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Highly-Conductive Mixed PEO/PAN-Based Membranes
for Solid State Li-lon Batteries via Electro-Spinning
and Hot-Press Synthesis Routes

Robert J. Spranger, Leo van Willen,* Anna Kirchberger, and Tom Nilges*

Polyethylene oxide (PEO)-based solid polymer electrolytes (SPEs)
have been extensively studied for all solid-state batteries (ASSBs)
but still suffer from low thermal stability and ionic conductivity.
Here, we report on PEO-based solid electrolytes containing a
second polymer, polyacrylonitrile (PAN) and succinonitrile (SN).
Two different synthesis routes have been followed, synthesis via
hot-pressing and synthesis via electrospinning. Whereas the
hot-pressing route offers a well-established and robust approach
without the need of using solvents, electrospinning provide sam-
ples with a distinctively superior performance as compared to
those prepared via solution casting. Both routes resulted in

1. Introduction

The ever increasing demand for battery systems for high power
lithium ion batteries (LIBs) for automotive transportation still con-
stitutes an important challenge in materials science. Today's LIB
technology still mostly relies on the use of liquid electrolytes—a
Li salt dissolved in a set of organic aprotic solvents such as
propylene carbonate (PC), dimethyl carbonate (DMC) or ethylene
carbonate (EC)—mainly due to the high ionic conductivity in
liquid electrolytes. Several issues connected to the use of liquid
electrolytes, including battery safety, possible leakage, and lim-
ited energy density, has shifted the focus to the development
of solid-state electrolytes to minimize these limitations.'> A
quite demanding property profile—high ion conductivity,
mechanical and thermal stability, a large electrochemical
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materials exhibiting an ionic conductivity around 107* S cm™'

at room temperature. Using solid-state NMR approaches, we could
show that SN increases the chain segment mobility of PEO and
hence supports Li mobility, whereas PAN remains virtually immo-
bile. Using a deuterated sample d,-SN dipolar NMR experiments
(“Li-'H-REDOR) at 190 K revealed that the coordination of the Li
cations within the mixed polymer electrolytes in solely accom-
plished by the polyether functionalities without the help of SN.
The addition of PAN seems to increase the relative amount of
amorphous PEO, hence supporting the overall Li mobility, and it
increased the mechanical stability of the membranes.

window, and environmental compatibility—has to be met by a
successful candidate. Various classes of solid electrolytes have
been explored, ranging from crystalline electrolytes and glasses
to glass-ceramic-based and solid polymer electrolytes.*”! The lat-
ter offer the advantage of high mechanical flexibility, ease of pro-
cessability and reduced weight.* The increased mechanical
flexibility of SPEs enables their use in a multitude of electrical cell
constructions.'” This flexibility allows for the possibility of
smaller, lighter, safer cells that offer higher energy densities,
enhanced cycle stability, and the potential for flexible
geometries.!'"

Building on the pioneering work of Armand and Wright,
who first demonstrated that poly(ethylene oxide) (PEO) could
effectively dissolve lithium salts through coordination of lithium
cations with the ether oxygen atoms, significant research has
focused on optimizing lithium ion conductivity. Their discovery
that the ion conductivity in these systems is closely linked to
the segmental dynamics of the PEO chains in the amorphous
regions has prompted extensive efforts to enhance this property.
Consequently, considerable attention has been devoted to identify
potential additives, such as plasticizers or fillers, that could address
this challenge. A number of studies have been conducted on the
use of fillers to enhance the conductivity of polymer electrolytes,
with a particular focus on materials such as TiO,, Al,Os, or Si0,.l'>"'7

Rather encouraging results have been achieved using succi-
nonitrile (SN) as a solid lubricant which enhances the PEO seg-
mental mobility. However,'®'? it was found that the amount
of SN (PEO/SN ratio < 1) needed to achieve high ionic conductiv-
ity heavily deteriorated the mechanical stability of the mem-
branes which are usually fabricated via a solution casting
process. In recent articles, we could show that electrospinning
as an alternative synthesis route presents a promising alternative

[12-14]
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to solution casting techniques. With a PEO/SN ratio of 0.25, SPEs
with high ionic conductivities >10"* Scm™" at room temperature
were successfully prepared.

Despite all this promise, the low melting point of PEO of
about 55 °C limits the mechanical and thermal stability of the
membranes. Here, the addition of a second polymer such as poly-
acrylonitrile (PAN) with a decomposition temperature of 280 °C
may prove advantageous. Contrasted to PEO, PAN does not
exhibit segmental chain mobility and thus cannot support Li
transport but has been shown to serve as a hosting matrix in
PAN:SN:LiX systems in which Li cations are transported across
the matrix as Li"(SN), moieties.?” Adding PAN to a PEO:SN:LiX
system may thus not only entail a decrease in the amount of crys-
talline PEO and an increase in the mechanical and thermal sta-
bility but also provide additional Li migration pathways. We
note that the use of mixed polymer PEO/PAN systems as electro-
lyte materials has been attempted;!'®2'2% however, the residual
solvent content was rather high, the material thus more resem-
bling a gel electrolyte.

In this work, we present an in-depth study of solid electrolytes
in the multinary system PEO:PAN:SN:LiBF,. Since in previous work
by us we noticed a partial loss of SN during the synthesis route via
electrospinning, we evaluated whether the ES protocol (with the
necessity of producing a homogeneous solution of all ingredients
in the first place) is suitable for the synthesis of these multinary
systems. As a second route, we followed the established solvent-
free hot-pressing method.?>~28

With both routes membranes exhibiting room temperature
ion conductivities of approx. 107 S cm™' could be produced.
The influence of the PEO/plasticizer and PEO/PAN ratio on the
Li cation and PEO segmental mobility was studied applying a
range of solid-state NMR approaches including temperature
dependent static ’Li and 'F NMR spectroscopy, '*C-MAS
(Magic Angle Spinning), and CP-MAS (cross polarization)
NMR spectroscopy. In this study, the focus lies on the investi-
gation of the local ion dynamics and conductivity dependence
on the preparation process of the SPEs rather than its applica-
tion in battery systems. Selected PEO/PAN systems were
subject to such investigations and results are reported
elsewhere.”

