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Development of polymer electrolytes, whose enhanced conductivities would allow the replacement of
unstable and flammable liquid electrolytes in Li ion batteries, has received considerable attention. In this
study, the incorporation of two ionic liquids (ILs), 1-butyl-3-methylimidazolium (IL1) and 1-ethyl-3-
methylimidazolium (IL2), to bolster the conductivity of hybrid composite polymer electrolytes (HCPEs),
based on poly(ethylene glycols) (PEGs) and organic—inorganic silica nanoparticles (OINs) formed in situ,
has been investigated. The structure and conductivities of the HCPEs were found to depend on the PEG
molecular weights and the amounts of ILs. HCPEs containing smaller PEG chains allow for higher
conductivities, although to preserve the structural integrity of the HCPE films with 50-55 wt% of the IL,
the PEG molecular weight should be 300 or higher. Frequency sweeps showed that the HCPE films are
elastic and manifest a gel-like behavior. Although multiple ions are present in these HCPE, the
conductivity is determined by Li ions, while the ionic liquid strongly improves the conductivity and the
transference number. The HCPE containing 300 MW PEG and 55 wt% of IL2 yielded the highest
conductivity of 1.24 x 107° S cm™%, among the best conductivities reported for polymer electrolytes with
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Introduction

A typical commercial lithium ion battery system contains an
organic electrolyte that acts as an ionic path between elec-
trodes." However, there are disadvantages of using liquid
organic electrolytes, specifically flammability,” limited battery
life, and temperature sensitivity.® Polymer electrolytes have
received considerable attention for application in rechargeable
batteries, fuel cells, supercapacitors, etc.*” This trend is due to
efforts to miniaturize devices and also due to the higher stability
of polymer electrolytes (even gel-like electrolytes) compared to
conventional liquid electrolytes. Solid polymer electrolytes
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(SPEs) (in their most simple form, this is a poly(ethylene oxide)
(PEO) coupled with a lithium salt) have drawn interest because of
their superior safety and utility.>® In order for these polymer
electrolytes to become viable alternatives to liquid organic elec-
trolytes however, the challenges that must be overcome include,
but are not limited to, low ionic conductivity, low lithium
transference numbers, low capacity and insufficient power
density.*® To suppress crystallinity and therefore increase
conductivity due to higher polymer chain mobility and faster
cation diffusion, a number of methods have been used such as
cross-linking,*” polymer grafting,*® polymer blending,'*"¢
replacement of homopolymers with block copolymers,'”*®* and
introduction of inorganic particles.*** The last method allowed
not only suppression of crystallization, but also other effects. For
example, incorporation of SiO,,** a-Al,03,>* AlBr;,>* and ZnO*
nanoparticles led to higher conductivity both due to suppression
of crystallization and Lewis acidity on the nanoparticle surface. It
was demonstrated that Lewis acidity facilitates dissociation of
lithium salts due to interactions with anions, thus enabling
transport of Li ions.* These inorganic nanoparticles can also
improve Li transference.

Previously some of us reported enhancement of conductivity
for SPEs containing organically modified inorganic nano-
particles (OINs) (aluminosilicate or silicate) formed in situ
within PEO.**?* In situ OIN fabrication resulted in fresh
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interfaces, improving the interaction with anions. This resulted
in a lithium ion transference number of 0.8 due to strong
interactions of triflate anions with silicate particles.”® In the
preceding paper we reported a further increase of the lithium
ion transference number to 0.89 and a moderate increase of the
conductivity to 4.34 x 107> S cm™ " due to the incorporation of
additional Lewis acid sites in the OIN exterior: tricoordinate
boron species.” However, for all SPEs, the conductivity at room
temperature rarely dramatically exceeds 10> S ecm~ ' making
the development of these electrolytes a rather academic pursuit.

