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ABSTRACT: This work introduces a polymeric backbone eutectogel (P-ETG) hybrid solid-state electrolyte with an N-
isopropylacrylamide (NIPAM) backbone for high-energy lithium-ion batteries (LIBs). The NIPAM-based P-ETG is
(electro)chemically compatible with commercially relevant positive electrode materials such as the nickel-rich layered oxide
LiNig ¢Mny,Co00,0, (NMC622). The chemical compatibility was demonstrated through (physico)chemical characterization
methods. The nonexistence (within detection limits) of interfacial reactions between the electrolyte and the positive electrode, the
unchanged bulk crystallographic composition, and the absence of transition metal ions leaching from the positive electrode in
contact with the electrolyte were demonstrated by Fourier transform infrared spectroscopy, powder X-ray diffraction, and elemental
analysis, respectively. Moreover, the NIPAM-based P-ETG demonstrates a wide electrochemical stability window (1.5—5.0 V vs Li*/
Li) and a reasonably high ionic conductivity at room temperature (0.82 mS cm™"). The electrochemical compatibility of a high-
potential NMC622-containing positive electrode and the P-ETG is further demonstrated in LilP-ETGINMC622 cells, which deliver
a discharge capacity of 134, 110, and 97 mAh g' at C/S, C/2, and 1C, respectively, after 90 cycles. The Coulombic efficiency is
>95% at C/S, C/2, and 1C. Hence, gaining scientific insights into the compatibility of the electrolytes with positive electrode
materials that are relevant to the commercial market, like NMC622, is important because this requires going beyond the electrolyte
design itself, which is essential to their practical applications.
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B INTRODUCTION

The fast depletion of nonrenewable fossil fuels and related
environmental issues, such as global warming and air pollution,

content results in higher capacities as nickel, via the Ni
redox couples, is the main active redox species in the
structure.”> Therefore, nickel-rich NMCxyz cathode materials
(x> 0.5), such as NMC622 and NMC811, are of great interest

necessitate the replacement of gasoline in automotive
applications." ™ Lithium-ion batteries (LIBs) have advanced
into this field, both in pure and hybrid electric vehicles, due to
their high gravimetric and volumetric energy density.”” To
compete with combustion engines, LIBs for automotive
applications should provide large specific energy densities to
deliver a driving range of more than 500 km, combined with
fast charging times.” The battery’s specific energy has already
improved from 110 W h kg™ in 2010 to 250 W h kg™ in 2020.
It is expected that it will further improve up to 450 W h kg™
by 2030 by introducing new battery materials.”

A positive electrode material showing a high energy density
is a prerequisite for performant LIBs, as it directly participates
in electrochemical reactions and plays an important role in
determining the practical energy storage capability. It is well-
known that layered LiCoO,, one of the traditional LIB cathode
materials, has a limited energy density of ~140 mA h g~!
(~500 W h kg™") at the upper cutoff voltage of 4.2 V vs Li*/
Li®” Alternatively, layered oxides with the composition
LiNi,Mn,Co,0, (NMCxyz) have attracted much attention as
positive electrode materials because of their high specific
capacity.'® Different NMC compositions with various electro-
chemical characteristics, such as NMC111,"* NMC622,"* and
NMCS811,"* have been developed."* Increasing the nickel
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in developing high-energy-density batteries. However, increas-
ing the nickel content also decreases the thermal stability,
resulting in thermal runaway if a flammable conventional
organic liquid electrolyte is employed in the battery.'®"”
Therefore, to improve the energy density and safety of LIBs,
solid-state electrolytes were introduced instead.

The development of solid-state electrolytes with high ionic
conductivity and a broad electrochemical stability window
while showing thermal and mechanical stability has recently
drawn significant attention."®™*” Several sufficiently to very
highly ionic conductive electrolyte materials have been
identified. > ™" Solid composite electrolytes are the focus of
the work at hand. They are composed of a liquid lithium-ion
conducting electrolyte enclosed within a solid backbone.
Examples are ionogels in which an ionic liquid is confined
within silica-derived networks.”® Such electrolytes have been
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considered promising candidates for solid-state LIBs as they
allow a high ionic conductivity combined with the rigidity of a
solid, having low vapor pressure.”””**” Joos et al.”’ introduced
a polymeric backbone eutectogel (P-ETG) as a hybrid solid-
state electrolyte in which a lithium-ion-conducting deep
eutectic solvent (DES) is confined within a 4-acryloyl
morpholine (ACMO)-based polymeric backbone. DESs share
many properties with ionic liquids such as low vapor pressure
and nonflammability. However, they can have additional
advantages such as ease of synthesis and low cost of their
components.’”*> Compared to their silica-based eutectogel
counterparts,” the P-ETGs can be efficiently processed from
liquid precursors through UV curing. Furthermore, they
generally possess good mechanical flexibility, allowing for
good interfacial contact with the electrodes. The P-ETGs have
good electrochemical stability (up to 4.5 V vs Li*/Li),
sufficient ionic conductivity up to 0.78 mS cm™', and stable
cycling results of LilP-ETGILiFePO, cells.”’