2. Results and Discussion

This section commences with a presentation and discussion of
the sample compositions as determined via the analysis of the
solid-state '*C MAS NMR and liquid state '"H NMR spectra and
a comparison of the morphology of the ES and HP samples.
Subsequently, further experimental results on ES and HP samples
will be given separately.

2.1. Sample Compositions

In previous works (PEO:SN:MX samples, M = Na, Li, X = CF3S0;,
BF,),l'72%37 the SN content of the ES samples was occasionally
found lower than the nominal values. Since the current system
even shows a higher complexity, it seems mandatory to check
the compositions of the synthesized ES samples to assess the
reproducibility of the ES method. These were determined using
two different NMR approaches: a) analysis of '*C-MAS spectra
recorded with high power proton decoupling and b) analysis
of liquid state 'H-NMR spectra on samples dissolved in
DMSO-d6. Details of the procedure are given in the supporting
information. The resulting compositions are presented in
Table 1 for a batch of five samples of the same target composi-
tion. Whereas the relative fraction of the two different polymers
PEO and PAN is found to be quite consistent, thus reproducible,
across the investigated samples, quite heavy variations are found
in the content of SN and PC, both added as plasticizers. Especially
PC seems to be virtually lost during the synthesis and drying pro-
cess, except for sample ES1. Since the presence of the plasticizers
has been found to be rather important to boost the ionic conduc-
tivity in PEO- and PAN-based polymer electrolytes,2°>? this may
counterbalance the positive effect of ES morphology on the key
property of the material,***"! Li ionic conductivity (vide infra).
While these results emphasize that the synthesis of these multi-
nary complex polymer electrolytes is principally possible using
the ES technique, maintaining constant compositions and hence
properties seems to be extremely difficult. Interestingly, some
samples (especially EST and ES4) contain significant amounts
of DMSO, used as solvent.

Table 1. Compositions of a set of batches of ES samples of nominally identical composition as determined from a deconvolution of the
13C-MAS NMR spectra, recorded with high power proton decoupling (SS-NMR), and a deconvolution of 'H liquid-state NMR spectra.
Molar ratio
Batch number Method PEO PAN SN PC DMSO LiBF,
Target - 10 8 5 4 - 1
ES1 SS-NMR 10 14 2 7 -
LS-NMR n.m. - - - -
ES2 SS-NMR 10 12 0 0 -
LS-NMR 10 10 0.5 0 - -
ES3 SS-NMR 10 13 0.5 0 0 -
LS-NMR 10 10 0.5 0 - -
ES4 SS-NMR 10 9 4 0.5 3 -
LS-NMR 10 10 3 - -
ES5 SS-NMR 10 1 4 0 2 -
LS-NMR 10 15 4 - -
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Contrasted to this, the determined compositions for the sam-
ples prepared via hot-pressing are found quite near to the nomi-
nal compositions, as shown in Table 2. Notably, no significant loss
of SN could be observed. Thus, this synthesis route proves more
robust as compared to ES for the preparation of complex, multi-
nary polymer electrolytes. Another important point are the
mechanical properties of the hot-pressed systems. The mechani-
cal behavior strongly depends on the composition of the
samples.

2.2. Morphology

The morphology of the electro-spinning and hot-pressed samples
was examined using scanning electron microscopy (SEM), with
the results for two exemplary samples (ES1 and HP1) presented
in Figure 1. Whereas the ES sample displays an interwoven fiber
structure, resulting in a woven membrane, no such fiber structure

is visible for the HP sample, which is characterized by extended
melt like regions. The diameters of the fibers in the ES sample are
predominantly found within the range of 0.5 to 10 um, however
with an overall broad distribution with the largest diameters of up
to 40 um. It is this fibrous structure of the ES samples which has
been found to facilitate conductivity in PEO-based systems.%3"

2.3. Results on Samples Synthesized via Electrospinning

In response to the difficulties in maintaining constant composi-
tions with respect to the plasticizer contents and hence proper-
ties, we restricted our analysis of the samples synthesized via
electrospinning to the five batches as mentioned above without
an attempt to study the influence of variations in the composi-
tions of the membranes (PAN/PEO ratio, PEO/plasticizer ratio) on
the performance of the membranes. As soon as a reliable synthe-
sis protocol is at hand, we will return to this important point.

Table 2. Determined composition of the quantitative evaluation of the '*C-MAS spectra with high power proton decoupling and 'H liquid-
state NMR spectra of the system PEO:PAN:SN:LiBF,.
Molar ratio
Batch number Target composition (molar ratio) Method PEO PAN SN LiBF,
HP1 18:18:9:1 SS-NMR 18 16 9 -
LS-NMR 18 21 10 -
HP2 18:18:6:1 SS-NMR 18 16 6 -
LS-NMR 18 22 7 -
HP3 18:18:3:1 SS-NMR 18 16 3 -
LS-NMR 18 19 3 -
HP4 18:18:0:1 SS-NMR 18 17 0 -
LS-NMR 18 19 0 -
HP5 18:6:9:1 SS-NMR 18 4 9 -
LS-NMR 18 7 12 -
HP6 6:18:9:1 SS-NMR 6 16 9 -
LS-NMR 6 18 9 -
HP7 18:0:9:1 SS-NMR 18 0 9 -
LS-NMR n.m.
HP8 0:18:9:1 SS-NMR 0 18 11 -
LS-NMR 0 18 8 -
HP1-d4 18:18:9-d*1 SS-NMR 18 20 99 -
LS-NMR n.m.
@0nly the resonance of the nitrile groups was used for the determination.