To improve the conductivity of polymer electrolytes, an
addition of organic liquids has been extensively used, leading to
gel-like electrolytes with much higher conductivity.** However,
addition of liquid organic electrolytes also results in flammability
issues and according to a recent review the conductivity of such
a material did not exceed 4.2 x 10> S cm ™" (below the conduc-
tivity of liquid electrolytes).*® Unlike organic liquids, ionic liquids
(ILs, molten salts) are not flammable so the materials based on
them are not flammable as well. Pioneering studies on incorpo-
ration of an ionic liquid, N-methyl-N-propylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (PYR43TFSI) into high molecular
weight PEO containing bis(trifluoromethane)sulfonimide lithium
salt (LiTFSI) were published by the Passerini group in 2003.**
The polymer electrolyte containing 100 wt% of PYR,;TFSI showed
a conductivity of ~10™* S cm ™" at 20 °C which was a significant
improvement from the conductivity of 2 x 107 S em ™" for the
analogous polymer electrolyte without ionic liquid. However, high
amount of ionic liquids might jeopardize mechanical properties
of such polymer electrolytes. Along the same lines several other
groups employed PEO or other polymers combined with Li or Na
salts and various ionic liquids to obtain similar results.*** Block
copolymers containing PEO block were used as well in hybrid
polymer electrolytes containing ionic liquids, however, to preserve
the block copolymer phase separation only low amounts of ionic
liquids were explored, thus allowing only a limited conductivity
enhancement.”

The next significant advance was reported when hyper-
branched PEOs were connected by triazine linkages and then
cross-linked by a sol-gel process to provide mechanical strength.*
In this case, the addition of an ionic liquid up to 150 wt% did not
threaten mechanical integrity due to network formation. In the
best case, the conductivity achieved at room temperature was 8.8
x 107* S em™".* Several other hybrid materials containing ionic
liquids were reported with conductivities of ~10™* S cm™ 1.4
Higher conductivities (up to 10> S ecm™') were described for
sulfur based ionic liquids, in particular, for the TFSI anions.*

Here we report a robust method for the formation of novel
hybrid composite polymer electrolytes (HCPEs) where organically
modified silica particles are formed in situ in the reaction solu-
tion containing PEGs (200-2000 Da), Li triflate, and ionic liquids.
Although 200-600 Da PEGs are liquids at room temperature, the
HCPEs are elastic materials indicating the attachment of PEG
chains to silica OINs with formation of networks. We obtained
structure-property relationships between the HCPE structure
(varying the PEG molecular weight, the type and the amount of
an ionic liquid, and the PEG-OIN network cross-linking density),
the electrochemical performance and mechanical properties of
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HCPEs. The highest room temperature conductivity achieved in
this work for the HCPE containing 55 wt% of 1-ethyl-3-methyl-
imidazolium trifluoromethanesulfonate is 1.24 x 10> S cm™ %,
i.e., among the best conductivities reported for polymer electro-
Iytes with ionic liquids. Considering the easy and inexpensive
way of the material preparation using a sol-gel reaction and
moderate amounts of ILs used, we believe these materials can be

good candidates for commercial applications.

Experimental
Materials

Poly(ethylene glycols) (PEGs) with molecular weights of 200,
300, 400, 600, 1000, and 2000 daltons, lithium tri-
fluoromethanosulfonate (LiTf) (96%), tetrahydrofuran (THF)
(=99.9%), aluminum-tri-sec-butoxide (AB) (97%), (3-glycidylox-
ypropyl)trimethoxysilane (GLYMO) (=98%), tetramethyl ortho-
silicate (TMOS) (=99%), triethyl borate (TEB) (99%), 1-butyl-3-
methylimidazolium trifluoromethanosulfonate (IL1), and 1-
ethyl-3-methylimidazolium trifluoromethanosulfonate (IL2)
were purchased from Sigma-Aldrich and used as received.
Chloroform (100%) was purchased from Mallinckrodt and also
used as received.

