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All-solid-state batteries continue to grow as an alternative to replace the traditional liquid-based ones not only because they provide
increased safety but also higher power and energy densities. However, current solid-state electrolytes are either ceramics that are
brittle but highly conducting (e.g. Lig33Lag55TiO3, LLTO) or polymer electrolytes that are poorly conducting but form flexible
films with desired mechanical properties (e.g. Poly(ethylene oxide):Lithium bis(trifluoromethanesulfonyl)imide, PEO:LiTFSI). In
this work, we have developed quaternary composite solid-state electrolytes (CSEs) to combine the benefits of the two types along
with Succinonitrile (SN) as a solid plasticizer. CSEs with different compositions have been fully characterized over the whole
compositional range. Guided by neural network simulation results it has been found that a polymer-rich CSE film gives the optimal
ionic conductivity (>10">Scm ™' at 55 °C) and mechanical properties (Tensile strength of 16.1 MPa; Elongation-at-break of
2360%). Our solid-state coin-type cell which employs our in-house made cathode shows good cycling performance at C/20 and 55 °C
maintaining specific discharge capacity at 143.2 mAh g~ ' after 30 cycles. This new approach of formulating quaternary CSEs is
proven to give the best combination of properties and should be universal and be applied to other CSEs with different chemistry.
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High energy density, high output voltage and long cycle life with
low capacity fading are the attractive characteristics that drove the
world towards researching and utilizing lithium ion batteries.'™
Nowadays, they are the most commercially used batteries and are the
leading power sources for electric vehicles (EV’s) and other energy
storage applications.>* However, there are some safety hazards
accompanying most commercial batteries and this is mainly attrib-
uted to the fact that they utilize organic liquid electrolytes which
serves as a medium for dendrite formation and always possess the
risks of leakage, volatilization, thermal instability and internal short
circuiting. The radical solution to eliminate all the above mentioned
risks has been found to be the utilization of solid-state electrolytes to
form all solid-state batteries.>™” In addition to being safer, polymer-
based solid-state electrolytes are flexible, mechanically strong and
they offer higher power and energy densities as well as better
thermal and electrochemical stabilities.®® Noteworthy, being flexible
allows their incorporation in various flexible electronics such as
implantable biomedical devices, wearable electronics and sensors. '
For the past decade, researchers have been proposing different
strategies to create flexible battery components.''™"> Although the
use of liquid electrolytes in flexible batteries is possible, it is highly
recommended to avoid their use because of the above mentioned
disadvantages.

One approach to calm the safety hazards associated with liquid
electrolytes, is confining them in a solid polymer matrix. This gives
the electrolyte mechanical strength yet, the ionic conductivity
remains a function of the specific liquid electrolyte and its amount.
This type of electrolyte is termed “gel polymer electrolyte” or “gel
electrolyte.”'*™'® Unfortunately, the performance of gel electrolytes
depends on the amount of liquid electrolyte in them and thus, they
possess the same risk as the conventional liquid electrolyte espe-
cially under demanding operational conditions.”® Consequently,
researchers turned their attention towards the development of
completely dry solid electrolytes to ensure total safety. lonic
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conduction mechanism is the same in both solid and liquid
lithium-ion batteries. In both, the lithium-ions de-intercalate from
the cathodic side and get transported through the electrode-
electrolyte interface and the electrolyte until they reach the anode.
The only difference between the two batteries is that there is no need
for a separator in the solid-state battery because the electrolyte itself
acts as one.”' Solid-state electrolytes are mainly divided into two
main classes, the inorganic solid electrolytes (ISE) and the solid
polymer electrolytes (SPE). Different classes of ISE have been
intensively researched. Although ISE have a generally lower ionic
conductivity than liquid electrolytes, researchers have been able to
explore a variety of ISE with conductivities that are comparable and
even higher than liquid electrolytes.”** Perovskite ISE possess
high oxidation potential and mechanical strength but, are unstable
when in contact with lithium®2® and suffer from high grain
boundary resistance.”’ Likewise, NASICON-like ISE show high
oxidation potential, high ionic conductivity but are brittle and
unstable against lithium metal.*®?° On the other hand, garnet ISEs
(e.g. LLZO) are stable with lithium metal but are hygroscopic and
reactive with moisture.>*>' Similarly, sulfides suffer from sensitivity
towards moisture despite having impeccable ionic conductivity.®>?
Further, high electrode/electrolyte interfacial resistance is observed
when applying any kind of ISE, which is attributed to their
crystalline structure. This, alongside their large-scale manufacturing
difficulties impedes their large scale application.”®