Figure 1. SEM images of the membranes synthesized via electrospinning (left) and hot-pressing (right).
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2.3.1. NMR Spectroscopy

The inherent element selectivity of NMR spectroscopy allows to
individually study the mobility of the Li cation (®’Li-NMR), the
anion ("F-NMR), and the dynamics of the hosting polymers
("H-NMR, "*C-NMR) and thus offers a wealth of information about
the dynamic processes present in the electrolytes. Temperature-
dependent static “Li and '°F single pulse experiments were
carried out for samples ES1, ES3, and ES4. The temperature-
dependent evolution of the “Li NMR spectra for sample ES1 is
exemplary shown in Figure 2a. The plotted spectra represent
the central (m = "2 <+ m = —5) transition of the | = 3/2 ’Li nucleus.
This transition is independent of the quadrupolar coupling and its
line width mainly dominated by the homo- and heteronuclear
dipole interaction, the orientational dependence of which is gov-
erned by the second Legendrian, 3cos’8 — 1, with § denoting the
angle between the applied magnetic field and the principal axis of
the dipole interaction tensor. As a consequence, any dynamic pro-
cess will impart a (partial) averaging of the orientational depen-
dence and thus will lead to a narrowing of the NMR line.

As is obvious from an inspection of Figure 2, there is a clear
turnover from a line width of ca. 4800 Hz at low temperatures
(which marks the rigid lattice regime) to a narrowed line width
of ca. 300 Hz (denoting the extreme narrowing limit) in the tem-
perature range 185 K < T < 220 K, indicating the onset of Li mobil-
ity within this temperature range. Taking the temperature for
which the observed line is given by (vrigid iattice — Pmot. narrowing)/2 +
Dmotnarrowing @S the onset temperature (Tonsee(EST) =204 K) and
using the empirical Waugh-Fedin relation £, = 0.156 X T,.""
allows for a rough estimate of the activation energy for Li mobility,
which in this case is calculated as E, = 32 kJ mol™". For samples ES3
and ES4, the onset temperatures and activation energies as deter-
mined from the evolution of the line width with temperature are
Tonset = 259 K, Ex = 40 kJ mol™ and Tonset = 223 K, Ex = 35 kJ mol™
for ES3 and ES4, respectively. The evolution of the '°F line width
with temperature closely follows that of the corresponding ’Li line,
only slightly shifted to higher temperatures. This is due to the fact

that for line narrowing the correlation time of the motional process
has to exceed the inverse of the corresponding NMR line width,
which is much larger for F ("F-FWHH(ES1) =11.8 kHz and
’Li-FWHH(ES1) = 4.8 kHz at T= 180 K).

In view of the determined sample compositions as given
above (Table 1), a clear correlation between the amount of plas-
ticizer (SN 4 PC) and ion mobility (Li cation, BF, anion) mobility is
observed. Sample ES1, containing the largest amount of plasticiz-
ers, plus a considerable amount of DMSO used as solvent, shows
the by far highest Li mobility with an onset temperature of 204 K,
for sample ES3, containing hardly any plasticizer, the temperature
is shifted to 259 K.

The onset temperature for sample ES4 is comparable to those
found for electrospun samples in the systems PEO:SN:
LiBF,""PEO:SN:NaBF,® and PEO:SN:LITFSI®? and may be traced
back to the action of SN as a solid lubricant, i.e., to activate and
enhance the segmental chain mobility of the PEO chains which
then supports ion conductivity at temperatures above the phase
transition of SN. For sample ES1, however, due to the presence of
a second polymer species (PAN) and the considerable amounts of
SN and PC (and in addition DMSO), it is not possible to clearly
conclude which ingredient is responsible for the remarkable Li
mobility even at temperatures distinctively below the SN phase
transition. Considering the large amounts of PC and DMSO pres-
ent in the sample, formation of Li(PC),, couples or the action of PC
as a solid plasticizer for an enhancement of the chain mobility
may also be present. Further, the phase transition of SN may
be shifted to lower temperatures in this multinary mixture (vide
infra). In addition, the presence of PAN may also change the PEO
chain mobility and thus indirectly influence Li mobility within
these sample. However, this seems rather improbable in view
of the comparable PAN/PEOQ ratios of the investigated samples.

It is interesting to check whether the observed drastic
changes in ion mobility, depending on the amount of
(SN + PC) in the samples, is correlated to the mobility of the
PEO chains. This can be evaluated using '>*C MAS NMR spectros-
copy. As shown, e.g., in,l'®'93%3" the presence of SN in PEO-based

(a) (b)
T T T T T T T T T
16000 - FWHH "Li:| ]
= ES1
299 K 14000 - % * ES4 | A
e ES3
12000 EWHH "°F:| -+
222 K 5 = ES1
T 10000 - E,-Range E,-Range * ES4 T
E e ES3
211K T 8000 | -
i
i 6000 |- .
202K 4000 E,-Range
adeal & b - ety 17.47 K
0 1 1
400 300 200 100 0 100  -200  -300  -400 165 180 195 210 225 240 255 270 285 300 315

5 ('Li)/ ppm

T/K

Figure 2. a) Temperature-dependent static “Li spectra of EST and b) the evolution of the ’Li and 'F line width as a function of tempera-
ture for three batches of PEO/PAN:SN/PC.LiBF, membrane. Line to guide the eye.
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systems may impart a drastic increase in the mobility of the PEO
matrix, acting as a solid lubricant. This extremely high mobility
manifests itself in the occurrence of a triplet of the '*C PEO signal
(methylene groups) around 70 ppm (acquired without 'H decou-
pling) due to the 'J-(*C’'H)- coupling to the methylene 'H nuclei.