Synthetic procedures

Synthesis of HCPEs. Synthesis of HCPEs based on poly
(ethylene glycol) (PEG) and OINs was carried out according to
a procedure modified, to some extent, from that described in
ref. 29. In a typical experiment for the synthesis of the HCPE
based on 55 wt% of OIN, 10 mol% of TEB, and 30 wt% of IL1,
0.8 g of PEG (0.091 mmol) in 5 mL of chloroform was mixed
with 0.2 g (1.28 mmol) of lithium triflate in 5 mL of THF. The
resultant solution was stirred for 1 hour. The inorganic part of
the composite was prepared by a sol-gel reaction of a mixture
of GLYMO with TMOS in a molar ratio of 4 : 1, with aluminum-
tri-sec-butoxide used as a catalyst. The weighed vial with a stir
bar was filled with 2.337 g (9.88 mmol) of GLYMO, 0.426 g
(2.81 mmol) of TMOS, 0.04 g (0.16 mmol) of AB, and 0.206 g
(1.41 mmol) of triethyl borate (TEB). Hydrolysis of the mixture
was initiated by addition of 15% v/w (0.12 mL) HCI (0.01 N
solution) needed for complete hydrolysis. After 15 minutes of
stirring in an ice bath at 0 °C, the vial was stirred for 15 more
minutes at room temperature. The reaction mixture was then
charged with 0.64 mL of 0.01 N HCI solution and stirred for
40 minutes at room temperature. Then the reaction tempera-
ture was raised to 50 °C and the vial was opened and stirring
was maintained for 15 minutes. After weighing the vial,
a calculated amount of this precondensed silica solution was
added to the PEG and Li salt solution. The amount was
determined from the ratio of OIN to PEG + LiTf, and was based
on 55% of OIN by weight in the HCPE. After that, 0.66 g of the
IL was added to the combined solution. The mixture was then
stirred for 1 hour at room temperature. The amount of OIN
added was determined by the desired ratio of inorganic
component to PEG-LiTf, and was based on a 55 wt% OIN
content in HCPE. The desired amount of IL was calculated as
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a weight fraction of the amounts of PEG and OIN in the
sample. Afterward, the reaction solution was placed in two
small Teflon dishes on a heater at 70 °C and left overnight for
evaporation of solvent and further OIN condensation. The
films were treated at 130 °C in a vacuum oven for 1 h to
complete condensation. The HCPE films were carefully
removed from the dishes and then sealed in a plastic
container.

IL1 and IL2 were incorporated in the amounts of 10, 20, 30,
40, 50, and 55 wt% of the total sample weight or until
compatibility threshold was met. For example, in the 10 wt%
IL1 sample 0.22 g of IL1 was added, while in the 20 wt% IL1
sample 0.44 g of IL1 was added. The conditions of the sample
preparation are presented in Tables 1 and S1 (ESIf). In the
sample notations, the first number stands for the PEG molec-
ular weight, the second number stands for the type of the ionic
liquid (see Scheme 1), and the third number indicates the
percentage of IL.

Cross-linking density determination

The cross-linking density of HCPE samples was determined
through a solvent swelling technique.*”*®* The technique is
based on measuring the amount of solvent the polymer network
in the sample absorbs. To remove the ILs from HCPE, 0.6 g of
each dry sample were weighed and put into a small tared vial.
The sample was stirred overnight in 2 mL of THF. After that,
THF was decanted and the procedure was repeated five times.
To validate the completeness of the IL removal, the fifth THF
extract was analyzed by "H NMR in CD;CN using a Varian 400

Table 1 HCPE compositions and conductivities

Sample PEg molecular Amount of Conductivity,
notation weight, Da L2, wt% Sem™!
200-IL1-20 200 20 2.68 x 107*
300-IL1-20 300 20 2.09 x 107*
400-IL1-20 400 20 1.48 x 10°*
600-IL1-20 600 20 6.87 x 107°
1000-IL1-20 1000 20 1.18 x 107*
2000-IL1-20 2000 20 8.87 x 10°°
200-IL1-55 200 55 8.50 x 10~*
300-IL1-55 300 55 9.49 x 107*
400-IL1-55 400 55 4.90 x 10°*
600-IL1-55 600 55 3.71 x 107*
1000-IL1-55 1000 55 4.87 x 107*
2000-IL1-55 2000 55 3.05 x 107*
300-IL2-55 300 55 1.24 x 1072

+
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Scheme 1 Structures of 1-butyl-3-methylimidazolium (IL1) and 1-
ethyl-3-methylimidazolium (IL2).
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MHz NMR spectrometer. After the IL extraction, 2 mL of fresh
THF was added to the HCPE sample and allowed to swell
overnight. The non-absorbed THF was decanted from the vial,
after which the vial was weighed to obtain a swollen sample
weight. After this was recorded, the sample was dried in the
same vial in a vacuum oven overnight. A weight of the sample
was recorded after drying. Using the ratio of the weights of the
dry and swollen samples, the Flory-Rehner equation was used
to determine the cross-linking density:*»>

In(1 —vy) 4+ v2 + x;02°
1 1%
ACE 5)

where v, (V/V,) is the ratio of unswollen (V) and swollen samples
(Vo), @1 is the molar volume of the solvent used, and x; is the
Flory interaction parameter. The Flory interaction parameter
was treated as a constant to calculate relative cross-linking
densities.