On the other hand, numerous SPEs based on high molecular
weight polymers have been studied. All SPEs share the advantage of
flexibility, ease of processability and relatively better electrode/
electrolyte interfacial compatibility when compared to ISE.** In
particular, the polymer polyethylene oxide (PEO) has been found
suitable for all-solid-state battery applications. It is applied in the
form of a free standing film without major change in the current
design of batteries.** Also, PEO is known for its ability to solvate
various lithium salts by the interaction of ether oxygens with lithium
cations.>>*® Nevertheless, its application is heavily hindered by the
low room temperature conductivity (107°=10"®Scm™!) which is
partly because of the high degree of crystallinity of PEO below its
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melting point (~60 °C).*”*® To develop SPEs with good ionic
conductivity and mechanical properties, researchers investigated
methods to reduce PEO crystallinity at low temperatures. Possible
methods include the addition of inorganic ceramic fillers (ex. Al,Os,
Si0,)** or organic plasticizers (SN, PEG).*'™* Those fillers are
passive fillers as they provide no direct contribution to Li-ion
conductivity. Differently, there are fillers termed “active fillers” as
they provide alternative pathways for Li-ion migration and thus
directly contribute to a substantial increase in ionic conductivity.***
Examples of active fillers are ISEs themselves when added in small
amounts to SPEs creating what can be termed as composite solid
electrolyte (CSE) or sometimes termed hybrid solid electrolyte
(HSE). In the past decade, research has been directed towards
different hybrid and CSE materials with a focus on exploring
different fillers with SPEs and ISEs. In general, CSEs can be
classified into two types based on the relative amounts of ceramic
and polymer in the CSE: (1) Polymer-rich or ceramic-in-polymer
CSEs where the polymer is the primary phase and its amount is
greater than that of the secondary phase ceramic (2) Ceramic-rich or
polymer-in-ceramic where the ceramic is the primary phase and its
amount in the composite is greater than that of the secondary phase
polymer. The properties of the CSE is then governed by those of the
primary phase hence each type has its own pros and cons. For
example, the polymer-rich CSE has the advantage of retaining the
polymer’s properties of ease of processability and flexibility and
good contact with the electrodes while the ceramic-rich CSE retains
the high ionic conductivity and non-flammability of the ceramic.
Most of the studies in the literature are focused on ternary CSEs
comprised of a polymer, a ceramic and one of the fillers and seldom
on quaternary CSEs. Therefore, in this work we report on a novel
type of polymer-rich CSE where both active and passive fillers are
used to produce a novel quaternary CSEs with enriched properties.
The active filler used is the ISE fast-ionic conductor Lig 34LLag 5, TiO3
(LLTO) perovskite ceramic and the passive filler is the organic
plasticizer “Succinonitrile” (SN), as depicted in the schematic in
Fig. 1la. An investigation was executed to find out the appropriate
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compositions of PEO/LiTFSI/LLTO/SN (quaternary electrolytes)
that would provide a highly conductive, free-standing CSE film as
shown in Fig. 1b. Then, a full chemical, thermal, mechanical and
electrochemical characterization of a selected composition was
carried out and battery performance was evaluated in solid-state
batteries.