Given the availability of these interesting candidate
materials, the bottleneck of solid-state battery development
today is no longer maximizing the ionic conductivity. The main
issue now has shifted toward integrating the solid-state
electrolyte and electrodes.” Controlling the properties of the
electrode—electrolyte interface and maintaining chemical and
mechanical stability between the electrodes and the solid-state
electrolyte during battery operation are the challenges of cell
integration. During cycling, a good interface between a solid
electrolyte and an electrode necessitates quick ion transport, an
ideal contact area, and chemical stability.”> However, it was
discovered through experiments that the ACMO backbone
units in the reported” P-ETG have limited chemical stability
when they come into contact with high-potential positive
electrode materials like NMC622.

By modification of the polymer backbone, the current work
aims to improve the stability of P-ETGs when in contact with
high-voltage positive electrode materials. N-Isopropylacryla-
mide (NIPAM) was successfully used to replace the ACMO
backbone, exhibiting intriguing ionic conductivity, a wide
electrochemical stability window, and high thermal stability.
NIPAM was selected because it does not contain any ether
functions, which we hypothesized to be responsible for limiting
the cycle life in combination with high-energy, positive
electrodes. Charging the ACMO backbone to high voltages
(4.2—4.3 V vs Li*/Li) causes fast capacity loss and short cycle
life, similar to common liquid electrolytes that include ether
functionalities.’* > Also, the most common solid polymer
electrolyte, PEO (poly(ethylene oxide), has an anodic stability
that is limited to potentials around 4.0 V vs Li*/Li.*’

As a result, the challenge of electrode—electrolyte integra-
tion is the primary focus of this work, which employs the
NIPAM-based P-ETG electrolyte and NMC622 as representa-
tive high-potential positive electrode materials. Obtaining
scientific insights into the compatibility of the P-ETG
electrolyte with commercially relevant positive electrode
materials, such as NM6622, is crucial because this necessitates
taking additional steps beyond electrolyte design, bridging the
gap between academic research and industry. In addition to
electrochemical impedance spectroscopy (EIS), (physico)-
chemical characterization techniques like Fourier transform
infrared (FT-IR) spectroscopy, powder X-ray diffraction
(PXRD), and inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) are used to investigate the electro-
chemical compatibility between the positive electrode and the

electrolyte. At a variety of charge—discharge rates (C-rates),
the galvanostatic cycling behavior of LilP-ETGINMC622 cells
is evaluated.

B EXPERIMENTAL SECTION

Chemicals. Bis(trifluoromethane)sulfonimide lithium salt
(LiTFSIL, 99.9% trace metal basis) and N-methylacetamide
(MAc, >99%) were purchased from Sigma-Aldrich. MAc was
dried using molecular sieves (3 A, 4—8 mesh, Acros) for 72 h
at 45 °C, while the LiTFSI was dried in a vacuum oven for 72
h at 110 °C to remove traces of water. These materials were
stored in a nitrogen-filled glovebox with controlled oxygen and
water content (H,O < 0.1 ppm, O, < 0.1 ppm, MBRAUN).
The initiator 2,2-dimethoxy-2-phenyl acetophenone (DMPA,
99%, pure, stabilized, Acros) was used as received. NIPAM
(99%, pure, stabilized, Acros) and ethylene glycol dimetha-
crylate (EGDMA, TCI, >97.0%) were disinhibited over a
column of activated basic alumina before use.

Preparation of P-ETG Electrolytes. The DES was
prepared according to a procedure reported by Boisset et
al.**! LiTFSI and MAc were mixed in a 1:4 molar ratio with
vigorous stirring at 40 °C in a nitrogen-filled glovebox (H,O <
0.1 ppm, O, < 0.1 ppm, MBRAUN) until a homogeneous
transparent liquid was obtained. The synthesis of P-ETG was
similar to that described in our group’s previous work.”® The
polymeric backbone precursor consisted of a mixture of the
hydrophilic NIPAM monomer, a cross-linker (ethylene glycol
dimethacrylate, EGDMA), and a photoinitiator (DMPA), with
a (monomer/cross-linker) /initiator molar ratio of (90:10):5.
After obtaining a homogeneous mixture in ambient air,
nitrogen was bubbled through the precursor solution to
remove dissolved oxygen and the solution was subsequently
introduced in the nitrogen-filled glovebox. The P-ETGs were
prepared by homogeneously mixing the desired volumes of
DES and polymeric backbone precursor, and the mixture was
stirred to obtain a homogeneous blend. These solutions were
hermetically enclosed between two glass substrates separated
by 1 mm spacers and transferred out of the glovebox for
polymerization. The polymerization was performed by means
of UV illumination (365 nm) for 1 h. The obtained P-ETGs
were subsequently transferred into an argon-filled glovebox
with a controlled atmosphere (H,O < 0.1 ppm, O, < 0.6 ppm,
MBRAUN).

