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Organic lonic Plastic Crystal-Based Composite Electrolyte
with Surface Enhanced lon Transport and Its Use in All-

Solid-State Lithium Batteries

Xiaoen Wang, Haijin Zhu, George W. Greene, Yundong Zhou,
Masahiro Yoshizawa-Fujita, Yukari Miyachi, Michel Armand, Maria Forsyth,

Jennifer M. Pringle, and Patrick C. Howlett*

Solid-state electrolytes have been identified as one of the most attractive
materials for the fabrication of reliable and safe lithium batteries. This work
demonstrates a facile strategy to prepare highly conductive organic ionic
plastic crystal (OIPC) composites by combination of a low weight fraction of
Li* doped OIPC (N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide,
[C,mpyr][FSI]) with commercial poly(vinylidene difluoride) (PVDF) powder.
Benefiting from the enhancement of lithium ion dynamics, as evidenced by
the solid-state NMR measurements, the composite electrolyte shows an
order of magnitude higher conductivity than that of the bulk material. Lithium
metal/LiFePO, cells incorporating the prepared composite electrolytes show
impressively high specific capacity and good cycling stability (99.8% cou-
lombic efficiency after 1200 cycles at 2 C, room temperature), which is the
first demonstration of long-term cycling performance at such high rate for an
OIPC-based electrolyte. The high voltage cathode, LiCo, ;3Ni; ;3Mn; 30, was

systems suffer from low ionic conductivity
due to limited dissociation of the lithium
ions from the polymer backbone or from
the anion of lithium salts.’l The addition
of plasticizers has been shown to be an
effective strategy to improve the conduc-
tivity of polymer electrolytes.! However,
the subsequent mechanical deterioration
(e.g., decrease of shear modulus) remains
an issue in pursuit of long lived lithium
batteries. Another group of solid ion
conducting materials, inorganic Li-fast
ion conductors,”! has displayed impres-
sively high lithium conductivity, but their
inherent brittleness hinders their broad
application. Thus, achieving a solid elec-
trolyte with high conductivity and suitable
mechanical properties (i.e., mechanically

tested and good rate performance and stable capacities have been achieved.

With the motivation of developing more reliable and safer
lithium Dbatteries, solid electrolytes have received increasing
attention as they can reduce solvent leakage problems and have
the ability to suppress lithium dendrite growth.lll As a result
of the good mechanical stability and flexibility, polymer elec-
trolytes such as single ion conducting polymers(? or polymer—
salt systems,®l have been widely investigated. However, such
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strong but not rigid) is highly desirable
for practical development of high perfor-
mance all-solid-state lithium ion batteries.

Organic ionic plastic crystals (OIPCs), structural analogues
of ionic liquids but in solid form at room temperature (RT),
have received considerable attention because of their attrac-
tive combination of chemical/electrochemical stability, high
thermal stability, and plastic mechanical properties,[® which
makes them promising candidates for application in electro-
chemical devices.”l OIPCs are composed of small organic
cations and anions with short-range molecular rotational/ori-
entational motions and long-range crystalline structures.!%"
These structural features can give OIPCs several unique
properties, such as multiple solid-solid phase transitions
and the capability of forming a “plastic” or disordered phase,
which can greatly improve the electrolyte/electrode interfa-
cial contact and, most importantly, facilitate ion diffusion. For
instance, the ionic conductivity of the previously reported OIPC
diethyl(methyl)(isobutyl)phosphonium  hexafluorophosphate
([P1224][PF¢)) is around 102 S cm™ in phase I (the plastic
phase before melting, in this case spanning between 120 and
150 °C), which is around five orders of magnitude higher than
the conductivity in the room temperature phase.®! However, the
plastic phase transition temperature of this OIPC is relatively
high, making it less suitable for room temperature or medium
temperature (e.g., 30-80 °C) applications. Recently, an attractive
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OIPC, N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide
(ICompyr][FSI]), with a very wide plastic crystal phase range of
—22 to 205 °C and good electrochemical stability was reported
by Yoshizawa-Fujita et al.l’! However, [C,mpyr][FSI] shows non-
ideal mechanical properties at room temperature and at low
levels of lithium addition a liquid phase is formed, which leads
to a very soft quasi-solid material.