Experimental

Materials.—LLTO (NANOMYTE) was purchased from NEI
corporation, PEO (average Mw = 600,000 g mol~"), LiTFSI salt and
Acetonitrile were purchased from Sigma-Aldrich and Succinonitrile
(SN) was purchased from Fluka. Li(Niy sMng3C0q2)0, (NMC532)
was purchased from MTI Corp.

Preparation of CSE films.—LiTFSI and LLTO powders were
vacuum dried for 24 h at 80 °C while PEO and SN were dried under
vacuum at 40 °C to prevent their melting. The thin CSE films were
prepared using the traditional solution casting method. In a small
vial, PEO powder was first dispersed in methanol in order to prevent
agglomeration and then the main solvent acetonitrile was added to
the vial to amount the PEO concentration to 7.3%. The PEO was
then allowed to fully dissolve in acetonitrile using mechanical
stirring for 2 h. LLTO and SN were then added to the solution and
mechanically stirred for 24 h. Then, LiTFSI salt, in the 40:1 EO:Li
ratio, was added and the solution continued to stir for another 4 h
before it was casted on circular mirror plates. The film was then air
dried for 12h in a convection oven while covered with an
acetonitrile wetted cloth to slow down evaporation in order to
achieve homogenously looking films, as shown in Fig. 1c. Films
were then dried under vacuum for 24 h to completely release any
trapped solvent.

Sample characterization.—The mechanical strength of the fully
dried films was quantitatively measured by examining the stress-
strain relationship using MTS Insight Electro-mechanical load

Figure 1. (a) A schematic of the CSE film depicting all its components. (b) CSE film. (c) A schematic of the casting process used to produce the homogenous

CSE films depicted in (b).
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frame. The films were cut into rectangular coupons that were 15 mm
long and 100 mm wide. The test was carried out with a tensile speed
of 1 mm min~".

X-ray diffraction (XRD) measurements were conducted in the
Bruker D8 phaser diffractometer with Cu Kx radiation (A = 1.545)
from 26 = 10°—80° with a step of magnitude 5° per min. Further,
Thermo-gravimetric analysis (TGA) was performed with Q5000 iR
TA instrument. The CSE samples were heated in a sample pan from
25 °C to 600 °C. The heating was done in platinum pans under a N,
purge gas flow of 25 cc min ! at a rate of 10 °C min’'. Differential
Scanning Calorimetric (DSC) analysis was performed using Q2000
TA instrument. All the samples were sealed in aluminum hermetic
pans and scanned from —90 °C to 100 °C at 10 °C min™" rate under a
N, purge gas flow of 50 cc min~"'.

Infrared spectra were recorded using Thermo Fisher Nicolet
6700 with a KBr beam splitter from 4000 to 500 cm™" at 4 cm™
resolution and 32 scans at room temperature. Attenuated Total
Reflection (ATR) single bounce with diamond crystal was used as
an accessory.

The ionic conductivity of the CSE film was calculated by running
Electrochemical Impedance Spectroscopy (EIS) in the frequency
range of 10°Hz to 1 Hz with an amplitude of 10—50 mV using
solatron 1287 frequency analyzer. The CSE thin films were
sandwiched between 2 symmetrical blocking stainless steel elec-
trodes of diameter 22.8 mm and their ionic conductivity was
determined as a function of temperature between 30 °C and 70 °C
with one hour rest time between measurements. The ionic con-
ductivity was calculated using the following equation:

L

GZE [1]

Where ¢ (S/cm) is the ionic conductivity, L (cm) is the film
thickness R () is the bulk resistance and A (cm?) is the area of
the symmetrical electrode. The activation energy was calculated
from the Arrhenius plot using the Arrhenius equation:

o= 00 exp(R—Ta) [2]

Where ¢ (S/cm) is the ionic conductivity, o, is the pre-exponential
factor, E, is the activation energy, R is the universal gas constant and
T is temperature.

