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Controlling the Supramolecular Architecture Enables High
Lithium Cationic Conductivity and High Electrochemical

Stability for Solid Polymer Electrolytes

Ke Xie, Qiang Fu,* Fangfang Chen,* Haijin Zhu, Xiaoen Wang, Gongyue Huang,
Hualin Zhan, Qinghua Liang, Cara M. Doherty, Dawei Wang, Greg G. Qiao, and Dan Li*

Solid polymer electrolytes (SPEs) are long sought after for versatile
applications due to their low cost, light weight, flexibility, ease of scale-up, and
low interfacial impedance. However, obtaining SPEs with high Li*
conductivity (o, ) and high voltage stability to avoid concentrated polarization
and premature capacity loss has proven challenging. Here a stretchable
dry-SPE is reported with a semi-interpenetrating, supermolecular architecture
consisting of a cross-linked polyethylene oxide (PEO) tetra-network and an
alternating copolymer poly(ethylene oxide-alt-butylene terephthalate). Such a
unique supermolecular architecture suppresses the formation of Li* /PEO
intermolecular complex and enhances the oxidation stability of PEO-based
electrolyte, thus maintaining high chain segmental motion even with high salt
loading (up to 50 wt%) and achieving a wide electrochemical stability window
of 5.3 V. These merits enable the simultaneous accomplishment of high ionic

loudspeakers,!?] artificial skins, 3!
touch pads,¥ and electromechanical
transducers®! require electrolytes with high
ionic conductivity, sufficient mechanical
performance and even high transparency,
and particularly to maintain high ionic con-
ductivity when undergoing repetitive me-
chanical deformations.[®’”] Dry solid poly-
mer electrolytes (dry-SPEs) have long been
pursued to address safety concerns and im-
prove energy density.>#] Important criteria
for dry-SPEs includel®! ionic conductivity,
lithium transference number, electrochem-
ical stability, and mechanical robustness.
However, it has remained a great chal-
lenge to realize a combination of all these

conductivity and high Li* transference number (t,) to enhance the energy
efficiency of energy storage device, and electrochemical stability.

1. Introduction

Solid-state electrolytes are essential for the development of
solid-state electrochemical and ionotronic devices. Apart from
chemical stability, many emerging flexible ionotronic systems
such as electrochromic devices,!'! ionotronic-based actuators,!?!

desirable properties in one electrolyte.

Over the past 15 years, SPEs have expe-
rienced a renaissance due to their afford-
ability, lightweight nature, flexibility, ease
of scale-up, and low interface impedance.
The most prominent example of SPE is
polyethylene oxide (PEO), which is capable of dissolving lithium
salts through the coordination of Li* with ethylene oxide (EO).
It transports Li* through segmental motion, which is enabled
by its low glass transition temperature (T,).'*!") The ion mi-
gration in a PEO-based SPE was believed to occur mainly in
the amorphous region of the PEO matrix,®! governed by the
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Vogel-Tammann-Fulcher (VTF) theory. That is, increasing the
Li* concentration!'*'* and diffusivity (by lowering the T, of the
matrix®l) is favorable for the ionic conductivity of SPEs at a
given operating temperature. However, when more dissociated
ions (“free” ions) are introduced into a conventional PEO-based
SPE by increasing the saltloading, the T, of the matrix increases.
This is because the introduction of “free” ions leads to the forma-
tion of an intermolecular complex with EO units,!'*'8 which in
turn restricts the segmental motion!'®] and results in a relatively
low ionic conductivity of 107> S cm™! at room temperature.[2021]
Therefore, for lithium salts in PEO-based SPEs, the optimal mo-
lar ratio of Li to EO typically ranges from 0.03 to 0.12.118:22-29]
Meanwhile, the counter anions from lithium salt are typically
more mobile than Li*, resulting in a low Li* transference num-
ber (t,), mostly <0.3.12) Increasing the lithium salt loading can
improve t,,°1 however this in turn degrades ionic conductiv-
ity and offsets the benefits of higher t,. Another challenge is
the lack of electrochemical stability for high-voltage applications
(i-e., >4 V). This is mainly attributed to the presence of unsta-
ble lone electron pairs on the ether oxygen atoms along the PEO
chains.["]