V=

Characterization

Conductivity was measured as follows. The samples were
vacuum-dried at room temperature overnight to minimize the
effects of water absorption on measurements. Using a microm-
eter, the thickness of the sample polymer film was determined.
Gold contacts of the area of 1.18 x 10> & 0.05 m” were coated
directly onto the polymer films by using a Polaron E5100 sputter
coater. Sputtering of the gold was accomplished in 3 minutes,
and during this time the samples were held at 5 °C. After the
gold was sputtered, electrodes were attached, and each sample
was placed into a measurement rig and attached to an LF
impedance analyzer. The oscillation level of the applied pulse
was 1 V over a frequency range of 10 Hz to 10 MHz at room
temperature. The samples were modeled to a parallel circuit
comprised of a resistor and capacitor. Admittance data was
recorded using this circuit model and subsequently converted
to obtain impedance plots. Current cycling experiments on
samples with lithium metal contacts were carried out in a glo-
vebox with an argon atmosphere. Current was held constant
while measuring the voltage drop in the circuit using a Keithley
K236 source-measure meter unit, with current changing direc-
tion every 1000 seconds.

Differential scanning calorimetry (DSC) was performed with
a TA Instruments Q Series calorimeter. Sample masses varied
from 5 to 20 mg and were hermetically sealed in aluminum
pans. The samples were scanned between —80 and +200 °C at
a scan rate of 10 °C min~", using refrigerated cooling systems
(RCS) as the coolant. Glass transition regions were then deter-
mined using the fictive temperature method.

All 'H and *°Si magic angle spinning (MAS) NMR experi-
ments were carried out on a Bruker DSX Avance NMR spec-
trometer with a 9.4 T magnet (400.25 MHz 'H Larmor
frequency, 79.52 MHz *°Si Larmor frequency) using a probe
head for 7 mm rotor diameters. The samples were spun between
5.0 kHz and 1.8 kHz; the centrifugal expulsion of liquid
rendered faster spinning unstable for the gel like materials. For
sample 300-IL1-10, a >°Si cross-polarization (CP)/MAS NMR
spectrum was acquired by accumulating 1800 transients using
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a 5 ms CP contact pulse duration, ramped proton power, TPPM
decoupling and 4 s recycle delays. CP power conditions were set
with Kaolin, whose resonances also served as a secondary
chemical shift standard at —91.34 ppm (center between doublet)
relative to TMS. In addition, >°Si MAS data with direct, 90 degree
pulse excitation and TPPM proton decoupling were acquired for
representative samples. A repetition time of 30 s seemed to
produce a reasonable signal when accumulating 128 scans. Due
to low signal-to-noise ratio, no relaxation time measurements
were performed, rendering the 2°Si NMR spectra non-
quantitative.

The 'H MAS NMR spectra were acquired with single pulse
excitation of 5.0 us corresponding to a 45 degree flip angle adding
8 transients. The 5 s experimental repetition delay matched or
exceeded 5 times the longest "H NMR spin lattice relaxation
times, T, as determined by inversion-recovery sequences. The
chemical shift scale was calculated relative to the *°Si chemical
shift reference, using the IUPAC conversion factor.>

Transmission electron microscopy (TEM) was carried out at
an accelerating voltage of 80 kV on a JEOL JEM1010 trans-
mission electron microscope. A piece of the HCPE sample was
embedded in epoxy resin and cut very finely with a diamond
knife. Images of the resulting thin sections (ca. 50 nm thick)
were obtained and analyzed with the Image] software.

Mechanical properties of the SPEs were measured using a TA
RSAIII DMA using a parallel plate compression geometry. Film
diameters were 7.87 mm and thickness ranged from 0.5 to
2.0 mm. Strain sweeps from 10> to 10'% strain were run at
25 °C and frequency of 1 Hz to determine viscoelastic regime.
Frequency sweeps were run at 25 °C and a strain of 0.1% with
a minimum normal force of 0.1 N.