All NMR measurements were performed on a 300 MHz spectro-
meter fitted with a variable temperature unit using a Diff50 probe.
For "Li NMR measurements the CSE film was cut into a rectangular
sheet and rolled up to fit inside a 4 mm magic angle spinning rotor.
The rotor was then inserted into a 5 mm NMR tube. This allows for
easy cleaning of the NMR tube and even distribution of the sample
inside the spectrometer. The film was then heated at 75 °C for 4 h
inside the magnet before conducting diffusion measurements.
Measurements were performed between 30 °C-70 °C. A 20-minute
waiting period was included before running diffusion measurements
to allow for the sample to equilibrate at the correct temperature
(range: 30 °C=70 °C). A stimulated echo gradient pulse sequence
was used with the gradient length 6 fixed at 2.5 ms and the diffusion
time A set between 30-200 ms. The b values were kept constant for
each temperature by varying the applied gradient strength and the
diffusion time. The number of scans varied between 32 and 1024
scans with the gradient steps being kept constant at 32. Recycle
delays were set between 1.0-2.5s. T2 relaxation of LLTO is
approximately an order of magnitude smaller than in LiTFSI,
leading to a filtering of the LLTO signal under the above conditions.
Solely the dynamics of LiTFSI in the polymer matrix is observed in
this study. Diffusion data sets were fit using a single or (where
applicable) multi-component fit in Matlab.

The electrochemical stability window was determined by linear
sweep voltammetry (LSV) experiments which were run in a two-
electrode cell fitted with stainless steel electrodes using Biologic

—1

VMP3 potentiostat. The scanning rate chosen was 50 mVs™ " at

55 °C from -4V to4V.

Battery assembly and testing.—To test the battery performance
of these solid-state electrolytes, an all-solid-state 2325 coin-type half
cells were assembled. Lithium metal discs were used as the counter
electrode and an in-house made cathode was prepared to incorporate
the PEO:LiTFSI electrolyte. The cathode composition (wt%) is as
follows: 70% NMC 532, 15% PEO:LiTFSI (2:1), 10% Carbon C65
and 5% PVDEF. The cathode slurry was prepared by adding pre-
dissolved 2.5 wt% PVDF in NMP to 11.5wt% PEO/LiTFSI in
acetonitrile. C65 and NMC 532 are then added sequentially. The
cathode was then cast on aluminum current collector and then dried
at 80 °C for 24 h. The cathode was then calendared and was ready
for use. 0.5” diameter circular cuts were taken for coin-type cell
assembly in an Argon filled glove box by sandwiching a 0.7” solid
electrolyte cut in between a 0.7” Li disc and the cathode cut. The
fabricated cells were then heated to 70 °C for 4 h, then cooled down
and capacity measurements were performed by galvanostatic experi-
ments carried out on a multichannel Arbin battery cycler (BT2000).
This heating cycle is essential to homogenise the sample and
stabilize the electrode/electrolyte interface. Charge-discharge tests
were then carried out in the potential range of 2.5-4.2 V at 55 °C.

Results and Discussion

The first step in the preparation of the polymer-rich quaternary
CSEs is to select the PEO:LiTFSI (better known as EO:Li) molar
ratio. This is better done by the aid of the PEO:LiTFSI phase
diagram which is well documented and it shows the formation of
three complex compounds at 2:1, 3:1 and 6:1 molar ratios with a
crystallinity gap in the eutectic composition region between 12:1 and
6:1.*° The conductivity isotherms (o vs T) are also known and
similar to most liquid and solid electrolytes; it shows an increase in
conductivity with salt addition but goes through a maximum near the
eutectic composition and then drops thereafter till the saturation
concentration. At room temperature, the conductivity increases from
1078S cm™" at 48:1 EO:Li to reach a maximum of 107> Scm™! at
10:1 EO:Li and decreases to 107’ Scm™" at 6:1 EO:Li. while at
temperatures around the melting point of pure PEO, a similar trend is
observed for the isotherm with an overall increase of one order of
magnitude in conductivity values with a maximum still at 10:1. The
eutectic composition seems to be a natural choice due to the
maximum conductivity, but the mechanical properties are poor due
to the crystallinity gap which prevents the formation of free-standing
films. In this work, we selected an EO:Li ratio in the polymer-rich
side of the phase diagram close to 40:1 where at room temperature
pure, solid PEO coexists in equilibrium with either the liquid or
(amorphous) solid 6:1 complex. Binary and ternary phase diagrams
of PEO, LiTFSI and SN have also been studied and eutectic-type
phase diagrams are observed in the binary phases and coexistence
regions in the ternary phase diagram have been identified at the end
members with a wide isotropic liquid-like regions in the center
indicative of the formation of ternary eutectics.*®