The preparation of composites has provided a new strategy
for improving the mechanical and electrochemical properties
for high-performance solid electrolyte materials.l'% For OIPCs,
in particular, it has been shown that addition a small amount
of SiO, nanoparticles into an OIPC (e.g., 1 to 10 wt% SiO, into
N-ethyl-N-methylpyrrolidinium  bis(trifluoromethanesulfonyl)
amide) can increase the ionic conductivity due to an increase
in defect size and concentration.!'!l Recently, further progress
has been made using a polymer nanofiber matrix prepared by
electrospinning or co-electrospinning,”'?l which are easy to
prepare and beneficial for the preparation of ultrathin flexible
electrolyte membranes. It has also been shown that the interfa-
cial interaction between the polymer surface and the OIPC con-
stituent ions can induce expansion of the crystal lattice, which
results in more defects in the OIPC/PVDF interfacial region
and hence improved ionic conductivity.12

Here, we demonstrate an alternative strategy to efficiently
utilize these surface effects by coating an OIPC layer on com-
mercial PVDF nanoparticles (Figure 1) and forming a dense
composite material. Unlike the previously reported method
utilizing electrospun nanofibers, here the as-synthesized com-
posite electrolyte is composed of a majority weight fraction of
PVDF particles and minority of OIPC. By simple coating of
lithium doped [C,mpyr][FSI] on the surface of PVDF nano-
particles, the obtained composite electrolyte exhibits greatly
improved ion dynamics and enhanced ionic conductivity. The
use of a majority of PVDF provides good mechanical integrity
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of the composite electrolyte—a key feature to improve bat-
tery safety during long-term cycling. Furthermore, the use of
a commercial PVDF powder reduces the portion of relatively
expensive OIPC component, allowing the preparation of a high-
performance and low-cost solid composite electrolyte.

The OIPC-coated PVDF composite (OIPC/PVDF)
was prepared by a simple coating and pressing method
(Figure 1a). As shown in Figure 1b, at 30 °C the conductivity
of Liy[Cympyr]yo[FSI]/PVDF composites (subscript 0.1 and 0.9
represent the mole fraction of Li* and [C,mpyr]" in the OIPC,
respectively) increases slowly with loading content until 30 wt%
Liy 1[Cympyr]oo[FSI], after which the conductivity increases
significantly. Above 40 wt%, the conductivity decreases again,
which is suggested to arise from the disconnection of the inter-
facial layer when the OIPC volume fraction exceeds the critical
volume where all the interfacial pathways are connected. How-
ever, it is noteworthy that with OIPC loadings of 30—-40 wt%, the
conductivity of the OIPC/PVDF composite exceeds that of the
Liy 1[Cympyr]y o[FSI] bulk material (red dashed line) (Figure 1b).
There are two proposed effects to explain this increased con-
ductivity. One is the percolation mechanism, which is nor-
mally described in conductive nanocomposite systems.3] The
other effect, which is the most important, may arise from the
highly conductive layer coated on the surface of the PVDF
particles (as supported by the NMR analysis, detailed fur-
ther below). Additionally, it can be seen that with increased
Lig1[Cympyr]yo[FSI] loading, the pellet changes from white to
transparent (inset of Figure 1b), suggesting improved coverage
of the PVDF surface by the OIPC. A similar trend is apparent
from the scanning electron microscopy (SEM) analysis (see
Figure S1 in the Supporting Information); there are voids
present in the composite when the OIPC loading is less than
40 wt%, showing insufficient coverage of the PVDF particles,
while the composites with 40 and 50 wt% loading show a dense
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Lower anvil

c)

-3.0+

=@ [Compyr][FSI) =@~ Lig 1[Compyrlg olFSI]