Results and discussion

The schematic representation of the HCPE synthesis is presented
in Scheme 2. PEG and LiTf are dissolved in the THF-chloroform
mixture (solution I). Meanwhile, organically modified silica is
hydrolysed and partially condensed using the sol-gel reaction

Solution |
9 CHCI
0 3 -
MO "Ton + FC-§-O'L" =2 PEG+LITF
e} THF
PEG LiTf
Solution II \
R
oct ocHs | /
H3;CO—Si—OCH; H3CO—SiM —Si—O0—B
OcH, bery” 07Ny ‘ \ \
o o o) o
TMOS GLYMO NS
H", H,0 si
+ Hydrolysis, O/ \0
N\, Condensation,
9 CHS CH3 Polymerization ‘ ‘
e o o en H3C\)\ A
3 3 e}
) 3 R= /\/O\/W
TEB AB (catalytic amount)

Condensation,
. . Polymerization
Solution | + Solution Il + IL——

Scheme 2 Schematic representation of the HCPE formation.
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(solution II). After combining of both solutions with IL, further
condensation of silica and attachment to PEG molecules lead to
HCPEs.

It is worth noting that the glycidyl group of GLYMO ensures
a good miscibility with PEO: this group is polymerized in the
presence of AB giving oligo(ethylene oxide) chains (Scheme 3,
top)*>* and may react with terminal hydroxyl groups of PEO,
which results in cross-linking within HCPE (Scheme 3, bottom).>**
The disappearance of epoxy groups in the presence of catalytic
amounts of AB was confirmed by solid state NMR in the preceding
work.>

AT AR PN NN
o

_PEG—OH

/\/O\/W}f})— PEG—OH —» /\Ao
o
OH

Scheme 3 Polymerization of the epoxy group (top) and the interac-
tion of the epoxy group with the hydroxyl group of PEG (bottom).

HCPE mobility: DSC and proton NMR

The DSC traces of the three HCPEs containing PEG300 without
and with 10 and 30 wt% of IL1 are displayed in Fig. 1. The DSC

1 “ a
|
2 I\
2. 0T
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|
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Fig.1 DSC data on 300-NO IL (without ionic liquid) (a), 300-1L1-10 (b),
and 300-1L1-30 (c). Arrows indicate glass transitions.
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trace of the HCPE without the IL shows a glass transition at
—53 °C. Addition of 10 wt% of IL1 leads to a decrease of Ty,
revealing an increase of the PEG mobility. In the case of 30 wt%
of IL1, however, no glass transition is observed indicating that
the glass transition occurs below the scanned temperature
range. Similar results (not shown) were obtained for IL2. These
data demonstrate that the PEG polymer chains maintain
mobility even at extremely low temperatures.

Fig. 2 displays the solid state "H MAS NMR spectra of 300-
IL1-10, 300-IL1-30, 300-IL1-50, and 1000-IL1-30 (the signal
assignments are discussed in the ESIt). The peaks at 4.2, and
4.8 ppm, the aliphatic peaks at 1.2, 1.6 and 2.1 ppm, and the
high shift peaks at 9.1, 8.4 and 7.8 ppm, originate from IL1.
Their intensities change with concentration. Furthermore, with
the increased IL concentration, the lines become narrower,
which can be best observed on the largest peak (3.9 ppm) and
the resolved peaks (7.5-9.5 ppm and 0.7-2.2 ppm) by direct
overlay and scaling of the spectra. In the spectrum of 300-IL1-10
(1, Fig. 2), the signals are relatively broad. For the other samples
with the IL1 content of 30% and 50%, respectively, two reso-
nances between 3.5 and 5.0 ppm (column b in Fig. 2) begin to
resolve reflecting higher IL concentrations and mobility. The
widths of the peaks at 3.9 ppm in 1000-IL1-30 and 300-IL1-30
are similar, showing that the mobility in the composites is not
influenced significantly by the longer PEG between cross-links
(as was observed by 'H MAS NMR). Some of the resonances
derived from PEG and other components underlay the signal
group between 3.5 and 5.0 ppm but are not fully resolved from
the IL resonances. However, they cause the spinning sidebands
observed above 10 ppm and below —2 ppm, reflecting their
stiffer character.