Significant progress has been achieved in the development of
new SPEs, involving techniques such as blending, cross-linking,
compositing, or complexing.['1231-33] For instance, tetra-PEO is
an emerging family of cross-linked polymer networks composed
of symmetrical constitutional PEO segments with narrowly dis-
tributed lengths and tetra-branched cross-linking junctions.[3¢37]
Tetra-poly(vinyl alcohol ether) has the potential to offer im-
proved mechanical properties compared to conventional PEO
networks formed through random cross-linking. This is be-
cause the homogeneous polymer network promotes an even
distribution of the mechanical stress.[?*3#3%] Tt has been re-
ported that the tetra-PEO SPE prepared by the Michael addition
reaction exhibits improved ionic conductivity and mechanical
properties.[?#] However, their t, is 0.23, which is at a similar
level to other PEO-based SPEs.[!1#1] Nevertheless, we saw this as
an opportunity to create a PEO-based SPE with an optimal micro-
architecture, rather than focusing on molecular-level chemical
structures.

In this work, we develop a new class of SPE by introduc-
ing an alternating copolymer (Poly Active) into a tetra-PEO net-
work to form an amorphous, transparent, and stretchable semi-
interpenetrating network. The resulting polymer matrix can ac-
commodate an unusually high concentration of lithium salt, up
to 50 wt% ([Li]:[EO] = 0.18), without significantly affecting the
T, (<40 °C). The experimental and simulation studies reveal
that the tetra-PEO can promote lithium salt dissociation while
suppressing the formation of Li* /PEO intermolecular complexes
even at a high charge carrier concentration, thereby facilitat-
ing rapid Li* migration via intra-chain hopping; and the in-
corporation of Poly Active can substantially enhance the elec-
trochemical and mechanical stability of the SPEs. As a result,
the semi-interpenetrating tetra-PEO solid electrolyte (SITP) man-
aged to achieve an ionic conductivity of >107* S cm™! and a
t, of >0.5 along with an enhanced electrochemical stable win-
dow of >5.3 V at ambient temperature. This study demonstrates
the great potential of developing high-performance SPEs by en-
gineering the supramolecular architecture of existing polymer
networks.
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2. Results and Discussion

2.1. Synthesis, Physical Properties and Simulations of SITPs

In this study, we employed lithium bis(trifluoromethane sul-
fonyl)imide (LiTFSI) as the lithium salt to construct SPE due to
its high dissociation constant. A series of semi-interpenetrating
tetra-PEO (SITP) electrolytes was prepared by varying the mass
ratio of the polymer precursors and LiTFSI. Their component
and physical properties are summarized in Table 1 and supple-
mented by Table S1 (Supporting Information) (Note S1, Support-
ing Information). The polymer matrix was crosslinked through
a solid-state “click” reaction, as shown in Figure 1a. In a glove
box, anhydrous tetrahydrofuran (THF) solution containing 4-
arm PEO with thiol end-groups, PEO diacrylate, PolyActive,
LiTFSI, and a photo-initiator 2,2-dimethoxy-2-phenyl acetophe-
none (DMPA) was cast on a smooth glass substrate. After the
evaporating THF on a hot plate, the dried polymer film was
cooled to R.T. and then exposed to UV irradiation (3.5 mW cm™2).
The UV-induced solid-state “thiol-ene” reaction exhibited an ex-
ceptionally high atomic efficiency. The acrylate groups of PEO
diacrylate were converted to “S-C-C” bonds, as confirmed by the
complete disappearance of the ‘C=C’ vibration in the Raman
spectrum (Note S2 and Figure S1, Supporting Information). The
significant decrease in the intensity of the “C—C/C=C” peak in
the X-ray photoelectron (XPS) spectra of SITPs supports this con-
clusion (Figure S2, Supporting Information). Given the stoichio-
metric feeding ratio of thiol and acrylate groups (1:1), a nearly
quantitative conversion of thiol groups indicates the successful
formation of a homogeneous tetra-PEO network via a “thiol-ene”
reaction.