The corresponding *C-MAS-NMR spectra, taken at room tem-
perature and acquired without 'H decoupling, are collected in
Fig. S2a. Up to five different (sets of) signals can be identified.
We assign the narrow signal at 156.2 ppm, which is only observed
for sample ES1, to PC. The signal around 40 ppm, which is split
into a quartet, is indicative of the presence of DMSO in the sample
('J-("*C'H) coupling constant of 138 Hz). Further signals at 14. 5
ppm (methylene group, split into a triplet) and 119.1 ppm (nitrile
group) can be assigned to SN. The dominant signal at 70.1 ppm
represents PEO. For samples ES1, ES3, and ES4, this signal exhibits
a triplet structure due to the mentioned J(C-H) coupling of 142
Hz, indicating a remarkable PEO chain mobility in these samples.
Thus, we observe that the cation mobility as discussed above
seems to be highly correlated to this chain mobility and the over-
all plasticizer content of the samples. We note that under the
experimental conditions (no 'H decoupling), the *C MAS NMR
signals of PAN are too broad to be resolved; these are only
observable under strong 'H decoupling (cf. Fig. S2b, supporting
information). The same holds for any fraction of PEO not involved
in this extreme dynamics (vide infra, Table 3). Since the CSA
parameters of the nitrile resonance at 120.5 ppm (width =
496 Hz, Ac =-196 ppm, 7jcsa = 0.27) are virtually identical to those
of pristine PAN, PAN in the membranes may be viewed as more or
less immobile within the membranes, as in the case of PEO:SN:
LiBF, samples synthesized via solution casting.?”

2.3.2. Impedance Spectroscopy

In addition to the detailed solid-state NMR study as presented
above, Li mobility was also checked using potentiostatic electro-
chemical impedance spectroscopy. The temperature-dependent
conductivities are plotted in Figure 3. Interestingly, no large vari-
ation in the ionic conductivities are found across the various sam-
ples; the room temperature conductivities are found around
107 Scm™, with the exception of sample ES5 (0.2 x 10™* Scm™).
Activation energies vary drastically between 25 and 118 kJ mol™
with no clear correlation to synthesis, compositional, or morphol-
ogy parameters. Therefore, an interpretation of these results was
not attempted. These results are clearly at variance with the
results from the solid-state NMR analysis outlined above and

do not fit the general trend that an increased amount of plasti-
cizer will lead to an increase in ionic conductivity. At this point in
time, we do not have any explanation for this observation.

While no quantitative mechanical characterization of the ES
PEO/PAN electrolyte was conducted within this study, several
qualitative observations can be reported based on the membrane
fabrication and handling. Electrospinning of a pure PAN electro-
lyte according the mentioned ES protocol is possible but the
resulting fibrous membrane still tended to fragment or splinter
during handling. Upon introducing PEO into the PAN system
(via electrospinning), the flexibility of the membranes improved
markedly. The PEO/PAN composite membranes exhibited signifi-
cantly better mechanical integrity and processability, allowing for
easier cutting and manipulation without fracture.

As stated above, these results indicate that it is indeed pos-
sible to synthesize membranes with very high Li mobility fol-
lowing the ES approach. One of the advantages of this
process is its ability to virtually fully suppress the crystallization
of PEO, as no PEO reflexes are found in the XRDs (data not
shown). As the Li migration predominantly occurs within the
amorphous parts of PEO, this marks a clear advantage of this
synthesis route. However, it turned out that it is extremely dif-
ficult to control all synthesis and post processing parameters to
maintain constant composition and hence properties. We are
currently trying to develop a synthesis protocol which guaran-
tees reproducible compositions which then will be the entry
point for a further in depth investigation of the effect on com-
position, synthesis, and processing parameters on the perfor-
mance of the membranes.

2.4. Results on Samples Synthesized via Hot-Pressing

As described in the previous section, for the hot-pressed mem-
branes, the actual determined compositions were always found
to be close to the target compositions (Table 3). Therefore, a
detailed investigation of the influence of the composition on
the materials’ properties was conducted, the results of which
are presented in the following.

2.4.1. X-Ray Diffraction

X-ray diffractograms for the samples synthesized via hot-pressing
are collected in Figure 4. The reflexes at 19.1° and 23.2° are attrib-
uted to the crystalline fraction of the PEO phase, whereas the
broad reflex at 18.8° can be assigned to PAN. Comparing the

phous and crystalline phase of the polymer PEO.

Table 3. Determined proportions of the quantitative evaluation of the '*C-MAS spectra with high power proton decoupling of the amor-

Sample Composition Amorphous phase in [%] Crystalline phase in [%)] PEOs:LiBF, in [%]
Pure PEO 6 94 _

HP1 18:18:9:1 100 0 -

HP2 18:18:6:1 80 20 -

HP3 18:18:3:1 45 55 -

HP4 18:18:0:1 a_ 85 15

@Due to the overlapping of the different signals, no percentage could be determined.
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Figure 3. Temperature dependent evolution of the ionic conductivity for the studied ES samples.
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Figure 4. XRD analysis of the HP samples.A decrease of crystallinity
with increasing plasticizer amount can be observed. Additionally,
the theoretical diffractograms of the pure LiBF, salt (blue) and the
complex (red) are presented.“6”

diffractograms for samples HP1 to HP4 (decreasing SN content
with otherwise identical composition), it is clear that SN effec-
tively suppresses the crystallization of PEO. In addition, when
comparing samples HP1 and HP7 (PAN-free sample), the occur-
rence of the reflexes attributed to PEO in HP7 indicates that the
presence of PAN seems to help in the suppression of formation
of crystalline PEO in the membranes. This may be readily
explained by the additional disorder inserted into the system
by the incorporation of SN and PAN into the system. Another
phase which is suppressed by the presence of SN is the crystal-
line PEO5:LiBF, complex. The corresponding reflexes at 12.1°and
11.3° are observable for the SN-poor samples HP3 and HP4.

2.4.2. NMR Spectroscopy

As with the ES samples, solid-state NMR experiments were con-
ducted to obtain information about the dynamic processes pres-
ent in the electrolyte membranes. The “Li- and '°F-MAS NMR
spectra are given in the supporting information (cf. Fig. S3).
With the exception of sample HP4, the “Li and '°F MAS NMR spectra
exhibit narrow signals without sizeable spinning sideband intensity.
The chemical shift of the “Li signals is found around —1.3 ppm, and
the shift of the '°F signal around —151.5 ppm. In addition to these,
sample HP4 exhibits broad signals at —1.5 ppm (’Li, comprising
80% of the total signal intensity) and —155.5 ppm ('°F). Comparing
these to the values published in'®, these signals can be assigned to
the crystalline PEO4:LiBF, complex and thus corroborate the results
from the X-ray diffraction analysis. For sample HP8, the PEO-free
sample, the position of the “Li and '°F signals expectedly are
well shifted from that of the other samples (’Li: —1.8 ppm,
F: —153.4 ppm) indicating a different coordination of the Li cat-
ions (with PAN or SN instead of PEO).