Characterization. (Physico)chemical Characterization.
PXRD (Bruker D8 diffractometer, Cu Ka radiation) was
carried out for the phase identification of NMC622. The P-
ETGs were analyzed by means of attenuated total reflection-
Fourier transform infrared spectroscopy (ATR-FT-IR, Perki-
nElmer Frontier, 32 scans, scan range 4000—400 cm™),
resolution 4 cm™") at room temperature. The MIRacle single
reflection ATR accessory was used to allow measurement in
the absence of a KBr salt. The DES, on the one hand, and Nj,
Co, and Mn 1000 ppm standards (Merck multi-element
standard IV), on the other hand, were diluted with 5% HNO,
to the S ppb—100 ppm range, and 0.05—0.1-0.5—1-2—5—
10—50—100 ppm concentrations, respectively, for ICP-AES
measurements. Raman spectra were acquired on a Horiba
Jobin-Yvon T64000 spectrometer, equipped with a Symphony
detector and a long working distance 100x Olympus objective.
The 488 nm Lexel SHG laser was operated at a power of less
than 20 mW. Sample preparation comprised sealing the P-ETG
between a microscope slide and a cover glass with vacuum
grease in a dry room (dew point of —4S5 °C). Thermogravi-

https://doi.org/10.1021/acsomega.3c03081
ACS Omega 2023, 8, 36753—-36763


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Mixing DES and polymeric backbone
to form P-ETG precursor

ACS Omega http://pubs.acs.org/journal/acsodf
[
o @ FO OF 0
(=) —N—
2 F—|—ﬁ N.+ﬁ—|—F )LN _
[} . .
g Bis(trifluoromethane N-methylacetamide (MAc)
) sulfonyl)imide
o lithium salt (LiTFSI) DES
(b) MONOMER CROSSLINKER PHOTO-INITIATOR
0 o — 5
S oo
g N 0
.8 H o /
<5 | N-isopropylacrylamide Ethylene glycol dimethacrylate 2,2-dimethoxy-2-phenyl-
8 (NIPAM) (EGDMA) === acetophenone
§ o (DMPA) @
£ / N 0
3 o
(2]
—_ | — \

Photo-initiated polymerization

(Y
-
W
-9
c
2
=]
©
£
S
o
4

Glass substrates separated by 1 mm

Flexible, self-standing P-ETG

Figure 1. Overview of the synthesis procedure of a P-ETG with an NIPAM-based polymeric backbone. First, (a) the DES and (b) the polymeric

matrix precursors are prepared by stirring the components. Second, (c)

polymeric matrix precursor and transferred to a glass mold to be UV cured,

DES to polymer precursor was varied from 85:15, 70:30, and 55:45. The

the P-ETG precursor is prepared by mixing both the DES and the
resulting in a flexible, self-standing electrolyte. The volume ratio of the
molar ratio of the DMPA initiator to monomer and cross-linker in the

polymer precursor was fixed at 5:100, while the molar ratio of EGDMA/NIPAM was 10:90.

metric analysis (TGA, QS00 TA Instruments, High-T Pt
sample pan) was performed from room temperature to 600 °C
(20 °C min™!, continuous nitrogen flow of 90 mL min™"). For
DES and P-ETG, the TGA chamber was flushed for 20 min
before starting the measurement. This flushing step was not
applied for the liquid electrolyte, as a mass loss of around 30%
was already measured during flushing. The mechanical
properties of the NIPAM-based P-ETGs were studied by
using dynamic mechanical analysis (DMA). A TA Instruments
DMA Q800 V21.3 Build 96 instrument was used in
compression mode. Stress—strain curves were obtained by a
static mechanical test with a 0.05 N preload force and a rate of
1.0 N/min. The P-ETGs were cut into a cylindrical shape with
a height of approximately 1 mm and a diameter of 10 mm. The
exact sample geometry was measured and used for the
evaluation of each individual measurement. The tests were
carried out at 25 °C at least three times for each sample. The
modulus was calculated from the slope of the linear section of
the stress—strain curve from 8.9 to 9.1%.

Electrochemical Characterization. The ionic conductivity
of the P-ETG electrolyte was measured in a broad temperature
range (—10 to 60 °C, BINDER furnace KBS3 E3.1) by EIS in a
symmetric stainless steellP-ET Glstainless steel Swagelok-type
cell. EIS (Bio-Logic, SP-300) was performed by perturbing the
open-circuit potential (OCP) with an AC sinusoidal potential
of 10 mV amplitude over a frequency range of 10 kHz—100

3675

mHz. Multiple P-ETG samples of identical compositions were
measured. Linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) tests (Bio-Logic, SP-300) were performed
to investigate the electrochemical stability and lithium
stripping/plating capability of the P-ETG electrolyte at room
temperature. The P-ETGs were placed in a coin cell between
Ni foil (working electrode, 0.01 mm thickness, 12 mm
diameter) and lithium metal foil (reference/counter elec-
trode), and CV was performed between the OCP and —1 V vs
Li*/Li (1 mV s™' — 50 mV s7'). The long-term stability
between the P-ETG electrolyte and Li metal was evaluated by
means of a stripping—plating test in a symmetric LilP-ETGILi
cell. A current of 0.05 mA cm ™ was applied for 30 min until
polarity was reversed over a period of 90 h in total while
monitoring the potential over the cell. The measurements were
performed on a Bio-Logic SP-300 potentiostat.