The free-standing SITPs are flexible and highly transparent
(Figure 1a). A 120 pm film of SITP can transmit 90% visible light
(Figure 1b). The high transparency of SITPs also implies that
the polymer matrix is highly amorphous and compatible with
LiTFSI, even at a high salt concentration of 50 wt%. As seen
from the FT-IR spectrum of the SITP-5 (Figure 1c), we observed
the peaks at 1715, 1474, and 14567! c¢m, which are attributed to
the C=0 stretching of PolyActive and C—H bending of PEO, re-
spectively. Except for the characteristic peak of LiTFSI, no new
significant features appeared, indicating that the addition of the
lithium salt had no noticeable effect on the chemical structure.
High stretchability SPEs are the essential component of wearable
devices in which mobile ions function. We incorporated PolyAc-
tive into the tetra-PEO network in order to further improve its me-
chanical properties and processability. We found that the resul-
tant SITPs are transparent and flexible even when the weight con-
tent of LITFSI is greater than that of tetra-PEO. Taking the SITP-5
(tetra-PEO/PolyActive/LiTFSI = 25/25/50 wt%, Table 1) as an ex-
ample, this SITP exhibits a fracture strain of 146% (Figure 1d)
and an elastic toughness of 764 k] m~>. In contrast, the uncross-
linked SITP-5 counterpart (Table S1, Supporting Information)
displays a fracture strain of 57% and an elastic toughness of
236 k] m~3. The improved mechanical strength is contributed by
cross-linking and introducing the intrinsically stretchable Polay-
Active (fracture strain = 209%; elastic toughness = 432 k] m=).

In general, a lower T, and a higher free charge concentra-
tion imply a higher Li* diffusivity, which is essential for en-
hancing the ionic conductivity of SPE. However, increasing Li*

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U0117 SUOWILIOD BAERID) 3D ddke aU Aq peuiienob a1 o p1Le WO ‘2SN J0 S9N 10} AIRIGI BUIIUO AB]1M UO (SUOMIPUOD-PL-SLLLIBYWIOD A3 |1 ARG 1jBu 1 |UO//'SchiL) SUOTIPUOD P SWL | 8L 885 *[1202/20/80] UO ARIGIT2UIIUO AB]IAM ‘110UN0D) UoKeasay [BOIRIN PUY LIS [RUOIEN Ad SEYSTEZ0Z WPR/Z00T OT/I0P/LIcO" A8 1M Aeiq) jouUO//STY WOJ) papeo|umod ‘0 ‘8Z0€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

Table 1. Summary of the composition and physical properties of the prepared SITPs.

Entry SITP composition Properties

PolyActive [wt%)] tetra-PEO [wt%)] LiTFSI [wt%)] [Li]:[EO]Y Dissociation degree® [Li*free :[EOLY T, [°q]
SITP-1 50 50 0 — — — —
SITP-2 40 40 20 0.045 0.80 0.036 -42.7
SITP-3 35 35 30 0.078 0.77 0.060 -42.2
SITP-4 30 30 40 0.12 0.75 0.090 -42.3
SITP-5 25 25 50 0.18 0.63 0.1 -42.4
SITP-6 20 20 60 0.27 0.25 0.068 -44.6
SITP-7 30 20 50 0.18 0.62 0.11 -42.3
SITP-8 40 10 50 0.19 0.57 0.11 -41.2
CSPE-1 50 0 50 0.20 0.70 0.14 -47.4
cSPE-2 0 50 50 0.15 — — —