-6.0 =@~ 30 wt% Lig 4[Compyr]g olFSIVPVDF(RT)
~@— 40 Wt% Lig 4[Compyrlg glFSIVPVDF(RT)
6.5 —@— 50 wt% Lig 4(Compyrlg g[FSI/PVDF(RT)
@b ' -°.- 30wt Lig [CZmpyr]ol_g[FSl]/PVD::(HT)
40 60 80 100 120
Temperature / °C

Figure 1. a) Schematic of the Lig[C,mpyr]oo[FSI]/PVDF composite electrolyte preparation procedure. b) The effect of Lig;[C,mpyr]os[FSI] loading on
the conductivity at 30 °C and (inset) the composite appearance, and c) the temperature dependence of the conductivity of the composite electrolytes.
The wt% is the weight fraction of Lig;[C,mpyr]oo[FSI] in the total OIPC/PVDF composite. The room temperature pressed sample and the heat treated

sample are labled as RT and HT, respectively.
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structure with the voids filled by the OIPC.
Assuming that there are minimal voids in
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the composite, this allows an estimate of the
theoretical distribution of the PVDF particles

t 300 Hz

within the OIPC matrix to be performed,
which suggests an OIPC layer/coating thick-
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ness in the range of 20-30 nm for the 30 wt%

system (Figure S1, Supporting Information). 20
It has been reported that heat treatment

can effectively improve the mechanical sta- c)
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based composites as a result of an interfacial
“cross-linking” mechanism.l In our study,
a heat treated (HT) composite was prepared,
heated above the melting temperature of
PVDF (see experimental section for prepa-
ration), which showed good flexibility and
bendable properties (see Video in the Sup-
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porting Information), but suffered from a
decreased conductivity (Figure 1c).

It has recently been reported that the inter-
action between PVDF and an OIPC can dis-
rupt the ion packing in the OIPC, inducing
a highly conductive amorphous phase at the
interfacial region, resulting in enhanced ion
dynamics and ionic conductivity.'? Motional
narrowing of the solid-state ’Li-NMR line
shape has often been used to probe the ion
dynamics in solid electrolytes.'>! Therefore,
to assess the impact of PVDF addition and
the sample preparation history on the lithium
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ion dynamics in the composites, static “Li
NMR spectra were measured (Figure 2a).
The 30 wt% composite was selected for NMR
analysis, from the range of non-heat treated
samples, due to the dramatic conductivity
change (Figure 1b). The heat treated com-
posite, Lig 1[Compyr]y o[FSI]/PVDEF(HT),
exhibits a broader line in comparison to
the bulk Lij [Compyr]oo[FSI]. The observed
broadening can be understood in terms of

Figure 2. Solid-state NMR characterization of the composite electrolyte. a) ’Li static
NMR  spectra of Lig;[Compyr]os[FSI] (blue), 30 wt% Lig;[Compyr]os[FSI]/PVDF(RT)
(red), 30 wt% Ligq[Compyrloo[FSI]/PVDF (HT) (green). b) 'F — 7Li cross polariza-
tion spectra of, Lig;[Compyr]os[FSI] (blue), 30 wt% Lig;[C,mpyr]os[FSI]/PVDF(RT) (red),
30 wt% Lig;[Compyr]os[FSI]/PVDF(HT) (green). c¢,d) The NOESY spectra of the 30 wt%
Lio1[Compyros[FSI)/PVDF (HT) and 30 wt9% Lio[Cmpyr]os[FSI]/PVDF(RT), respectively. H'1
represents the proton from the PVDF polymer chain. Both spectra intensities are normalized to
the H1-H1 self-correlation peak as a unit, and both spectra are displayed with the same scale
so that the intensities can be compared. e) The molecular structure and proton site annotation
of the [C;mpyr] cation. f) 1D proton NMR slices at =1.9 ppm (HS5, H6) taken from the NOESY
spectra. The bottom and top spectra are sliced from c) and d), respectively.