Preparation of the LilP-ETGINMC Cells and Galvanostatic
Cycling. Positive electrodes (LiNiy¢Mn,,Co,,0, NMC622,
Umicore) were formulated with 80 wt % LiNi,,Mn,,Co,,0,
(Umicore, 0.8 g for 1 g slurry), 10 wt % carbon black (Super
C65, C-NERGY, 0.1 g for 1 g slurry), and 10 wt %
poly(vinylidene fluoride) (PVDF, Alfa Aesar) by mixing
them in N-methyl-2-pyrrolidone (NMP, Alfa Aesar, >99.0%+,
1.67 g of 6 wt % PVDF in NMP for 1 g slurry), using a
planetary Thinky mixer at 2000 rpm, 30 kPa, for 10 min. Next,
the well-mixed slurry was tape-casted on 20 um thick

5 https://doi.org/10.1021/acsomega.3c03081
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aluminum foil and dried in air at 110 °C for 1 h to obtain
electrodes with a thickness of approximately ~18.7 pm
(excluding current collector) and an active material loading
of 0.622 mg cm™* (0.109 mA h cm™, assuming a theoretical
capacity of 175 mA h g™' for the NMC622). For use in coin
cells, a P-ETG electrolyte of appropriate size was cut by means
of a hollow punch with a diameter of 14 mm. LIBs, LilP-ETGl
NMC622 (CR202S), were assembled by combining a separate
positive electrode punch (10 mm diameter, ~ 19 um thickness
excluding current collector), a separate P-ETG electrolyte
monolith (14 mm diameter, 1 mm thickness), and a metal
lithium punch (14 mm diameter, 0.38 mm thickness) in an
argon-filled glovebox. All coin cells underwent a 16 h OCP
period at room temperature prior to galvanostatic cycling
between 3.0 and 4.3 V vs Li*/Li. The electrodes were activated
by two galvanostatic charge/discharge cycles (termed for-
mation cycles) at C/20 between 3.0 and 4.3 V vs Li*/Li in the
constant-current (CC) mode. Long-term galvanostatic cycling
tests were conducted at three C-rates, i.e., C/S, C/2, and 1C,
at room temperature in the CC mode. The rate performance
was evaluated by measuring the sensitivity of the discharge
capacity to the C-rate (C/10 to SC) at room temperature in
the CC mode.

B RESULTS AND DISCUSSION

P-ETGs incorporate a DES (consisting of LiTFSI and MAc in
a 1:4 molar ratio; Figure 1a) within a polymeric backbone. In
this work, the latter is formed by UV curing of a mixture of
NIPAM monomer, a cross-linker (EGDMA), a photoinitiator
(DMPA) (Figure 1b), and DES. NIPAM exhibits good
miscibility with the DES, avoiding phase separation during
further treatment. The P-ETG showed the most favorable
mechanical characteristics (e.g., flexibility and toughness)
when the (monomer/cross-linker)/initiator molar ratios in
the precursor solution were fixed at (90:10):5S using the
NIPAM backbone. Therefore, this ratio was chosen to develop
the P-ETG with the NIPAM backbone. The volume content of
the DES in the P-ETG precursor was varied between 55 and
90 vol %, i.e., 5SS, 70, 85, and 90 vol %. Although the former
three had high structural integrity (Figure 1c), increasing the
DES content up to 90 vol % resulted in a P-ETG with a soft,
viscous consistency, which could not easily be handled. The
ATR-FT-IR spectra, together with the assigned vibrations of
the P-ETGs with different DES loadings, are given in Figure S1
and Table SI.

Three P-ETG electrolyte compositions were prepared, each
with a different DES concentration. The exact composition,
along with an overview of their anodic stability limit,
conductivity at 25 °C, and elastic modulus, is summarized in
Table 1.

Properties of the P-ETG Electrolyte. The ionic
conductivity of the P-ETGs was determined by means of EIS
between —10 and 60 °C (Table 2 and Figure 2). The ionic
conductivity of the P-ETGs strongly correlates with the
volumetric content of the enclosed DES (Table 2) and reaches
0.82 mS cm™' for the P-ETG-85 at 25 °C. In Figure 2, the
Arrhenius plot can be described with the Vogel-Tammann—
Fulcher (VTF) equation

-B
0 = 0pe(T-1) (1)

In eq 1, the pre-exponential factor o, (the conductivity at
infinite temperature) is a function of the effective number of

Table 1. Sample Name, Volume Ratio of DES (Selected
Samples P-ETG-x Were Prepared with a Specific DES
Volume Content, x-Value from 55 to 85 vol %), Anodic
Stability Limit, Ionic Conductivity at 25 °C, and Elastic
Modulus of the Electrolytes Presented in This Article

anodic

stability

limit vs  ionic conductivity

vol % Li*/Li at 25 °C elastic modulus
name DES W) (mS cm™) (MPa)

P-ETG-55 SS ~3.55 1.8+ 05X 1073 49+ 03
P-ETG-70 70 ~4.60 70+£09 X 107> 51 +0.1x 107"
P-ETG-85 85 ~5.00 82+ 02X 107" 47 +02x 107

charge carriers in the electrolyte and therefore is correlated to
the DES content of the P-ETG. The pseudoactivation energy B
is inversely proportional to the DES content.*>*