Data for the temperature dependent evolution of the line
widths of the static Li and '°F NMR spectra, obtained after single
pulse excitation is collected in Figure 5. Whereas Figure 5a shows
the variation with plasticizer content, Figure 5b highlights the
dependence of the PEO/PAN ratio. In the case where multiple
“Li- or "°F-species were identified (sample HP4), only the evolu-
tion of the narrow line is represented. Contrasted to the data for
the ES samples, a clear correlation is found between the onset
temperature (and hence activation energy) and the plasticizer
content, increasing from 35 kJ mol™ for HP1 (polymer/plasticizer
ratio 4:1) and HP2 (ratio 6:1) to 39 kJ mol™ for HP3 (ratio 12:1) and
42 kJ mol™ for the plasticizer free samples HP4.

As obvious from inspection of Figure 5b, varying the PAN/PEO
ratio does not entail any sizeable changes in the ion dynamics.
This indicated that the addition of PAN does not deteriorate the Li
mobility. Interestingly, the PEO-free sample HP8 exhibits the low-
est onset temperature of all samples. As compared to related
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Figure 5. Evolution of the “Li and '°F line width as a function of temperature for the PEO:PAN:SN:LiBF, system. a) Variation of the plasti-

cizer amount and b) variation of the PEO/PAN ratios.

samples prepared via solution casting, in which most of the Li
cations remained immobile up to temperatures around room
temperature,?” here the complete Li inventory is found mobile
at temperatures larger than 225 K. In addition, in®*” a large excess
of SN was used. Since in plasticizer-free PAN-based electrolytes
hardly any room temperature mobility is found, this has to be
ascribed to the formation of Li(SN),™ aggregates as found by
Voigt et al®” In the "*C-MAS NMR spectra, obtained without
strong 'H decoupling (cf. Figure S4a), samples HP1- HP3 and
HP5—HP?7, i.e., those containing PEO and SN, exhibit the triplet
pattern for the PEO signal at 70 ppm due to the 'J("*C'H) cou-
pling. As with the ES samples, this indicates extremely fast seg-
mental mobility of the PEO chains. We note that in this
experiment, signals from immobile PEO or PAN are hardly visible
due to the dipolar coupling to 'H. The virtual absence of any PEO
signal for HP4 perfectly agrees with the results from above and
with the view that SN acts as a solid lubricant enhancing PEO
segment mobility which then in turn supports Li mobility.
Freezing of the segmental chain mobility in the SN-containing
samples occurs around 250 K and manifests itself in a loss of
the triplet splitting due to dipolar broadening, as exemplified
by the temperature-dependent *C MAS NMR spectra for HP1,
shown in Fig. S4b. This broadening closely follows that of the trip-
let signal from the methylene SN groups at 14 ppm follows, which
supports the assumption that the transition of SN into the plastic
crystalline phase triggers the onset of PEO chain mobility.
Since it is generally accepted that Li migration predominantly
occurs within the amorphous fractions of PEQ,** we studied the
influence of the PEO/SN and PEO/PAN ratio on this parameter. To
this end, *C MAS NMR with strong 'H decoupling was conducted.
The resulting spectrum for sample HP3 is exemplarily shown in
Fig. S4c of the supporting information. In order to obtain a reli-
able deconvolution, we need the chemical shift and line width of
the broad contributions to the PEO signal, originating from crys-
talline PEO. These are readily available since the two contribu-
tions to the PEO signals (broad signal at 71 ppm from
crystalline PEO, narrow signal at 69.5 ppm from amorphous

PEO)B>7 exhibit a completely different contact time behavior
in the *C CPMAS NMR spectra (cross polarization), as shown
in Fig. S5 of the supporting information. The upper spectrum
of the inset in Fig. S4c, supporting information, shows an
expanded view of the PEO signal region, the lower a 'C
CPMAS NMR spectrum for HP3 obtained using a contact time
of 100 ps, rendering only the broad signal visible, from which
the line position and the width of the broad component may
be determined. The resulting fractions are collected in Table 3.
The amount of amorphous PEO clearly increases with the plasti-
cizer content and reaches 100% in sample HP1. These results are
in perfect agreement with the findings from the X-ray diffraction
analysis. Thus, the action of SN within the samples seems to be
twofold, acting as a solid lubricant and increasing the amount of
the amorphous fraction of PEO. In the case of the SN free sample
HP4, no amorphous PEO could be detected. Here, the signal
around 70 ppm carries contributions from crystalline PEO and
from the crystalline PEO3:LiBF, complex.

Although PAN does not directly support ion dynamics in the
membranes (as with the ES samples, in the HP samples the CSA of
the PAN nitrile resonance resembles that of pristine PAN), it indi-
rectly helps in reducing the amount of crystalline PEO (cf. Fig. S6,
supporting information). The amount of crystalline PEO is clearly
increasing with decreasing PAN content (samples HP1 (0%), HP5
(10%), and HP7 (23%)). These observations are also consistent
with the X-ray diffraction analysis.

All the experimental evidence presented so far for the PEO-
containing multinary samples indicate membranes in which PAN
mainly serves to enhance dimensional stability of the samples
without any participation in Li ion coordination or polymer mobil-
ity. In addition, the presence of PAN reduces the relative fraction
of crystalline PEO. SN acts twofold, as a solid lubricant to enhance
PEO chain mobility and to suppress PEO crystallization. We sug-
gest a Li migration mechanism in which the Li cations are exclu-
sively coordinated by the ether oxygen atoms of the PEO chains
without any direct participation of SN. On the other hand, in the
PEO-free sample HP8, which exhibits decent Li mobility, Li
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migration is probably accomplished by transport of Li*(SN), moi-
eties across the PAN matrix as suggested previously.””