Next, even though we decided to focus on polymer-rich CSE
composites which means small amounts of LLTO and SN to act as
fillers, CSEs were fabricated in different ratios, to cover the whole
compositional range. This includes CSEs with large amounts of
LLTO and SN to map out and have an understanding of the
structure/property relationship in these previously unknown qua-
ternary CSEs. Then, the obtained properties (mechanical properties
and ionic conductivity) were used as data points for non-linear fitting
by using a neural network algorithm as described by Li et al.*’ The
parameters obtained were used for simulating ternary diagrams. The
simulation results were presented as two contour maps for each
property, where orange and darker colors indicate free standing films
and >10° Scem™' conductivity and blue color indicates no film
formation and <10° S cm ™! conductivity, respectively. As can be
seen in Figs. 2a and 2b, the ternary compositions that are best at film
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Figure 2. (a) Contour map indicating possible film forming quaternary compositions. PEO/LIiTFSI ratio was fixed at 40:1. Orange and darker colors indicate
compositions that made free standing films, blue means no film was formed and green indicates weak self-sticking films were formed. (b) similar map indicating
the ionic conductivities of the compositions at 55 °C. Orange and darker colors indicate conductivities >10">S cm™', blue indicates conductivities

<107 Scm .

forming, are mainly concentrated in the polymer-rich or ceramic-in-
polymer region, while the conductivity contour map indicates that
the SN-rich region shows the highest ionic conductivity. This is
expected as SN is known to act as a polymer plasticizer*> and its
high polarity allow for the ease of dissolution of lithium salts.*’
Based on this, the conclusion is that a quaternary composition in the
polymer-rich region with small amounts of SN has the optimal
combination of electrochemical and mechanical properties. Similar
conclusions were drawn by Chen et al. in a study that showed that
the role of another ceramic LLZO in similar ceramic-in-polymer
composites, but with no SN, is to enhance mechanical properties of
the films. It also show that in polymer-in-ceramic composites the
ceramic provides a pathway for Li ions and improves the ability of
the otherwise organic polymer to withstand stress from dendrites
formed during lithium plating/stripping.48

The CSE film chosen for full characterization is sample “10S”
which lies in the red/orange regions of the two ternary composition
diagrams showing the best combination of conductivity and film
forming ability. The composition of 10S is 70 wt% PEO, 12 wt%
LiTFSI, 9 wt% LLTO and 9 wt% SN. The morphology and chemical
composition of the sample were studied by SEM and EDS and

images in Figs. 3a and 3b indicate that LLTO particles (~2 pm) and
LiTFSI salt are homogeneously dispersed in the porous polymer
matrix.