Techniques like LSV or CV, which involve increasing the
potential while monitoring the current, are frequently used to
determine an electrolyte’s potential limit. This limit, indicated
by a significant increase in current, is related to electrolyte
degradation at the working interface. The electrochemical
stability window of the set of P-ETGs was determined by LSV.
In the cathodic scan (Figure S2), the process occurs around
12—14 V vs Li*/Li corresponding to the reduction of
TESI~,** whereas the process around 0.3—0.5 V vs Li*/Li
can be tentatively assigned to the reduction of amides in the P-
ETGs (both MAc and polymer backbone).” In the anodic
scan (Figure 3), the oxidation process occurred around 4.6—
4.8 V vs Li*/Li for P-ETG-8S, which may originate from the
oxidation of the TFSI™ anions.”” Although this procedure
seems simple, it might be difficult to understand the LSV data
fully. With this approach, it can be challenging to determine if
a current rise is substantial enough to be caused by the
electrolyte’s electrochemical degradation, especially when the
electrolyte’s mass transport, thickness, conductivity, and the
used scan rate all affect the observed current. The P-ETG-8S
electrolytes exhibit a higher current in the LSV studies than the
P-ETG-5S electrolytes due to the difference in ionic
conductivities (Figure S3). The issues highlight the limits of
the commonly used current cutoft approach as it makes the
decision of the oxidative stability limit and the comparison
between samples more difficult. Another method to determine
the electrolyte’s electrochemical stability limit is using the
current’s derivative to more precisely detect changes in the
LSV, as the derivative graphs show a modest peak before the
final increase in current.*® The onset of those peaks appears at
around 4.9 and 4.6 V vs Li*/Li for P-ETG-8S, and P-ETG-70,
respectively (Figure S4). Again, the determination of these
values will largely depend on the y-axis scale. Li et al.*’
suggested an alternative approach to the traditional CV
experiment, which places a strong emphasis on the reaction’s
reversibility. The potential limit is gradually raised from the
OCYV to higher potentials with each cycle. The arbitrary point
where the Faradaic capacity equaled 1% of the cathodic
capacity was chosen as the oxidation limit. Hernandez et al.**
evaluated several electrochemical methods, including staircase
voltammetry (SV), synthetic charge—discharge profile voltam-
metry (SCPV), and cutoff increase cell cycling, that may be
used to examine the electrochemical stability of polymer
electrolytes. Nonetheless, they show that there is not a single,
reliable method or process for determining the electrochemical
stability window of polymer electrolytes. In this work, both
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Table 2. Ionic Conductivity, Together with VTF Model Parameters for P-ETG-85, P-ETG-70, and P-ETG-55 Electrolytes”

ionic conductivity (mS cm™)

VTF parameters

25 °C 40 °C
P-ETG-55 1.8 +0.5%x 1073 7.8 +£03 x 1073
P-ETG-70 7.0 £ 0.9 X 1072 1.8 + 0.4 x 107!
P-ETG-85 82+ 02 x 107! 1.6 + 0.4 10°
DES 1.4 32

“The ionic conductivity of the DES is given as a reference.

55 °C 6, (mS cm™) B (K) T, (K)
2.0+ 05 %1072 219 1216 194
3.8+ 09 x 107" 381 1029 179
2.9 + 0.6 10° 467 767 178

6.7

RT

0.82mS cm™

P-ETG-85
0.070 mS cm’”

i
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Figure 2. Ionic conductivity of P-ETG-85, P-ETG-70, and P-ETG-55
as a function of temperature. The plotted values for each electrolyte
composition are averages resulting from three separate measurements.
The standard deviation is represented as error bars around the
measuring points. The VTF model is fitted for each composition (full
line); error bars are based on the standard error of the mean.
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Figure 3. Anodic LSV of NIPAM-based P-ETG-8S, P-ETG-70, and P-
ETG-55 at a scan rate of 10 mV s™'. Working electrode and counter/
reference electrode are stainless steel and lithium metal, respectively.

LSV (Figure 3) and SV (Figure SS) were performed to
measure the anodic stability of our three P-ETG electrolytes.
Although we are aware of the limitations of each technique,

they give an indication of the trend in anodic stability among
our three P-ETG electrolytes (Table 3).

With increasing DES content, the P-ETGs’ anodic stability
limit is extended to higher potentials, which may be caused by
the interaction between the DES components and the
polymeric backbone. De Sloovere et al.*’ observed an increase
in anodic stability with increasing NaTFSI concentration in a
DES consisting of NaTFSI and MAc. The increasing
concentration caused the replacement of the MAc—MAc
hydrogen bonds with strong ionic interactions between MAc,
Na*, and TFSI". This lowered MAc’s HOMO energy level
compared to TESI™, leading to increased anodic stability.*’
The anodic stability of the DES used in this work, a lithium-
based counterpart, may also be improved by such ionic
interactions. When the DES is incorporated into a polymer
matrix, this may influence these ionic interactions. In our
electrolyte, the amide groups in the polymeric backbone may
also coordinate Li* and TFSI™ ions, effectively decreasing the
extent of ionic interactions with MAc and decreasing the
anodic stability. With increasing polymer content (i.e.,
decreasing DES content), MAc will form fewer ionic
interactions, meaning that the P-ETGs’ anodic stability will
be lower. Raman spectra of MAc, DES, and the P-ETGs with
different DES loadings are presented in Figure S6 and Table
§2.°%°" The Raman spectra of the different P-ETG
compositions correspond to the spectra of DES, which is
also the main component of the P-ETG. The absence of
additional peaks or large peak shifts could mean that the same
chemical interactions/bonds are largely preserved.