) Total lithium to ethylene oxide unit (EO, -CH,CH,0O-) ratio in mol: mol; ®) The dissociation degree is defined as the ratio of dissociated lithium salt to the total lithium salt;

9 The [Li*gee]:[EO] = [Li]:[EO] x Dissociation degree.

concentration generally elevates the T, of PEO-based SPEs be-
cause more dissociated Li* can form intermolecular complexes
with EO units, 23419 which decreases the chain motion and
subsequently Li* diffusivity.[*?] This trade-off limits the lithium
salt loading in the EO matrix for optimal ionic diffusivity (i.e.,
[Li]:[EO] <0.12, or [EO]:[Li] >8:1). Unexpected, the SITPs are ca-
pable of keeping consistent T, ~—42.5 + 0.3 °C when increas-
ing the [Li]:[EO] from 0.045 to 0.18 (Figure le—g; Figure S3 and
Note S3, Supporting Information). As far as we know, this ratio
is greater than that of conventional PEO-based, salt-in-polymer
systems (i.e., [Li]:[EO] < 0.12) in the literature.l'822-2] The SITP-
6 with an even higher [Li]:[EO] shows a slightly decreased T, of
—44.6 °C, attributable to its incomplete cross-linking. In addi-
tion, we did not observe any PEO or PolyActive melting peaks
in the DSC curves of the SITPs and the control samples (Figure
S3, Supporting Information), indicating that a high amorphous-
ness in the SITPs was achieved.'”l We further prepared a series
of SPEs composted of linear PEO-based and LiTFSI and deter-
mined their T,s using DSC (Note S4, Supporting Information).
As shown in Figure S4 (Supporting Information), we observed
a clear increase in T, when increasing the LiTFSI concentra-
tion, which is in good agreement with previous reports.[*] Our
first thought is that this result can be attributed to the introduc-
tion of Poly Active. Therefore, we performed XRD characteriza-
tion of SITPs and observed a decrease in peak intensity in the
XRD pattern, indicating that the introduction of Poly Active sup-
presses the crystallinity of PEO segments (Figure S5, Supporting
Information).

We next measured the dissociation degree of LiTFSI in SITPs
with the Raman shifts between 730 and 754 cm™ as a key indi-
cator of different TFSI~ coordination environments (13 (Table 1,
Figure 1f,g; Figure S6 and Note S5, Supporting Information). The
dissociation degree gradually drops from 0.8 for SITP-2 ([Li:[EO]
=0.045) to 0.63 for SITP-5 ([Li]:[EO] = 0.18). Despite the decrease
in dissociation degree, the “free” Li* concentration ([Li*]:[EO])
still increases from 0.036 for SITP-2 to 0.11 for SITP-5 due to the
increase in salt concentration. While the [Li*]:[EO] value drops to
0.068 for SITP-6 because of a significantly lower dissociation de-
gree of 0.25 (Table 1). The data of T,s and LiTFSI dissociation of
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SITPs are presented in Figure 1g for more intuitive analysis and
comparison.

2.2. The Simulation Study on SITPs

We then utilized atomistic molecular dynamics (MD) with sta-
tistical correlation analysis to gain insight into the microstruc-
ture and dynamic aspects of a tetra-PEO network at the unusual
high salt concentration of [Li]:[EO] = 0.18 (see details in SI2). The
equilibrium system is a molecularly homogeneous amorphous
phase with lithium ions uniformly distributed throughout the
polymer matrix, as shown in a snapshot in Figure 2. Three differ-
ent Li* coordination structures were identified and represented
by different colors, corresponding to free Li* in PEO (Figure 2a,
blue balls), Li-TFSI ion pair, (Figure 2b, green balls), and PEO-
Li-TFSI complex (Figure 2¢, pink balls) (Note S6, Supporting In-
formation). The atomic percentage of Li* for free Li*, Li-TFSI
ion pair, and PEO-Li-TFSI complex structures were respectively
determined 81%, 2%, and 17% (Figure S7, Supporting Informa-
tion), supporting the high dissociation degree of LiTFSI, as re-
vealed by Raman analysis. The MD simulations also suggest that
most of the dissociated Li* coordinate with the oxygen atoms
from the same PEO chain (Figure 2a—c), agreeing well with the
observation in the correlation between T, and salt concentration
in SIPT-2 to —5.