Electrochemical Impedance Spectroscopy (EIS) was used to
measure the conductivity of the 10S CSE film and found to be 1.9 x
107*Sem™! at room temperature and 2.4 x 107>Scm™! at 55 °C.
These values are much higher than the reported values by Fan et al.
for PEO:LiTFSI:SN composites with 11:1 EO:Li ratio which is close
to the eutectic composition and prone to produce liquid-like films.**
The reported ionic conductivity at 30 °C reached 5 x 107 S cm ™" for
the 50% SN-containing film and ~5 x 107> S cm ™" for the 16% SN-
containing film. Even though it gives higher conductivity the use of
larger amounts of SN introduces competition between SN (dielectric
constant, ¢ = 38) and PEO (dielectric constant, ¢ = 8) and this might
result in blocking of ionic pathways. Figure 4 shows the o vs T
“Arrhenius” plot for this CSE film. The activation energies of the film
were calculated using the Arrhenius equation (Eq. 2) and the linear
fitting for the data points in the low temperature region and the high
temperature region as can be seen in Fig. 4. The activation energies
were found to be 38 + 4 kI mol™' and 27 + 1 kJ mol™", respectively.
This drop in activation energy indicates an increase in the ease in

Figure 3. (a) SEM image of the 10S CSE film along with (b) layered EDS image showing the distribution of La (LLTO) and F (LiTFSI) throughout the film.
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Figure 5. ATR FTIR spectra of the 10S CSE film and its components.

which ions move at higher temperatures that is also expected in the
molten state. In general, the activation energy values found in this
work are similar to those reported by Fan et al.** but way lower
than those reported by Zhu et al.** on PEO:LiTFSI:LLTO nano-
composites. Activation energies higher than 40 kJ mol™' for
composites with small amounts of LLTO fiber were reported that
are close to those of PEO:LiTFESI (~50 kJ mol~!).*® This indicates
easier ionic conduction pathways in the quaternary composite
compared to ternary composites specially the ones without SN as
a plasticizer.

FTIR spectroscopy was utilized to observe and analyze the
molecular interactions between the four components in the CSE
film and the spectra are shown in Fig. 5. PEO FTIR spectrum
contains bands at around 842, 1100 and 1468 cm~! which corre-
sponds to CH, wagging mode, C-O-C stretching mode and CH,
scissoring mode, respectively. 50 By means of comparison of the
FTIR spectra of the 10S CSE film and its individual components, we
can notice that the band at around 1470 cm ™! splits and becomes
sharper which indicates a possible interaction between SN and Li
cation of LiTFSI. Besides, we can also observe the broadening of the
C—O—C stretching band at around 1100 cm™". This in turn indicates
the coordination of Li™ cation with the ether groups in PEO.*®

"Li NMR spectroscopy was also performed for the 10S CSE film
to get more insight on this interaction and ion dynamics at different
temperatures. The spectra shown in Fig. 6a reveal a single, broad
peak throughout the heating and cooling cycles which is attributed to
the LiTFSI species. The linewidth decreases with increasing
temperature indicating a change in ion mobility. Diffusion behavior
of PEO-containing polymer electrolytes has been studied extensively
in the past.’! Detailed dynamic NMR studies have revealed the
dependence of the cation mobility on the morphology of the polymer
matrix.>>>® It has been shown that an increase in amorphous
domains leads to a better-connected conductive networks. In
particular, the polymer chain motion is essential in facilitating ionic
diffusion in polymer electrolytes.’*>> 7Li pulsed field gradient
(PFG) NMR was performed in order to investigate ionic diffusion
in the 10S CSE film. Diffusion curves were obtained in the range of
30 °C-70 °C and are shown in Fig. 6b. At high temperatures a single
diffusion process dominates, allowing for an accurate single-
component fit while a single-component fit is not appropriate at
lower temperatures. It is evident, that there is a significant change in
the diffusion behavior between 45 °C to 55 °C. At high temperatures
(85 °C to 70 °C) a linear dependence is apparent while at
intermediate temperatures a coexistence of two components with
slightly different diffusivities is apparent. This is in agreement with
the change of morphology around the transition temperature, where
presumably regions with varying degree of crystallinity are apparent.
This gradual phase change is observed around 50 °C, which shows a
deviation from linear behavior in the Arrhenius plot in Fig. 6b.
These two different regions have contrasting diffusion behavior with
activation energies for region I and region II of 37 + 1 kJ mol™" and
67 + 1kJmol™ ', respectively. However, the change in activation
energy with temperature is in line with what was observed earlier in
the Arrhenius plots obtained from ionic conductivity measurements
and can be attributed to polymer morphology which has a significant
influence on the diffusion pathways besides a possible role of SN.
This might indicate that in polymer-rich CSE composites the ionic
conductivity is dominated by the polymer dynamics and not the
ceramic as was shown by Zheng et al.>® for LLZO:PEO composites
where tracking of Li ion pathways at higher ceramic content proved
the dominance of ceramic related pathways.