Poor mechanical performance, resulting in the loss of
contact between the electrolyte and electrodes, hampers the
application of solid-state electrolytes in energy storage devices.
As such, solid electrolytes should be robust to prevent Li
dendrite growth, and elastic to allow an intimate contact with
the electrodes.”” By combining the beneficial characteristics of
solid and liquid electrolytes, our P-ETG hybrid solid-state
electrolyte systems provide suflicient ionic conductivity, good
mechanical strength, and improved flexibility. To study the
mechanical properties of the P-ETGs, DMA was performed,
and the compressive stress—strain curves are shown in Figure
S7. P-ETG-85, the most flexible electrolyte, showed plastic
deformation after the compressive test in the form of cracks
and tears. P-ETG-70 and P-ETG-55 did not show plastic
deformation. The elastic moduli, measured at the linear elastic
part of the stress—strain curve, are 0.047 + 0.002 0.51 + 0.01,

Table 3. Experimental Conditions for LSV and SV Measurements and the Anodic Stability Limits of P-ETG-85, P-ETG-70, and

P-ETG-5S
technique working electrode potential range V vs Li*/Li scan rate P-ETG-85 (V) P-ETG-70 (V) P-ETG-S5 (V)
LSV stainless steel 3-6 10 mV s~ 5.0 4.6 3.6
N stainless steel 3-6 100 mV step h™* 4.5 4.4 4.1
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and 4.9 + 0.3 MPa for P-ETG-8S, P-ETG-70, and P-ETG-SS,
respectively. This corroborates the visual observation of
increasing stiffness and elasticity with decreasing DES content.
For comparison, Khurana et al. reported a cross-linked
polyethylene-poly(ethylene oxide) solid polymer electrolyte
with excellent resistance to dendrite growth, and a modulus of
about 0.1 MPa at 90 °C.>’

The ionic conductivity, anodic stability, and compressive
stress—strain measurements indicate that P-ETG-85 is the
most promising hybrid solid electrolyte for application in
batteries with high-potential positive electrode materials.
Therefore, the remainder of this work is solely focused on
the P-ETG-85 composition.

The thermal degradation of P-ETG-85 was determined by
means of TGA under an inert atmosphere. The DES and a
conventional electrolyte [1 M LiPFg in EC/EMC (3/7) + 2%
VC] were analyzed as references (see Figure 4). Increasing the
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Figure 4. Thermograms of P-ETG-85, DES, and a conventional
electrolyte under a nitrogen atmosphere.

temperature causes continuous evaporation of the conven-
tional electrolyte solvent until almost all mass is lost at about
140 °C. The DES displays a gradual two-step degradation
between room temperature and 460 °C, originating from the
MAc and LiTFSI components. The coordination of the Li
ions with the MAc carbonyl moieties inhibits evaporation of
the MAc.”® This coordination postpones the loss onset and
broadens the thermal stability window of the MAc in the DES.
The weight loss of the P-ETGs is lower than that of the pure
DES as the most volatile compound, the MAc, is present in a
lower concentration and is encapsulated in the polymeric
backbone structure. This indicates an increased safety of the P-
ETG electrolyte compared to conventional electrolytes thanks
to the nonflammability of the DES.

(Electro)chemical Compatibility. When applying a DES
composed of choline chloride and ethylene glycol (ChCl/EG)
for LIB cathode recycling, cobalt leaching efficiencies of >90%

are observed.”* Hence, it can be expected that such cation
leaching also could occur when the P-ETG is in contact with
NMC622, which could lead to capacity fading. To investigate
the chemical compatibility between the NMC622 and DES,
610 mg of NMC622 powder was dispersed in 1.4 mL of DES,
and the mixture was stirred at room temperature for 28 days
under an inert atmosphere. After filtration, ICP-AES was
performed on the DES to measure any transition metal (Nij,
Co, and Mn) ion leaching of the NMC622. Table 4 gives the
measured transition metal ion concentration (in parts per
million) in the DES, together with the transition metal ion
concentration detected after repeating the experiment using a
conventional electrolyte (1 M LiPF in EC/EMC (3/7) + 2%
VC). Only a limited amount of Ni in ppm levels leaches out
into the DES after contact with NMC622 active material. This
provides a first indication that the DES is chemically
compatible with the NMC622 active positive electrode
material. Only small amounts (ppm-level) of Mn and Co
were detected in the DES after contact with NMC622.

To detect changes in the bulk crystal structure of NMC622
after contact with DES, which would be an indication of
chemical reaction and incompatibility, PXRD was carried out.
The compatibility was evaluated by disassembling a coin cell
after cycling (3.0—4.3 V vs Li*/Li for 50 cycles at C/10) and
studying the (electro)chemical stability between the positive
electrode and solid electrolyte. It was found that there are no
additional diffraction peaks in the diffractogram of the
NMC622 active material powder (Figure S, left), which
indicates that within the detection limits of PXRD, the bulk
layered structure is maintained after cycling. However,
galvanostatic cycling may cause an increase in lithium and
transition metal ion disorder, as is indicated by the decreased
intensity ratio of the (003)/(104) diffraction peaks, which is a
known phenomenon for NMC positive electrode materials,
affecting the electrochemical properties.”® Since the ionic
radius of octahedrally coordinated Li* (0.76 A) is close to that
of Ni** (0.69 A), Li*/Ni** antisite disorder is most likely to
occur. This could block the lithium diffusion pathways, causing
severe capacity fade.”>°