the dipolar interaction between the PVDF

and Li* in the Liy;[C,mpyr]yo[FSI]/PVDF(HT), which would
lead to slower lithium ion dynamics. Remarkably, the composite
pressed at room temperature (labeled Liy;[C,mpyr]yo[FSI]/
PVDF (RT)) shows an even narrower line width than that of the
bulk Liy[Cympyr]yo[FSI], suggesting significantly enhanced
lithium ion dynamics after incorporation of the PVDF par-
ticles. This is consistent with the conductivity measurements
(Figure 1b,c) which show that the 30 wt% Lig ;[Cmpyr]y o[FSI]/
PVDF (RT) composites exhibit higher conductivity than the
bulk Liy;[C,mpyr]o o[ FSI].

To further understand the molecular level interactions
between the Li* and the [FSI]™ as well the PVDF chain, we meas-
ured the F — 7Li cross polarization (CP)-magic angle spinning
(MAS) spectra (Figure 2b). Both the bulk Lig[Cympyr]yo[FSI]
and the Lig;[C,mpyr]oo[FSI]/PVDF (RT) show negligible NMR
signal. Inefficient CP transfer between the '°F and the 7Li can
be attributed to fast Li* and/or [FSI]~ dynamics in the sample.
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In contrast, the Lij[C,mpyr]yo[FSI]/PVDF (HT) shows a sub-
stantial NMR signal, suggesting much slower ion dynamics,
which is consistent with the static ’Li NMR results in Figure 2a.
Further 2D heteronuclear correlation experiments (Figure S2,
Supporting Information) show that a strong interaction exists
between Li* and [FSI]" in the Liy;[C,mpyr]oo[FSI]/PVDF (HT)
composite, whereas the interaction with the PVDF polymer
chain is relatively weak.

As both the PVDF polymer and the [Cmpyr]* cation con-
tains protons, the interactions between the polymer chain and
the OIPC cations can be analyzed using solid-state 'H NMR
techniques. Figure 2c,d shows the 'H nuclear overhauser
effect spectroscopy (NOESY) spectra of the composite samples
prepared at RT and elevated temperature, respectively. Com-
pared to the heat treated (HT) sample, Liy;[C,mpyr]yo[FSI]/
PVDF (RT) clearly shows narrower proton lines and lower
cross-peak intensities, suggesting faster dynamics and weaker

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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homonuclear interactions. Further, a cross-peak between the
H’1 from the PVDF and the H5, H6 sites of the [C,mpyr]*
cation can be clearly identified in the Lij[C,mpyr]oo[FSI]/
PVDF (HT) sample (Figure 2c), which is not visible in the
Lig 1[Cympyr]y o[FSI]/PVDF (RT) sample. This feature can be
more clearly seen from the 1D slices of the H5, H6 column
taken from the NOESY spectra, which are shown in Figure 2f.
This is strong evidence of molecular interaction between the
PVDF molecules and the [C,mpyr]* cations in the heat treated
sample. Based on the NMR data and ionic conductivity
behavior, it can be concluded that the coating of an OIPC layer
on the PVDF particle surface generates a highly conductive
phase with enhanced ion dynamics, especially high lithium
mobility. With increased OIPC loading, once the highly conduc-
tive phase forms a continuous pathway for ion conduction (the
threshold is =30% by weight in this study), a highly conductive
solid-state electrolyte can be prepared. However, heat treatment
at elevated temperature leads to significantly reduced dynamics
of both the Li* and [C,mpyr]*, and subsequently reduced ionic
conductivity (Figure 1c). This phenomenon can be explained
by increased molecular interaction between the PVDF and the
[C,mpyr]* cations during heat treatment, which limits the ion
mobility in the heat-treated composites.