The diffusion of Li* in different chemical environments was
further investigated to reveal how the local structures affect Li
diffusion (Figure 2d; Figures S9,510 and Notes S7,S8, Support-
ing Information). We screened the fast and slow Li* according to
their travel distance after a 6 ns MD production run. A snapshot
in Figure S9b (Supporting Information) shows the distribution
of fast and slow Li* in the polymer matrix, with the fast lithium
appearing mainly in the middle of the PEO chains. The radial dis-
tribution function (RDF) was further calculated between the fast
(or slow) Li* and the selected atoms in different structural en-
vironments, including the junction atoms, O atoms in the mid-
dle or at the end of a PEO chain, or in anions. A high coordina-
tion number suggests a high possibility of the fast or slow Li*
present in this environment. This result suggests the formation

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. The fabrication and characterization of SITPs. a) Schematic illustration for the fabrication of SITPs, in this scheme: (1) is 4-arm PEO with thiol
end-groups (MW =5 kDa); (2) is linear PEO diacrylate (MW = 250 Da); and (3) is PolyActive. The digital photo shows the flexibility and transparency of
a SITP film. b), Transmittance of SITP measured by UV-vis absorption spectroscopy. A SITP film with a thickness of 120 um (insert chart) shows ~90%
transmittance in the visible light region (indicated by the dashed lines). c), FT-IR spectra of the LiTFSI, polymer matrix without salt and the SITP-5. d),
Tensile stress—strain curves of dry-SPE samples: cSPE-1 (PolyActiveso/LiTFSlsg, black), SITP-5 (PolyAcitve,s /tetra-PEO,5 /LiTFSlsq, blue), and the control

SPE has the same composition as SITP-5, but without UV-induced cross-linking (red).

of Li-TFSI ion pairs is not favorable for Li* diffusion at room
temperature. The fast Li diffusion in Li-TFSI clusters was only
observed at higher temperatures (e.g., 120 °C). In all, both the ex-
perimental and computational results imply that the formation of
the Li*/PEO inter-chain complex (including near-junctions) that
slows down the Li* movement is suppressed in the SITPs, allow-
ing the accommodation of a high concentration of “free” charge
carriers. Such a unique capability is one of the main promoters
of the high ionic conductivity of SPEs.

The MD simulation was further performed on a linear
PEO-based SPE** with the same LiTFSI concentration. We
found that both Li* and TESI~ diffuse more rapidly in dis-

Adv. Funct. Mater. 2023, 2315495 2315495 (4 of 1 1)

connected (linear) PEO than in cross-linked PEO networks, as
indicated by the higher mean square displacement (MSD) of
the former in Figure 2e. This result motivated us to investi-
gate how the continuity of the tetra-PEO supramolecular ar-
chitecture affects Li* diffusivity, especially in long-distance mi-
gration. As for an amorphous PEO-based SPE, varying the
ratio of “inter-chain hopping” and “intra-chain hopping” will
affect the ionic diffusivity for long-distance migration, as re-
ported in recent studies.'®*#! In an inter-chain hopping
model, Li* hops out of its original coordination shell com-
pletely, and the neighboring PEO chains need to have suf-
ficient free oxygen coordination sites and be close enough