To investigate the possible degradation of the P-ETG in
contact with high-voltage positive electrodes, post-mortem FT-
IR spectroscopy was performed, which is commonly used in
this context in the literature.**>” Figure 5 (right) shows the
ATR-FT-IR spectra of the DES, the polymeric matrix, and P-
ETG-8S before and after cycling for 50 cycles. The ATR-FT-IR
spectra of the P-ETG are dominated by vibrations ascribed to
DES, which is due to its large volumetric proportion in the P-
ETG combined with the overlapping of amide signals from
MAc and the polymeric backbone. The most important
vibrations are given in Table S1.31587%0 After cycling, the
spectrum does not show any differences compared to the
pristine P-ETG, suggesting that within the detection limits, no

Table 4. Concentration (in ppm) of Transition-Metal Ions (Ni, Mn, and Co) Measured in the DES or Conventional Electrolyte
and Percentage of Ni, Mn, and Co from NMC622 Leached Out in the DES or Conventional Electrolyte after Mixing NMC622

Active Material in the Solvent for 28 Days

DES concentration
percentage

1 M LiPF4 in EC/EMC (3/7) + 2% VC concentration
percentage

Ni Mn Co
6.65 + 0.03 ppm <S ppb <S ppb
2.4 x 107%%
0.140 + 0.006 ppm 0.543 + 0.001 ppm 0.053 + 0.003 ppm
3.1 X 107%% 3.8 X 107%% 3.5 x 107%%
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Figure S. PXRD of NMC622 coatings before and after cycling in a coin cell with P-ETG-8S and Li metal (left) and ATR-FT-IR spectra of the P-
ETG-8S before and after cycling in a coin cell with the NMC622 cathode and Li metal anode. The DES and polymeric backbone spectra are given
as reference (right).
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Figure 6. (a) EIS characterization of LilP-ETGINMC622 cells (continuous cycling at C/2), (b) EIS characterization of LilP-ETG-85ILi symmetric
cells (impedance after every 6 h of rest), and (c) EIS characterization of NMC622IP-ETGINMC622 symmetric cells (impedance after every 6 h of

rest). The NMC622 electrodes are fully charged during the symmetrical cell assembly.

decomposition products were formed by electrochemical
cycling of P-ETG with high-voltage positive electrode
materials. Although we like to note that FT-IR is not spatially
resolved, the obtained information is averaged over the P-ETG
electrolyte. Possibly, minute degradation that occurs at the
interface between the electrode and electrolyte cannot be
detected, despite the surface sensitivity of this technique.
NMC622IP-ETGILi cells were continuously cycled at C/2,
with EIS performed after every cycle. The EIS results (Figure
6a) show that the charge transfer resistance (R,) increases
with an increasing number of cycles. This indicates that the
surface films gradually become more resistant to the flow of
charge with prolonged cycling. The nature of these films was
further studied by EIS of symmetric cells, LilP-ETG-85ILi
(Figure 6b) as well as NMC622IP-ETG-85INMC622 with fully
charged NMC622 containing highly oxidative Ni** (Figure
6¢). In the former, R, increases with time, indicating that the
chemical instability of the P-ETG-8SILi interface leads to the
formation of resistant films between the P-ETG electrolyte and
Li metal. The long-term stability of the P-ETG electrolyte in
combination with Li metal was evaluated by means of a
stripping/plating test in a symmetrical LilP-ETG-85ILi cell.
The result in Figure S8 shows a constant but slow increase of
polarization across the cell upon continued cycling. This
indicates that a resistance interfacial layer is built up between
the P-ETG and Li metal. This increase in resistance during the
initial cycles suggests that when the electrolyte is reduced at
the surface of the lithium metal, a solid electrolyte interface
(SEI) layer is formed. The fact that the polarization still
increases over time suggests that the SEI is not stable and that

36759

the reduction of the electrolyte continues over time. This is in
line with the data from the time-dependent EIS measurements
on LilP-ETG-8SILi cells. Possible strategies for mitigation
include improving the stability of this interface by the use of
specific Li-alloys or prepassivation of the lithium metal
surface.®’ In the NMC622|P-ETG-85INMC622 cells, however,
there is no significant increase in the R, implying that the
NMC622IP-ETG-85 interface is chemically stable. The
resistance values (as a function of the cycle number) are
presented in Figures S9 and S10, respectively.

The reactivity of P-ETG-85 with lithium metal was further
investigated by CV on NilLi cells, where the P-ETG is
sandwiched between Ni foil serving as the working electrode
and Li foil serving as the reference/counter electrode (Figure
S11). Lithium plating occurs on the Ni foil as its potential is
swept below 0 V vs Li*/Li. A lithium stripping peak can be
observed between 0 and 1 V versus Li*/Li in the subsequent
anodic scan, indicating that the lithium plating/stripping
process is partially reversible. The reversibility of this process
was quantified by comparing the charge associated with the
cathodic and anodic regimes of each cycle. In the first cycle,
the anodic charge amounts to 33% of the cathodic charge. This
value steadily increases to 42, 43, 44, and 48% for the
subsequent cycles. This indicates that throughout the CV
process, less than half of the plated lithium can be stripped
again. In turn, this implies that the majority of the plated
lithium is degraded by its reaction with the P-ETG. This
results in a buildup of degradation products on the NilP-ETG
interface, which can hinder further lithium plating. This in turn
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Figure 7. Impact of the C-rate on the discharge capacity (constant current—constant voltage) of the LilP-ETG-85INMC622 cells assembled with P-
ETG-8S within the voltage window of 3.0—4.3 V vs Li*/Li (left). Cycling stability and Coulombic efficiency of LilP-ETG-85INMC622 cells as a
function of cycle number at 25 °C and various C-rates within the voltage window of 3.0—4.3 V vs Li*/Li (right). The discharge capacities are the
mean of three cells for each C-rate. The standard deviation is represented as filled areas around the measuring points. The capacities are normalized
to the mass of the active material in the positive electrode.

