10.1149/1.2781305
https://doi.org/10.1016/j.jpowsour.2010.01.076
https://doi.org/10.1016/j.jpowsour.2010.01.076
https://doi.org/10.1016/j.progpolymsci.2017.12.004
https://doi.org/10.1016/j.progpolymsci.2017.12.004
https://doi.org/10.1016/j.progpolymsci.2017.12.004
https://doi.org/10.1016/j.nanoen.2017.01.028
https://doi.org/10.1016/j.nanoen.2017.01.028
https://doi.org/10.1016/j.ensm.2016.07.003
https://doi.org/10.1016/j.ensm.2016.07.003
https://doi.org/10.1016/j.jpowsour.2007.06.103
https://doi.org/10.1016/j.jpowsour.2007.06.103
https://doi.org/10.1088/0953-8984/2/33/002
https://doi.org/10.1016/j.elecom.2008.10.009
https://doi.org/10.1016/j.elecom.2008.10.009
https://doi.org/10.1016/j.elecom.2008.10.009
https://doi.org/10.1016/j.ssi.2008.01.035
https://doi.org/10.1016/j.ssi.2008.01.035
https://doi.org/10.1016/j.ssi.2008.01.035
https://doi.org/10.1002/adfm.200601070
https://doi.org/10.1038/nmat1158
https://doi.org/10.1038/nmat1158
https://doi.org/10.1016/j.polymer.2009.01.022
https://doi.org/10.1016/j.polymer.2009.01.022
https://doi.org/10.1016/j.polymer.2009.01.022
https://doi.org/10.3390/batteries7010011
https://doi.org/10.3390/batteries7010011
https://doi.org/10.3390/batteries7010011
https://doi.org/10.1088/0022-3727/44/20/205106
https://doi.org/10.1088/0022-3727/44/20/205106
https://doi.org/10.1088/0022-3727/44/20/205106
https://doi.org/10.1016/0040-6031(91)87098-H
https://doi.org/10.1016/0040-6031(91)87098-H
https://doi.org/10.1016/0040-6031(91)87098-H
https://doi.org/10.1002/bkcs.11092
https://doi.org/10.1002/bkcs.11092
https://doi.org/10.1002/bkcs.11092
https://doi.org/10.1016/S0032-3861(00)00213-5
https://doi.org/10.1016/S0032-3861(00)00213-5
https://doi.org/10.1016/S0032-3861(00)00213-5
https://doi.org/10.1039/C6TA02621D
https://doi.org/10.1039/C6TA02621D
https://doi.org/10.1016/j.jpowsour.2015.10.105
https://doi.org/10.1016/j.jpowsour.2015.10.105
https://doi.org/10.1016/j.jpowsour.2015.10.105
https://doi.org/10.1016/j.ssi.2016.04.014
https://doi.org/10.1016/j.ssi.2016.04.014
https://doi.org/10.1016/j.ssi.2016.04.014
https://doi.org/10.1016/j.ssi.2014.03.009
https://doi.org/10.1016/j.ssi.2014.03.009
https://doi.org/10.1016/j.ssi.2014.03.009
https://doi.org/10.1007/s11581-016-1836-5
https://doi.org/10.1007/s11581-016-1836-5
https://doi.org/10.1007/s11581-016-1836-5
https://doi.org/10.1016/j.ssi.2014.09.011
https://doi.org/10.1016/j.ssi.2014.09.011
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