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. The MD Simulations of the atomic environments for the charge carrier in tetra-PEO. a—c), Snapshots to show Li* in different coordination
states. Blue, purple, and green spheres refer to the Lit coordinated with only PEO, only TFSI~, and both PEO and TFSI—, respectively. Grey lines refer to
PEO chains. TFSI™ is not presented for clarity. d), Schematic of the atomic environment for fast and slow Li*. €), Mean square displacement (MSD) of
ions in linear PEO and Tetra-PEO with respect to simulation time. f), The lithium migration snapshot for an extended MD simulation period of 50 nm.

to capture the hopping Li.*'”] Such a transport mechanism
requires much higher energy. In contrast, intra-chain hop-
ping refers to the transport of ions along a single PEO chain
through partially coordinating with new oxygen sites in the same
chain.!'>*#%] This process can be promoted by a rapid motion
of a polymer chain with low T, and requires less energy than
inter-chain hopping. In PEO-based SPEs, the ions transported
via “inter-chain hopping” diffuse ~20%-30% as fast as those via
“intra-chain hopping” near room temperature.['>#+4] Moreover,
the MD simulation for 50 ns at 80 °C captures one to three Li*
hopping events only through intra-chain hopping (Figure 2f and
Supporting Video), suggesting that intra-chain hopping mecha-
nism is more likely to be triggered at low temperatures from the
perspective of the lowest energy consumption, which is also sup-
ported by other simulation studies.[*744]

2.3. The lonic Conductivity, Li* Diffusivities, Transference
Number, and Electrochemical Stability Window of the SITPs

Next, we measured the ionic conductivity of the prepared SITPs.
As shown in Figure 3a, the SITP-5 (with [Li:[EO] = 0.18) ex-
hibits a high ionic conductivity of 0.11 mS cm™! at 30 °C and
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1.03 mS cm™! at 80 °C, which is comparable to the state-of-the-
art solid electrolytes. We also found that an optimal content of
Poly Active relative to the tetra-PEO network (approach 1:1 in
weight) is necessary for achieving the maximum ionic conduc-
tivity of SITPs, regardless of the LiTFSI concentration (Figures
S11,S12 and Note S9, Supporting Information detailed in SI3).
While when we omitted the tetra-PEO, the ionic conductivities of
PolyActive/LiTFSI SPE with 50 or 20 wt% LiTFSI are 8 x 107*
and 1 x 10~* mS cm~ at 30 °C (Figure S12, Supporting Informa-
tion), respectively, suggesting that the pristine Poly Active can-
not facilitate rapid Li* transport. More controlled experiments
were conducted to replace the tetra-PEO with linear PEO (M,
= 5 kDa) or randomly cross-linked PEO networks. These ex-
periments revealed that the impact of Poly Active on ionic con-
ductivity is also insignificant (Figure S13 and Note S10, Sup-
porting Information).*’] In addition, we also incorporated Pe-
bax 1657 into tetra-PEO as a guest polymer to replace Poly Active
(Note S11, Supporting Information). The resultant SPE showed
an ionic conductivity of 4 X 107> mS cm™! at 30 °C (Figure
S14, Supporting Information). These results, summarized in
Table S2 (Supporting Information), suggest the importance of the
co-existence of both PolyActive and tetra-PEO for achieving the
high ionic conductivity of SITPs.
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Figure 3. The electrochemical properties of the SITPs. a) The dependence of ion conductivity on temperature for SITPs. b) The schematic illustrations of
the control SPEs with artificial structural defects. c) The ionic conductivities of dry-SPEs vary with temperature for the control SPEs. d) The measurement
of electrochemical Lit transference number (t,) for SESITP-5 using the following setup: [Li|SESITP-5|Li] and performing chronoamperometry with the
voltage bias of 10 mV. The typical I-t curves and the EIS measurement on this setup before and after the steady state (insert). The average Li* transference
number is determined to be 0.53. e) The contribution of Dy ; to total ion diffusion of Dy ; and Dqr measured by pulse-field gradient diffusion nuclear
magnetic resonance (PFG-NMR) for SITP-4, SITP-5, and SITP-6 at different temperatures. f) The measurement of the electrochemical stability window for
SESITP-5 by LSV method. g) Comparison of the ionic conductivity versus ESW of SITP-5 to the state-of-the-art solid electrolytes at elevated temperatures
of 80 °C. Details of the comparison are included in Tables $S3,54 (Supporting Information). h) Comparison of the t, and Li* conductivity (c,) to the
state-of-the-art solid electrolytes, including SPEs, single ion electrolytes (SIEs), and composite electrolytes (CPEs) at 80 °C and R.T.