In an attempt to check whether in the PEO-containing sam-
ples SN is contributing to the coordination of Li cations, we per-
formed ’Li-'"H-REDOR experiments on sample HP1 and sample
HP1-d4, which is a sample with identical composition as com-
pared to HP1 but synthesized using fully deuterated (d4) SN. If
SN would contribute significantly to the coordination of Li in
the samples, then the REDOR effect should be smaller in the deu-
terated sample. We note that we did not consider PAN as a poten-
tial candidate for Li coordination in view of the results presented
in this and related work.'*?% 7Li-{"H}-REDOR experiments were
performed at low temperatures (190 K) to exclude any dynamics
which would average the dipolar couplings. Due to the expected
strong “Li-'H dipolar coupling (coordination of Li via the ether
oxygens of PEO), we used the constant time variant of
REDOR®8* for this experiment, keeping the dipolar evolution
time constant at two rotor cycles and incrementing the pulse
length of the dephasing pulse from 0 to 2z. The data for the sam-
ple containing fully deuterated SN-d4 (HP1-d4) and for the cor-
responding nondeuterated samples (HP1) are collected in
Figure 6a. Both CT-REDOR curves exhibit the same behavior,
revealing a ’Li-'H dipolar coupling of 2200 Hz, based on
SIMPSON simulations assuming a two spin interaction. Without
attempting to deduce internuclear distances, this marks quite
a high value for the dipolar coupling, and, more importantly,
no difference is observed between the deuterated and nondeu-
terated sample. The fact that the removal of protons from SN did
not entail any changes in the strength of the dipolar coupling
between ’Li and "H suggests that SN is indeed not participating
in the coordination of the Li cations.

This view is supported by a comparison of the “Li MAS NMR
spectra for sample HP1, obtained with and without strong

(a)1.0

09 F

T T T T T T T
PEO:PAN:SN:LIBF, (18:18:9:1)
® HP1
® HP1-d4
—— 2200Hz; 2,769A

08

0,0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

"H pulse length / us

'H-decoupling, as shown in Figure 6b. For the spectrum obtained
with decoupling, the line width considerably narrows to roughly
1/12™ of the line width of the nondecoupled spectrum. Moreover,
if two distinctively different coordination motifs were present, we
would expect the contribution of two ’Li signals to the spectrum,
which is not the case. As for sample HP8, a contribution from
water to the Li coordination and mobility has to be excluded.
To this end, the '"H MAS NMR spectrum of HP8 was analyzed
(cf. Fig. S7, supporting information). There is indeed a very tiny
signal at 5.3 ppm which we may assign to H,0, however, with
an overall contribution of 0.2% to the total signal intensity this
would translate into 0.2 H,O molecules per Li cation. Thus, also
trace amounts of water are present in the sample, the amount is
clearly not enough to account for the observed Li mobility.

2.4.3. Impedance Spectroscopy

As with the ES samples, the ionic conductivity and activation
energies of the hot-pressed samples was determined using
impedance spectroscopy (Figure 7). As for the samples HP1—HP4
(decreasing SN content), a clear correlation between SN content
and ionic conductivity is observed. Whereas the SN rich composi-
tions HP1 and HP2 exhibit room temperature conductivities
around of 10~ Scm™, the value is decreasing to approx. 107° Scm™
for HP3 and drops below the detection limit for the SN free
sample HP4. Activation energies vary between 29 and 44 kJ mol™
in good accordance with the results from NMR spectroscopy (35 to
42 kJ mol™). Variations in the relative amount of PAN and PEO on
the other hand are found to only exhibit a rather marginal effect.
Thus, a reduction of the amount of PAN (HP1, HP5, HP7) is found to
only exhibit marginal effects on the ionic conductivity, as exempli-
fied by the data in Figure 7b. Room temperature conductivities
slightly above 107* Scm ™" are found for the samples with the only

(b)

T T T T T

200 100 0 -100 0 &/ppm

Figure 6. a) ’Li-'"H-CT-REDOR data for the nondeuterated (full black circles) sample HP1 and the deuterated (full red circles) sample HP1-
d4 (PEO:PAN:SN:LiBF, 18:18:9:1) at 190 K. The solid line represents the result of a SIMPSON simulation assuming a two spin interaction
with D = 2200 Hz). Since the relative ratio of PEO.LiBF, is 9:1, we do not expect all PEO units to participate in the coordination; thus, the
AS/S, values may be biased to lower values. b) “Li-MAS NMR spectrum for sample HP1 acquired with (lower spectrum) and without

(upper spectrum) strong 'H decoupling.
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Figure 7. Top: Temperature-dependent conductivity of the variation of plasticizer amount from 18:9:1 to 18:0:1 (left) and variation of the
polymer ratio (right). Bottom: Overview of the Arrhenius behavior and the evaluated activation energies of the variation of plasticizer
amount from 18:9:1 to 18:0:1 (left) and variation of the polymer ratio (right).

exception of HP8, the PEO-free sample. This indicates that PAN
itself is not directly participating in the Li migration process in
these samples (in excess of suppressing PEO crystallization). Li
migration seems to be correlated to the PEO segmental dynamics
(which in turn depends on the SN content), as corroborated by the
NMR results presented above. Of course, the PEO-free sample
marks an exception. Here, the mechanism of Li transport has to
be a different one, e.g., via the formation of Li*(SN), species as
found in previous work on related compositions prepared via
the solution casting process.2”

Another important point are the mechanical properties of the
hot-pressed systems. The mechanical behavior strongly depends
on the composition of the samples. Whereas PEO rich mem-
branes proved to be flexible, the incorporation of PAN increased
the brittleness. PAN-free membranes with added SN were
observed to be rather soft and sticky without being dimensionally
stable, whereas PEO-free membranes were dimensionally stable
but lacked flexibility. However, the combination of PAN and PEO
with SN entailed dimensionally stable, flexible membranes.