.
c
.
R

-

T T T T T T T

16 14 12 10 8 6 4 2
Fig.2 (a) 'H MAS NMR spectra of 300-1L1-10 (1), 300-1L1-30 (2), 300-
IL1-50 (3), and 1000-1L1-30 (4) (at MAS spinning frequencies of 5.0,
3.5, 1.8, and 3.5 kHz from 1 to 4, respectively). Columns (b) and (c)
zoom into the spectral regions between 3.5 and 6.0 ppm (b) and 0.8—

2.5 ppm (c). * highlights some of the IL1 resonances that sharpen with
increasing IL concentration.
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HCPE structure: TEM and 2°Si NMR

Previously, some of us demonstrated that the OIN size signifi-
cantly influences the electrochemical performance of composite
SPEs.” In this work, we used TEM to determine sizes of the OIN
particles in the native HCPE environment. One issue, however,
with this method of characterization is a brief exposure of the
HCPE sample to water during sample sectioning. As a result of
this exposure, PEG swelling and OIN aggregation could occur,
thus particle distribution within the HCPE section cannot be
determined. This moisture-induced effect, however, does not
alter the size of OINs, allowing for an evaluation of their sizes
and morphologies. Representative TEM images of HCPEs are
shown in Fig. 3. Mean OIN diameters and the particle size
distributions of the selected samples examined are displayed in
Table S2 (ESIT). The mean OIN diameters vary between 4.8 and
5.8 nm.

These data demonstrate that neither the PEG molecular
weight nor the IL1 amount influences the OIN size and
conductivity (see also Table 1, ESIf).

To characterize the silica structure, solid state 2°Si NMR
spectra were recorded. Usually, °Si CP/MAS NMR spectra are
obtained for faster signal acquisition and higher signal
quality.” For the HCPEs reported here, only for sample 300-IL1-
10 the cross-polarization was acquired (Fig. S2, ESIf). For the
other samples the high proton mobility prevented efficient
cross-polarization. Thus, for samples 300-IL1-30, 1000-IL1-30
and 300-IL1-10, the directly excited MAS NMR spectra were
recorded (Fig. S2, ESIt). The *°Si CP/MAS spectrum of 300-IL1-
10 shows four strong signals, which are associated with T
[C-5i0,(07)], T* [C-Si05], Q* [Si0,(07),], and Q* [5i05(07)]
similar to analogous materials prepared without ionic liquids.*
In addition, the directly excited 2°Si MAS spectra reveal the
presence of Q* [SiO,] groups. These results on samples 300-IL1-
10, 300-IL1-30, and 1000-IL1-30 reveal that the materials contain
similar T and Q species, thus despite the IL presence, the silica
is highly cross-linked. Fig. S2, ESL{ shows the intensity differ-
ences of the peaks between the CP and directly excited *°Si NMR
spectra, as it is expected, based on the distance and contact
dependence of the CP technique. In principle, the directly
detected spectra could give quantitative site distributions.
However, since the relaxation times could not be determined
the SPE/MAS spectra also allow only a qualitative comparison
between the samples.

Fig. 3 TEM images of 300-IL1-50 (a) and 600-IL1-50 (b).
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Influence of the PEG molecular weight on conductivity: IL type
and cross-linking density

The influence of the IL type was tested on HCPEs based on
PEG300. It is noteworthy that both ILs contain the same anions
(Scheme 1) and their cations differ only by the length of
a substituent at the imidazolium ring (butyl vs. ethyl), thus,
have different hydrophobicity. The data presented in Fig. 4
show that the conductivities of the HCPEs based on IL1 and IL2
are close within the experimental error, indicating that the
difference in the IL hydrophobicity does not influence the
electrochemical properties of these HCPE. This is in contrast to
HCPEs based on poly(acrylonitrile--butadiene) and the same
ILs.>®