explains the decreasing currents observed in subsequent CV Despite the low positive electrode’s areal capacity, obtaining
cycles. scientific insights into the compatibility of the electrolytes with

Battery Performance. The averaged results of the rate commercially relevant positive electrode materials, such as
capability and cycle stability tests are presented in Figure 7. NMC622, is important. Therefore, the main goal of the work
The cells performed well at lower C-rates, with average presented here is solely to introduce and demonstrate the

discharge capacities of about 146, 137, and 127 mA h g~' for compatibility between our promising P-ETG electrolyte and
cycling rates of C/10, C/S, and C/2, respectively. Increasing the Ni-rich NMC positive electrode material NMC622. As a
the C-rate to 2C, 3C, and SC lowers the reversible discharge reference, Figure S17 gives the discharge capacity of a full cell
capacity to about 79, 44, and 16 mA h g~!, respectively. The with a positive electrode with a higher loading (0.98 mA h

lower capacities at higher discharge rates can be ascribed to the em™?), resulting in a lower discharge capacity and capacity
lower conductivity of the P-ETG (0.82 mS cm™ for P-ETG vs fading. This could be explained by the fact that the thicker
8—10 mS cm™" for liquid electrolytes). The final cycles at C/5 positive electrodes have a longer ionic pathway, increasing the
have a discharge capacity of around 145 mA h g™!, similar to resistance, especially as the P-ETG electrolyte is not able to fill
the initial cycles, which implies that the low capacity at higher j“u the _pores inside the electrode. The next goal could be
C-rates can be mainly attributed to the kinetics of ion transport improving ion and charge .transport. between the P-ETG
and not due to the structural degradation of NMC622 or our elect.rolyte and electrode bX impregnating the P-ETG electro-
P-ETG-85 electrolyte. The latter agrees with our anodic lyte in the pores of the positive electrode.

stability tests presented in Figure 3. The electrochemical

performance of the NIPAM-based P-ETG-85 in conjunction B CONCLUSIONS

with NMC622 is remarkably higher than that of the previously In this work, we demonstrate a promising, flexible P-ETG

reported P-ETG with the ACMO backbone (Figure S12). electrolyte for LIBs, composed of a DES enclosed within an
In the cycling stability test, 95.2, 88.3, and 87.7% of the NIPAM-based polymeric backbone. This P-ETG is compatible

initial capacity remained after 90 cycles at C/S, C/2, and 1C, with high-potential positive electrode materials for LIBs, as it
respectively. The Coulombic efficiencies are above 95% for C/ shows a broad electrochemical stability window (1.5—5.0 V vs
5, C/2, and 1C. Loss of capacity is observed after multiple Li*/Li) and a high ionic conductivity at room temperature
cycles, which may be related to the growth of resistant surface (0.82 mS cm™'). The P-ETG also displays higher thermal
ﬁ%ms with prol.onged cycling times. As a reflerence,. tl?e stability compared to conventional liquid electrolytes [i.e., 1 M
discharge capacity vs cycle number of cells with a liquid LiPF4 in EC/EMC (3/7) + 2% VC], leading to a suppressed
electrolyte are also presented in Figures S13 and S14. The flammability, which results in increased safety in the use of

capacity retention after 90 cycles of cells with liquid battery applications, such as electric vehicles. PXRD, ATR-FT-
electrolytes is higher compared to that of the cells with the IR, ICP-AES, and EIS indicated that the P-ETG electrolyte and

P-ETG electrolyte. This could be explained by the lower ionic NMC622 active positive electrode material are chemically
conductivity and buildup of a resistant interphase between the compatible. However, a chemical instability of the P-ETG-85/
electrode and electrolyte. The capacity—voltage plots for the Li interface leads to the formation of resistant films. The Lil

(dis)charge of a single cell using NIPAM-based P-ETG-8S at NMC622 coin cells assembled with this NIPAM-based P-ETG
the 50th cycle cycled at C/5, C/2, and 1C C-rates are shown as the electrolyte were found to deliver a capacity of 134, 110,
in Figure S1S5. The evolution of discharge capacity for a and 97 mA h g~' over 90 cycles at C/S, C/2, and 1C. The
NMC622INIPAM-based P-ETG-8SILi cell at a C-rate of 1C Coulombic efficiency is exceeding 95% for C/S, C/2, and 1C.
over 240 cycles is presented in Figure S16. In contrast to the former generation of P-ETG, which had the
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limitation that it could only function in conjunction with
LiFePO,, a low energy density cathode material, our novel
composition of P-ETG, overcomes this limitation and elevates
the P-ETG up to the league of the real-world high-voltage
batteries built with high Ni-NMC, such as NMC622.
Therefore, it is concluded that the NIPAM-based P-ETG
holds potential as an inexpensive and flexible electrolyte for the
next-generation solid-state Li-ion batteries with high-potential
positive electrode materials.
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