In order to set the present study into a broader context, it is
important to verify the ion conductivity of the title systems in
relation to known polymer electrolytes. Due to the manifold pos-
sibilities to create polymer electrolytes, one first has to differ gel
(GPE), solid (SPE), and composite polymer electrolytes (CPE). GPEs
contain a polymer matrix swollen in liquid electrolyte. SPEs are
‘dry’ solvent-free systems without organic or ionic liquids where
ion transport is realized via the solid phase. CPEs are systems
using techniques like polymer blending, cross-linking polymer
matrices, binary salt systems, incorporation of additives, doping
of nanomaterials, impregnation with ionic liquids, or reinforce-
ment by inorganic fillers to overcome drawbacks from aforemen-
tioned systems. Nice review articles reflect this issue.**® Recent
developments in PAN-based polymer electrolytes were reviewed
by Whba et al*" where the focus was on PAN systems. An inten-
sively examined field is the modification of pure PEO by blending,
copolymerization, and doping with inert (mostly metal oxides)
and active (ion conducting active materials) additives.*?. It has
to be stated at this point that the selected samples in Table 4
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can only represent a small selection of the different studies
reported in recent years.

PEO/PAN (50:50) SPEs reported in this study show reasonably
high conductivities of 1.5 - 10 to 2.5 - 10* S cm™' that are
approximately one order of magnitude lower than the ones in
GPEs where a significant amount of liquid electrolyte is present
(see GPEs denoted in Table 4). The same range of conductivities
(CPEs: 10 to 2- 1072 S cm™") are observed for CPEs where either
liquid electrolyte od inorganic fillers are added to improve the
conductivity. Most important the observed conductivities over-
come or reach most of the casted SPEs (casted, dry SPEs: 107'°
to 6.5 10* S cm™). Taking a closer look to electrospun pure
PEO and PEO/PAN systems, the incorporation of PAN as a matrix
to host the ion conducting PEO phase does not influence the over-
all ion conductivity of the system. Both conductivities are literally
identical. A mechanism for this ion transport through an ES PEO/
PAN membrane including differential scanning calorimetry (DSC)
was reported earlier on.”? In principle, ion conduction is preferred
and accelerated on the surface of the ES PEO fibers, and reasonable
contacts are present between the aligned and neighbored PEO
fibers to allow ion transport in all directions. The same principle
seems to be valid for the hot-pressed samples in this study since
the conductivity is literally identical with the ES ones.

3. Conclusion

Mixed PAN/PEO polymer electrolytes were synthesized following
either the electrospinning (ES) or the hot-pressing (HP) approach.
Succinonitrile and—in the case of the ES samples—propylene
carbonate were added as plasticizers. While the ES samples offer
a favorable interwoven fiber structure which has been shown to
enhance ion mobility in these sample, the resulting composition
of the ES membranes, especially in relation to the plasticizer con-
tent was observed to spread considerably, in some cases resulting
in a complete loss of the plasticizer added to the starting mixture.
Cation, anion, and PEO segmental chain mobility, as determined
from temperature dependent "Li-, °F-, and '*C-NMR, were found
to correlate quite well with the plasticizer content. No PAN
dynamics was observed; its role seems to be limited to increase
the mechanical stability of the membranes.

For the HP processed samples, we found a decent correlation
between target and actual compositions. Hence, for the HP sam-
ples, the influence of compositional parameters (PEO/plasticizer
ratio and PEO/PAN ratio) on the membranes’ performance was
studied. The presence of SN clearly suppresses the crystallization
tendency for PEO and the PEO;:LiBF, complex; PAN is found to
aid in the suppression of PEO crystallization. Again, a straight cor-
relation could be observed between plasticizer content (SN) and
activation energy for anion and cation mobility. Thus, the pres-
ence of SN enhances the ion mobility in two ways, not only acting
as a lubricant to enhance chain mobility but moreover increasing
the amount of amorphous PEO in the membranes. Varying the
PEO/PAN ratio did not entail any change in the membranes’
dynamics; PAN is found immobile in the samples, mainly serving
to enhance the dimensional stability of the membranes and thus
counterbalance the detrimental effect of the addition of SN

without deteriorating the ion mobility. Sample HP8, a PEO-free
PAN:SN:LiBF, membrane showed unexpected high ionic conduc-
tivity and mobility. For all PEO-containing samples, coordination
of Li by the ether oxygen is expected as the dominating coordi-
nation motif, with only limited participation of SN; for the PEO-
free sample, the formation of Li*(SN), moieties acting as a vehicle
for Li transportation seems probable and is supported by the
matching “Li chemical shift as compared to work by Voigt
et al.?” The first assumption has been supported by “Li {"H} con-
stant time REDOR experiments performed on samples HP1 and
HP1-d4 (synthesized using fully deuterated SN). The virtual iden-
tical REDOR curves for these samples suggest that SN is not play-
ing any extended role in Li coordination. Experiments to unravel
more details of the mechanism of Li ion migration in the studied
samples—these include ’Li-"*C dipolar experiments with cross-
polarizing magnetization from "H to '3*C at low temperatures will
be possible in our laboratories in the near future and are
expected to work out the subtle differences in the mechanism
of ion conduction in PAN and PEO based electrolyte membranes.

4. Experimental Section

LiBF, was chosen as a conductive salt additive because of its moisture
stability and ability to be handled on air. This was important for all
samples that have been fabricated via electrospinning in this study. In
order to compare casted and electrospun samples, we kept the con-
ductive salt identical in all systems.