For all HCPEs based on PEGs of different molecular weights
(Fig. 5), there is a minor conductivity increase when the IL1
amount increases from 10 to 30 or to 40 wt% (depending on the
PEG molecular weight). At higher amounts of IL1, the conduc-
tivity dramatically increases. To understand the influence of the
PEG molecular weight, it is important to revisit the structural
features of these HCPEs based on our previous studies of the
SPEs without ionic liquids.” OINs are formed in situ by
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Fig. 4 Dependences of conductivity on the IL amount for the HCPEs
based on PEG300 and IL1 and IL2 .
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Fig. 5 Conductivities versus the IL1 contents for HCPEs based on
PEGs of different molecular weights.
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hydrolysis and condensation of TMOS and GLYMO.** Thus,
these silica particles contain glycidyl groups which react with
the PEG hydroxyl groups in the presence of AB, providing
cross-links between silica particles and PEG macromolecules
and leading to elastic films despite the PEG samples with
molecular weights of 200-600 Da being liquids. The results
obtained in this work show that the presence of ILs does not
jeopardize cross-linking between OINs and PEG molecules and
formation of elastic HCPE films. (It is noteworthy, however, that
for PEG200, the HCPE films with 50-55% of IL1 deteriorate with
the passage of time, while HCPEs based on PEG300 are stable
for months, revealing that too short PEG chains are strained at
high IL contents and the networks are unstable. It is also worth
noting that at an IL content above 55%, the IL becomes
incompatible with the HCPE and forms a condensate on the
film surface.)

We assume that these ILs swell the networks. This swelling
should lead to stretching of the PEG links and we expect that the
degree of swelling should depend on the PEG molecular
weights. It is also possible that there is a threshold after which
no more IL can be absorbed by the network, because PEG links
are fully extended. To assess the degree of cross-linking, we
carried out swelling experiments. In order to confirm the
absence of an ionic liquid in the samples after the last extrac-
tion, the 'H NMR spectrum of the extract was recorded.
Comparison of the NMR spectrum of the fifth extract with that
of IL1 validates the absence of the ionic liquid or other soluble
compounds (Fig. S3, ESIt). Swelling experiment results yielded
different trends depending on the PEG molecular weight
(Fig. 6).

A decrease in the cross-linking densities observed for all PEG
weights greater than 300 Da with increasing ionic liquid
amount can be explained by the increase of the IL volume
within the network, thus, allowing less interactions between
silica particles and PEG chains leading to lower cross-linking.
For the HCPE based on PEG300, cross-linking density depen-
dences displayed a maximum at 30 wt% for both IL1 or IL2,
while yielding similar cross-linking densities at 10 and 50 wt%
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Fig. 6 Relative cross-linking densities of HCPEs based on IL1 (IL2 for
the sample indicated by red symbols).
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for IL2 and much higher values than those (by a factor of two)
for IL1 (Table S3, ESIT). In this case, we hypothesize that 30 wt%
for both IL1 and IL2 allows optimal positioning (possible
ordering) of silica particles and PEG chains, i.e., the ionic liquid
segregates the forming polymer network in the space that
provides for optimal cross-linking during synthesis. It is note-
worthy that in the HCPE without IL, crosslinking densities are
more than two orders of magnitude higher than the maximum
for 300-IL1-30 (Table S3, ESIf), thus indicating that the IL
presence hinders the network cross-linking. When the IL
content is 50%, it supersedes the optimum volume of the
network, yielding the lowest cross-linking density for PEG300.
The suppressed cross-linking within the network at such a high
ionic liquid content also accounts for the lack of structural
stability of HCPEs with PEG200 and ionic liquid amounts
greater than 50%.

The ionic liquid influence on the cross-linking density can
also be related to its trend in conductivity. In the range of 10-30
wt% of IL1, there is an almost linear dependence of conductivity
on the ionic liquid amount. Normally, in SPEs the conductivity
is determined by the PEG chain dynamics, although the
hopping mechanism via silica particles or between the polymer
chains should be also taken into account.*®*” According to the
DSC data (Fig. 1), increasing the ionic liquid amount increases
the PEG mobility which peaks at about 30% of IL1 (no T, in the
300-IL1-30 sample). Thus, in this interval the conductivity
change should be mainly determined by the polymer mobility,
while IL1 is most probably confined within the PEG-silica
network and does not have a significant impact on conductivity.
Above 30-40 wt% of IL1, however, the conductivity diverges to
a nearly exponential dependence on the increased ionic liquid
amounts. The further increase of the IL1 content also results in
a decrease of the network cross-linking density, allowing larger
volumes of the IL being incorporated and exchanged within the
HCPE films, leading to a significant increase of the conductivity.
We believe in this case that the Li ions are solely transported by
the IL.