To further understand the effect of SN as a plasticizer, the phase
transition behavior of 10S film was compared to that of a film made
with the same ratios of 10S CSE film but without the SN, hereafter
called “10S-SN.” Figure 7 shows the DSC scans which demonstrates
a clear glass transition temperature (T,) decrease from —42.8 °C for
10S-SN to —53.1 °C for the 10S CSE film. A reduction in T, enables
faster ionic kinetics in polymer electrolytes.’” Other features clear on
the DSC curves of both samples is the endothermic peak shortly
after 50 °C which corresponds to the melting of PEO. The 10S CSE
film (SN containing) shows a marginal shift to the left because of the
melting point reduction effect due to the presence of SN. Looking
closely, the melting peak of 10S-SN is also broader which is
attributed to its higher crystallinity. To confirm this, the degree of
crystallinity, X, was calculated using Eq. 3.

AH,,

popp—
AHpgo - Yppo

(3]

Where AH,, is the melting enthalpy of the sample, AHpgo is the
melting enthalpy of 100% crystalline PEO, 203 J g'5*° and Ypgg is
the weight fraction of PEO in the sample. X, calculations show that
10S-SN is 51.8% crystalline while 10S is 42.6% crystalline. This
significant decrease in crystallinity is solely caused by the addition
of SN. Similar behavior was observed by Fan et al. for similar
compositions but without LLTO, and they showed that higher
amounts of SN (50%) result in completely amorphous composites.**

PEO is a semi-crystalline polymer where the amorphous phase
offers activated and more flexible chain segments which aid ion
mobility.®® Previous reports and studies have attributed PEO’s low
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ionic conductivity to slow polymer chains dynamics and inactive
chain segments due to the crystalline phase domination. Hence,
studies have been directed towards using fillers that increase the
amorphous phase ratio, those are termed “plasticizers.” XRD
technique was used to investigate the crystal structure of 10S and
10S-SN CSE films. Before the characterization, the two samples
underwent a heating cycle by heating to 70 °C for 4 h then cooled
back to ambient conditions. Figure 8 shows the clear disappearance
of two major peaks related to PEO crystalline phase peaks at around
19° and 23°. This further proves the effectiveness of SN in the CSE
as it plays both the role of Li* solvation and PEO chain plasticiza-
tion which in turn explains the high ionic conductivity of this
electrolyte.

Furthermore, the thermal stability of the 10S CSE film was
investigated by means of TGA. Solid-state electrolytes must possess
high degrees of thermal stability. This is to ensure safety and justify
their use over liquid electrolytes. The TGA profile for 10S shown in
Fig. 9 indicates that there is a slight weight loss happening mainly
after 100 °C but the 10S CSE film demonstrates good thermal
stability till about 360 °C. Notably, the weight percentage remaining
after heating to 600 °C is 12.3 wt% which is slightly higher than the
ceramic content in the sample. This difference could correspond to
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carbon residues remaining after complete degradation. Echeverri
et al.*® reported the TGA scans of PEO, LiTFSI and SN and showed
that while both neat PEO and LiTFSI have high thermal stability up
to 380 °C the neat SN is only stable up to 130 °C upon prolonged
heating. This can explain the small weight loss above 100 °C in the
10S CSE film.