Fabrication of Membranes via Electrospinning (ES): Five samples
ES1 to ES5 were prepared using the following procedure. The poly-
mer solutions were prepared in a glovebox in a dry inert atmosphere
(0, < 0.1 ppm, H,O < 0.1 ppm) using snap-on cap glassware with mag-
netic stirring. In the first step, PAN (Sigma Aldrich, 150 000 g mol™)
was added to the snap-on cap glass and was then dissolved in
DMSO (dimethyl sulfoxide). Subsequently, the plasticizer propylene
carbonate (PC) was added. The reactants were stirred until a homo-
geneous solution was achieved, after which a specified amount of
MeCN (acetonitrile) was added. Subsequently, PEO (Sigma Aldrich,
300 000 g mol™) and SN were added to the solution. The mixture
was stirred overnight. The conductive salt LiBF, was added 2 h before
the electrospinning process was initiated. Five different batches, all
aiming at the same target composition of 10 PEO : 8 PAN : 5 SN : 4 PC,
were prepared (each starting mixture consisted of 0.175 g PEO, 0.175 g
PAN, 0.150 g SN, 0.168 g PC, and 0.0367 g LiBF,, with 3 mL DMSO and
2 mL MeCN as solvents). The spinning process then was performed in
the laboratory, and the membranes were then dried afterwards for
24 hin a desiccator on a Schlenk line. During electrospinning, a voltage
of 18 to 20 kV was applied. The distance between the tip of the cannula
and the grounded collector averaged 20 cm, and the solution was
pumped at a feed rate of 1.5-3 mL per hour.

Fabrication of Membranes via Hot-Pressing (HP): To facilitate proc-
essing of succinonitrile (SN), which exhibits a quite sticky texture at
room temperature, SN was embrittled by cooling down with liquid
nitrogen and then subsequently crushed in an agate mortar and then
dried for several days at room temperature. The remaining starting
materials were dried under vacuum for several days. The reactants
were stored in the glove box in an argon atmosphere until further
processing. In a first step, mixtures according to the quantities listed
in Table S1_a, supporting information, were homogenized using a
ball mill. The reactants were transferred to the filling containers of
the planetary mill in an argon box and the vessels sealed with
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parafilm to minimize uptake of water. For the milling process, 5 min
of milling (400 rpm) were followed by 5 min of resting for 16 h in toto.
The resulting mixtures were then transferred to the press template—
sandwiched by Mylar film to ease removal—in argon atmosphere.
The pressing process was carried out at a temperature of 100 °C
at 5 T pressure over a period of 20 °min. The pressing template
was then cooled to room temperature using a copper block. The
membranes were removed from the press template and stored in
an argon atmosphere.

X-Ray Diffraction: The crystallinity of all samples was assessed via
powder X-ray diffraction using a Guinier powder diffractometer using
Cu-K,, radiation (1 = 1.54051 A). The equipment was operated with a
G670 Imaging-Plate-Detector. The measurement was conducted
between 10 and 80° (26). A portion of the membranes was placed
between two PET films with a thickness of 6 um in a flat-bed sample
holder. All measurements were performed at room temperature.

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS): The
impedance analysis was operated with a Metrohm Autolab B.V.
PGSTAT204 potentiostat including an FRA 32 M module and a cell
setup by rhd with a TSC standard battery cell with stainless steel
nickel-plated electrodes. The membranes were punched out in the
shape of a disc with a 10 mm-diameter and placed between the elec-
trodes and placed between the stainless steel electrodes. The mea-
surement area a was 0.50265 cm?. PEIS data was collected using an
amplitude of 20 mV, in the frequency range of 1 MHz to 0.1 Hz, at
temperatures from 293 to 328 K in steps of 5 K. The thickness d
of the samples was determined after the measurements with a
micrometer screw (Holex, 0-25 mm, 0.001 mm accuracy). The thick-
ness of the membranes varied between 40 and 114 pum for the ES and
between 80 and 467 um for the HP samples. Conductivities were cal-
culated using the equation ¢ = (1/R):(d/a) where the resistance (R),
the thickness (d), and the area (a) where taken into account. We
assumed full contact to the electrodes neglecting the tortuosity
and lower contact area of the fiber membranes to the electrodes.
The resulting Nyquist plots were analyzed using the RelaxIS 3 soft-
ware by rhd instruments. Selected Nyquisit plots are given in the sup-
plement section.

NMR Spectroscopy: The solid-state nuclear magnetic resonance
experiments were conducted using a BRUKER Avance Il spectrome-
ter in combination with a 7 T magnet at resonance frequencies of
46.1 MHz, 75.5MHz, 116.6 MHz, 282.5 MHz, and 300 MHz for °H,
3¢, “Li, "F, and "H. 4mm WVT MAS triple and double resonance
probes were used in combination with 4 mm ZrO,-rotors. All prepa-
ration steps were performed in an argon-filled glovebox, and the
measurements were performed using a nitrogen flow. A heat
exchanger in combination with liquid nitrogen was used for the
low temperature measurements with the temperature being cali-
brated using Pb(NOs), as a chemical shift thermometer.344

“Li and '°F static single pulse experiments were conducted within a
temperature range of 171 K to 360 K to obtain information about the
cation and anion dynamics. MAS experiments were performed at 10
kHz. Relaxation delays between 5 s and 60 s, depending on the mea-
surement temperature, were used.

3C-MAS experiments and '*C-{'"H}-CP-MAS-experiments in the tem-
perature range from 178 K to 328 K and relaxation delays of 10 s
to 300 s were performed to obtain information about PEO and
PAN dynamics. For the CP-MAS experiments, the contact time was
varied between 0.1 ms and 8 ms.

’Li-{"H}-constant time REDOR NMR was performed to check whether
in the PEO-containing samples SN is contributing significantly to the
local Li coordination. For this, the results from two samples with
identical composition, HP1 and HP1-d4, in which in HP1-d4 fully
deuterated succinonitrile was used for the synthesis, were com-
pared. These experiments were performed at the lowest accessible

temperature of 190 K to guarantee the freezing of all motional
processes.

To evaluate the compositions of the samples, '*C-MAS NMR with high
power 'H decoupling was used to evaluate the composition of the
samples. A relaxation delay of 300 s was used to assure complete
relaxation of the ">C nuclei. The spectra were then fitted using the
program DMFIT to obtain the relative amounts of PEO, PAN, SN,
PC, and DMSO. Details of the analysis are given in the supporting
information.

In addition, the compositions were determined analyzing the '"H NMR
signals on samples dissolved in DMSO-d6 using 'H solution-state
NMR using a 400 MHz Varian Mercury plus NMR spectrometer.
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