As the 40 wt% Lij{[C,mpyr]oo[FSI]/PVDF(RT) sample had
enhanced Li* mobility and the highest ionic conductivity of all
composite electrolytes prepared at room temperature, it was
selected for further electrochemical investigation. The compat-
ibility of the composite electrolyte with lithium metal, as well as
the stability of the solid electrolyte interphase (SEI) layer, was
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evaluated by lithiuml|electrolyte|lithium symmetric cell cycling
measurements at various current densities (0.1-0.5 mA cm™?)
at moderate temperatures (50 °C) and is shown in Figure 3a.
To perform the preconditioning mechanism previously identi-
fied as beneficial for OIPC-based electrolytes,’“!% a 10 min
charge-10 min discharge strategy was used initially. The cell
polarization dropped from 750 mV for the first cycle to below
100 mV for the second cycle, after which it gradually decreased
to a stable value. This preconditioning behavior is considered
to arise from Joule heating effects and excess lithium dissolu-
tion near the electrolyte/electrode region, which can reduce
the interfacial resistance.'®) The overpotential remained below
100 mV even at 0.5 mA cm2 which, to the best of our knowl-
edge, is the best performance reported for an OIPC system thus
far.117] The preconditioning behavior was further confirmed
using impedance spectroscopy of a cell cycled at 0.2 mA cm™2
(Figure S4, Supporting Information). The interfacial resistance
gradually decreased during the initial cycles and then increased
slowly after the preconditioning process, which results from
the growth of the SEI layer.'¥ It is believed that the long-term
cycling stability of the composite electrolyte is enabled by the
wide electrochemical stability window (even wider than bulk
Lig 1[Cympyr]y o[FSI], as shown in Figure S5, Supporting Infor-
mation) and efficient lithium stripping and plating (Figure S6,
Supporting Information).

Figure 3b,c shows the cycling performances of the
Li/LiFePO, cells using 40 wt% Li,;[Cympyt]oo[FSI]/PVDF(RT)
composite electrolytes. For the rate capability of the assem-
bled Li/LiFePO, cell, a range of C rates from C/10 to 5 C was
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Figure 3. Electrochemical measurements of 40 wt% Lig1[C,mpyr]o o[FSI]/PVDF (RT) composites. a) Symmetric cell cycling performance at various cur-
rent densities, 50 °C. b) Specific capacities and Coulombic efficiencies of Li/LiFePO, cells at different current rates, ranging from C/10 to 5 C, 50 °C.
c) Cycling stability of Li/LiFePO, cells at 2 C and room temperature (cut-off voltage 2.5-4.2 V). The cell consisting of commercial LP30 liquid electrolyte
was used for comparison. d) Charge—discharge curves of the Li/LiCo;3Niy;3Mn; 30, cell using 40 wt% Lig;[C,mpyr]oo[FSI]/PVDF(RT) composites

(cut-off voltage 2.5-4.6 V), 50 °C.
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used. During the first three cycles at C/10 (Figure 3b), a rela-
tively low coulombic efficiency and discharge capacity (around
124 mAh g1 is observed, indicating irreversible SEI formation
processes that have been reported previously.'”) However, the
discharge capacity increases to 128 mAh g! at C/2 and then
drops slightly from 127 mAh g'at 1 Cto 124 mAh gt at2 C
and is even maintained at 115 mAh g! at 5 C. Additionally, the
coulombic efficiency increases steadily from 96% at C/2 to 99%
at 5 C, respectively.

To further test the long-term charge-discharge stability, a
Li/LiFePO, cell with the composite electrolyte was cycled at a
high current rate of 2 C at room temperature and 50 °C. As
shown in Figure 3c, the coin cell with composite electrolyte
shows very stable cycling performance: even after 1200 charge—
discharge cycles at 2 C, the coulombic efficiency is maintained
at 99.8%, much higher than the cell using LP30 electrolyte (effi-
ciency of 97.3% after 630 cycles). For the cell cycled at 50 °C, as
shown in Figure S10 (Supporting Information), after 100 cycles
the cell still delivered a capacity of 119 mAh g, with capacity
retention of 90% and decay rate of 0.13 mAh g! per cycle. By
contrast, the Li/LiFePO, cell cycled under the same conditions
with commercial LP30 liquid electrolyte shows an obvious
decay (0.48 mAh g! per cycle) with capacity retention of 64%
after 100 cycles. The improved cycling stability of the composite
electrolyte can be ascribed to the formation of a stable SEI layer
and less increase in charge transfer resistance compared with
the liquid electrolyte during charge-discharge (Figure S9, Sup-
porting Information). To the best of our knowledge, this is the
first demonstration of long-term cycling performance at such
high rates for an OIPC-based electrolyte, and the results are
comparable to the performance of ionic liquid systems. ")