The mechanical properties of 10S CSE film was measured by
stress-strain testing. A good CSE film should be processed to
withstand great forces of stress to ensure it does not fail either
during cell packaging or when being charged/discharged. The stress-
strain curve for the 10S CSE film is presented in Fig. 10. The film
exhibits a Young’s modulus of ~155MPa, a Tensile strength of
16.1 MPa and an elongation-at-break of 2360%. Thus, This CSE
film possesses plastic behavior and can be applied as a separator and
as an ionic conductor. Fan et al. reported on the mechanical
properties of similar composites without LLTO and showed that
the addition of 50% SN to PEO:LiTFSI (11:1 EO:Li) resulted in a
tensile strength of 0.5 MPa and an elongation-at-break of 550%.*>
The values are way smaller than those of the 10S CSE film which
could be attributed to the large amount of SN in the films along with
the presence of LLTO in the 10S film which seems to improve the
mechanical properties of the quaternary CSE.

Electrochemical stability is another key parameter to develop
high energy density lithium batteries. By means of linear sweep
voltammetry (LSV), we were able to determine the electrochemical
stability window of the 10S CSE film at 55 °C as shown in Fig. 11.
We can observe that the oxidation/reduction peaks onset at 2.5 V and
—2.5V respectively which translates to an electrochemical stability
window of 5V.

To assess the electrochemical performance of the 10S CSE film,
2325 coin-type cells were assembled by sandwiching the 10S film
between commercial NMC 532 cathode (fabricated following
common procedures of mixing NMC 532 powder with PVDF binder
and a carbon additive) and a lithium disc. Charge-discharge tests
were then carried out in the potential range of 2.5-4.2 V at 55 °C and
at a cycling rate of C/20. These cells showed poor cycling
performance and provided an initial discharge capacity of only
7 mAh g~ '. This is mainly attributed to the poor interfacial contact
between the cathode and the electrolyte and the internal resistance
inside the cell which was calculated to be 2030 + 10 2. To improve
the interfacial resistance, we assembled new coin-type cells which
employs our in-house made cathode that utilizes PEO:LiTFSI (2:1)
as a co-binder to help improve the cathode/electrolyte interfacial
contact. Figure 12 shows the charge-discharge curve and the cycling
performance of sample 10S. Notably, the specific discharge capacity
improved significantly to values closer to the known experimental
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Figure 12. (a) Charge-discharge curve of the 10S CSE film at 0.05 C (C/20) and 55

values (~150 mAh g "). The initial capacity reached 112 mA g~

then it kept on increasing for the first 16 cycles which indicates the
continuous homogenization of the components inside the composite
and at the interface inside the battery. After 30 cycles, the battery
discharge capacity reached 1432 mAh g~' and the columbic
efficiency achieved was 98.8%.

Conclusions

A polymer-rich quaternary composite solid-state electrolyte
composed of PEO-LiTFSI-LLTO-SN was proposed and well char-
acterized. Simulation done using neural network fitting technique
helped us to choose a quaternary sample with an optimal combina-
tion of mechanical and electrochemical properties. The chosen CSE
film with the following composition: 70 wt% PEO, 12 wt% LiTFSI,
9 wt% LLTO and 9 wt% SN was made using traditional solution
casting technique and its ionic conductivity reached slightly higher
than 107> S cm ™" at 55 °C. Mechanical testing showed that the film
has a Young modulus of ~155MPa, a Yield strength of around
16 MPa and a break-at-elongation point of over 2000%. FTIR,
NMR, DSC and XRD techniques proved with evidence the role of
Succinonitrile as a plasticizer, thus, explaining the high ionic
conductivity. To fabricate the battery, incorporation of PEO:
LiTFSI as a binder in the NMC 532-based cathode was essential
to overcome the cathode-electrolyte interfacial resistance issue. The
discharge capacity achieved by the battery Li/CSE/NMC 532 after
30 cycles was 143.2 mAh g~ ' at C/20 and 55 °C. We can conclude
that quaternary CSEs are promising candidate for next-generation
solid-state lithium batteries.
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