Mechanical properties

To assess mechanical properties of the HCPEs, strain sweeps
were run to determine the optimal signal response within the
viscoelastic regime. A strain of 0.01% showed that the signal-to-
noise ratio is very low (Fig. S3, ESI}). Above 0.01% the modulus
is independent of strain, which suggests elastic behavior. A
strain of 0.1% was chosen for subsequent frequency sweeps.
Frequency sweeps for the HCPEs studied indicate gel-like
behavior in the range of frequencies probed. Storage modulus
increases slightly with increasing frequency while loss
modulus and tand trend downward at high frequencies
(Fig. 7).

Frequency sweeps were performed on several HCPEs based
on PEG600 as well as PEG2000 (Fig. 8). The storage modulus of
these HCPEs range from 10° to 10* Pa and increases slightly
with increasing frequency. In the case of the HCPEs based on
PEG600, the storage modulus seems to increase with increasing
ionic liquid content. This would suggest a swelling of the OIC
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Fig. 8 Storage moduli from frequency sweeps of HCPEs at 25 °C and
0.1% strain.

network by the ionic liquid as was demonstrated from the
solvent swelling behavior. The PEG2000 based HCPEs showed
the opposite trend, however, the effect is small.

Ion mobility and cycling

To probe the mobility of Li ions vs. that of other ions, we con-
ducted current discharge experiments for the HCPEs with and
without Li salt. Fig. 9 shows a comparison of experiments
conducted in an inert atmosphere (helium) in which samples
are sandwiched between lithium metal contacts—non-blocking
for the lithium ions but blocking for other ionic species. When
subjected to constant bias voltage of 1-3 volts, the current is
observed to start at a relatively high level but then decreases as
accumulation of non-lithium ions at the interfaces with the
contacts screens the bulk of the material from the applied
electric field. On reversing the bias, the current initially rises,
peaks, then decreases again as the non-lithium ions accumulate
with opposite polarity. The peak time is related to the non-
lithium ionic mobility.

The comparison (with and without ionic liquid) in Fig. 9
shows that there is not nearly as great a difference in the
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Fig. 10 Current discharge with respect to time after bias reversal with
Pt electrodes for 600-1L1-30.

mobility of the non-lithium ions as there is an enhancement of
the conductivity - which is the desired result: the ionic liquid
greatly enhances the conductivity and the transference
number (the ratio of the mobility of the lithium ions to the
sum of the mobilities of all ionic species).”® Similar experi-
ments recording current discharge were done using Pt block-
ing electrodes as shown in Fig. 10. Discharge is observed much
more rapidly in contrast to experiments using Li electrodes,
which is due to the blocked accumulation of Li ions on the
electrode surface.

It is worth noting that because of the exceptionally fast Li
ion mobility of the 600-IL1-30 sample, making it difficult to
measure, the same parameter in the best sample, 300-IL2-55,
was not analysed. On the other hand, the cycling of 300-IL2-55
has been studied using a constant current density of £40
microamp per cm? for 1000 seconds in each direction (Fig. S4
and text underneath, ESI{). The overall potential increase
from the beginning of the test indicates long-term stability
without the potential for cell failure due to lithium dendrite
growth.
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Fig. 11 Arrhenius plot of the temperature dependence of the
conductivity.

Temperature dependence of conductivity

The temperature dependence of conductivity was measured for
300-IL2-55 (Fig. 11). Conductivities follow an approximate
Arrhenius temperature dependence, proportional to exp[—Ey/RT]
with an activation energy E, of 38 k] mol . This is lower than
the activation energy of the analogous sample without an ionic
liquid (46.5 kJ mol ')** or some other polymer electrolytes with
ionic liquids.*® This lower value shows lesser temperature
dependence for ionic conduction.

Conclusions

We synthesized a family of novel HCPEs combining PEG of
different molecular weights, OINs formed in situ, ILs, and Li
triflate. It was demonstrated that the presence of an IL does not
prevent cross-linking between silica nanoparticles and PEG
chains, although the cross-linking density depends on the IL
amount and the PEG molecular weight, with the highest degree
of cross-linking at 30% of an IL for PEG300. The formation of
networks, and as a consequence the presence of elastic HCPE
films with a gel-like behavior, is confirmed by frequency sweeps.
Despite the presence of cations and anions of an IL, the
conductivity is governed by Li ions, while the ionic liquid greatly
enhances the conductivity and the transference number. The
highest room temperature conductivity achieved in this work
for 300-IL2-55 is 1.24 x 107> S cm™}, ie., among the best
conductivities reported for polymer electrolytes with ionic
liquids.
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