Prompted by the high oxidation stability of 40 wt%
Liy 1[Cympyt]oo[FSI]/PVDE(RT) electrolyte (Figure S7, Sup-
porting Information), we further investigated the battery
charge-discharge performance with another high voltage
cathode material, LiCo;;3Nij;sMny;30, (LINMC), chosen for
its high capacity and low cost.?!] As shown in Figure 3d and
Figure S8 (Supporting Information), the assembled coin cell
was charged and discharged between 2.5 and 4.6 V at 50 °C
under different rates (C rates), ranging from C/15 to 1 C. The
discharge capacities obtained at C/15 and 1 C are 178 and
113 mAh g}, respectively. Although the rate of capacity fade
was more pronounced for these cells (compared to the LiFePO,
cells), this result still indicates that these composite electrolytes
have promise for application with high voltage cathodes for
high energy density, all-solid-state lithium battery applications.

In summary, a highly conductive solid electrolyte has been
prepared using a facile procedure by simple pressing of OIPC-
coated PVDF particles. The use of commercial PVDF powder
not only acts as mechanical support but, most importantly, can
induce a more conductive layer at the interface between the
OIPC and the PVDF. Thus, highly conductive channels with
improved ion dynamics can be easily produced in the OIPC/
PVDF composites. The ionic conductivity of the as-prepared
composite is significantly improved using only 40 wt% of Li-
OIPC incorporated with commercial PVDF powder, achieving
=10™* S cm™! at room temperature. When evaluated in lithium
symmetric cells, the composite shows stable cycling at different
current densities, ranging from 0.1 to 0.3 mA cm™2, which is
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one of the best results reported thus far for solid state OIPC-
based electrolytes. The cells using a LiFePO, electrode and
40 wt% Liy 1[Cympyr]o o[FSI]/PVDF composite electrolyte exhibit
high specific capacity (119 mAh g at 2 C after 100 cycles and
0.13 mAh g per cycle decay rate at 50 °C) and high cycling
stability (coulombic efficiency of 99.8% after 1200 cycles at
2 C, room temperature). The composite electrolyte was further
tested with LINMC electrode and considerable capacities have
been achieved (178 and 113 mAh g! at C/15 and 1 C, respec-
tively). The low weight fraction of OIPC, excellent electrochem-
ical stability as well as solid properties of the novel composite
electrolytes prepared via this strategy provide a promising new
pathway for the development of low cost, high energy density,
and safer all solid-state lithium metal batteries.

Experimental Section

Preparation of Lig[Compyr]y o[FSI[/PVDF Composite Electrolyte: The
organic ionic plastic crystal, [C;mpyr][FSI], was synthesized following
the previously reported method.’) Commercial PVDF powder (Sigma-
Aldrich, batch No. 140317) was dried in a vacuum oven overnight
at 50 °C before use. Lithium bis(fluorosulfonyl)amide (LiFSI) was
purchased from Coorstek and used as received.

For the preparation of Lig;[C;mpyr]oo[FSI]/PVDF composite
electrolytes, LiFSI and [C,mpyr][FSI] (mole ratio 1: 9) were dissolved
in methanol and stirred for 1 h at room temperature to obtain a clear
solution. Then a known amount of PVDF powder was added into
the solution and the mixture stirred for 2 h to obtain a slurry. The
Lig1[Compyr]o.o[FSI]-coated PVDF powder samples were subsequently
prepared by quick evaporation of the solvent by flushing with dry N,
gas. After solvent evaporation, the obtained white powder was carefully
ground with an agate mortar and pestle and dried under vacuum at
50 °C for at least 12 h before use.

For the preparation of composite pellets, Lig[C,mpyr]oo[FSI]/PVDF
powder (60-80 mg) was added into a KBr die in an Argon-filled glove box
and pressed at room temperature under 4 tons of hydrostatic pressure.
The thickness of the pressed pellet was =220 um (£5%). To investigate
the effects of heat treatment on the composite electrolyte properties, the
KBr die together with powder were heated in a vacuum oven at 185 °C
(=20 °C higher than melting point of PVDF) for 30 min and then quickly
pressed using the same pressure above. The pressed samples were then
dried under vacuum at 50 °C before further characterization.

Solid-State NMR: All the solid-state NMR measurements were
performed on a Bruker 500M Widebore NMR spectrometer. Samples
were packed into 4 mm or 2.5 mm ZrO, MAS rotors in an argon-filled
glove box. Both the ’Li static NMR and the '°F — 7Li CPMAS spectra
were recorded using a 4 mm H/F-X double resonance MAS probe. For
CPMAS experiments, the MAS rate was 10 kHz, recycle delay was 2 s
and 8192 scans were accumulated for all samples. '"H NOESY spectra
were measured with a 2.5 mm H/F-X double resonance MAS probe.
The mixing time was 10 ms, MAS rate was 25 kHz and the recycle delay
was 2 s for both samples. The ’Li chemical shifts were referenced using
0.1 m LiCl/H,0 solution (8 = 0 ppm). The 'H and '3C chemical shifts
were calibrated using adamantane as the reference (6 = 1.63 ppm,
Ochz = 29.5 ppm).

Electrochemical ~Characterization: The ionic conductivity of the
composite electrolytes was measured by electrochemical impedance
spectroscopy using a Solartron Modulab (Solartron Analytical, Ametek)
according to our previously reported procedures.'?®l For each sample,
two heating scans and one cooling scan were performed and the
reported data were collected during the second heating scan.

Lithium metal symmetric cells were prepared in order to evaluate the
lithium metal/composite electrolyte compatibility and cycling stability
at 50 °C. First, the lithium strips (Sigma Aldrich) were brushed and
punched into lithium discs (8 mm in diameter) and the composite
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electrolyte was sandwiched between two lithium discs and assembled
into a coin cell. These preparations were all performed in an argon-filled
glove box. The symmetric cells were cycled using a Bio-Logic VMP3/Z
potentiostat controlled by EC-lab (version 10.44) at 50 °C.

Two active materials, LiFePO, (Phostech) and Li(Ni;;3Co1;3Mn;3)O,
(LINMC, Targray Technology International Inc.), were used for the
battery performance test. The cathode films were prepared by painting
a mixture of active material, C65 (Imerys Graphite & Carbon) and PVDF
binder (Sigma Aldrich) onto Al foil. N-methyl-2-pyrrolidone (Sigma-
Aldrich) was used as the solvent and the ratio of active material, C65,
PVDF was 80:10:10 and 85:10:5 for LiFePO, and LINMC cathode,
respectively. Cathode discs (8 mm in diameter with active material
loading of 1.2-1.5 mg cm™2) were punched out and dried in a vacuum
oven before use. The anode was prepared using the same method
described in the symmetric cell preparation section. During coin cell
assembly, melted OIPC (=5 uL) was applied to the electrode surface to
improve the electrode/electrolyte contact and ion transport. Li/LiFePO,
cells were cycled at room temperature and 50 °C, respectively. For
comparison, coin cells consisting of LP30 liquid electrolyte (1 m LiPFg
in ethylene carbonate/dimethyl carbonate, 1:1 by volume, Solvionic) and
Celgard polyethylene separator were also assembled and tested at same
conditions. Li/Li(Ni;;3Coy/3Mny3)O; cells were cycled at 50 °C. For the
tests at 50 °C, all the cells were placed in a 50 °C oven and cycled using
a Bio-Logic VMP3/Z potentiostat controlled by EC-lab (version 10.44).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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