Cross-linked tetra-PEO is known to exhibit improved mechan-
ical stability than randomly crosslinked PEO networks.[**! How-
ever, in the conventional concept, cross-linking of the amorphous
PEO chains will restrict the chain motion and elevate the T,
thus decreasing ionic conductivity according to the VTF theory
and previous works.'84-5% Indeed, the T, of SITP-5 elevates
from —51.9 (non-cross-lined tetra-PEO/PolyActive/LiTFSI, Table
S2, Supporting Information) to —42.4 °C (Table S2, Support-
ing Information) after cross-linking. Intriguingly, the uncross-

Adv. Funct. Mater. 2023, 2315495 2315495 (6 0f11)

linked SITP-5 counterpart, despite having higher chain motion
(see DSC data in Figure S3, Supporting Information), showed
lower ionic conductivity, which was 3.5 times lower than that of
the SITP-5. We then deliberately altered the stoichiometric ra-
tio of thiol and vinyl groups ([thiol]:[vinyl] = 2:1 to 2:3) to in-
troduce defects into SITP-5 (Figure 3b). The resultant SITPs
with more structural defects show a significantly decreased ionic
conductivity of over 90% than SITP-5 at 30 °C (Figure 3c). Ac-
cording to the physical properties, such as a lower T, and higher
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degree of dissociation, which generally affect ionic conductiv-
ity through VTF theory, it is expected that the SITP with a
[thiol]:[vinyl] = 2:3 would exhibit higher or similar ionic conduc-
tivity compared to SITP-5. However, experimental data showed
the opposite trend (Figure 3¢; Table S2, Supporting Information).
We speculate that the structural defects (beyond the molecular
level) of SITPs can disrupt the migration path of Li* and increase
the frequency of inter-chain hopping, thereby reducing the diffu-
sivity of charge carriers over long distances. Combined with the
above simulation study, we conclude that the continuity of the
polymer network is one of the key factors in achieving high ionic
conductivity, which has been overlooked in previous studies.

We reasoned that the major motivation for increasing lithium
salt loading is to achieve a high Li* transference number (t,).
We thus evaluated the ¢, by electrochemical techniques using
a [Li|SESITP-5|Li] setup (Figure 3d) and the pulse-field gradient
diffusion nuclear magnetic resonance (PFG-NMR, Figure 3e).l'¥]
The average t, is determined to be 0.53 through I-t and the EIS
measurements. As shown in Figure S15 (Supporting Informa-
tion) (Note S12, Supporting Information), The diffusion coeffi-
cients of ’Li (D,;;) of the SITP-5 ([Lil:[EO] = 0.18) are signifi-
cantly higher than those of SITP-4 ([Li]:[EO] = 0.12) and SITP-6
([Li:[EO] = 0.27) in the whole temperature range tested. Accord-
ing to a previous report,['* the apparent ¢, can be estimated by
calculating the ratio of D,; to the total ion diffusion of D,;; and
D,op. The PFG-NMR reveals that SITP-5 exhibits a high appar-
ent t, of 0.57 at 30 °C and 0.51 at 80 °C (Figure 3e). This re-
sult can be attributed to the high LiTFSI loading and high salt
dissociation degree,['*) which is consistent with the electrochem-
ical measurements. In addition, we measured the fraction free
volume (FFV) of SITPs by positron annihilation lifetime spec-
troscopy (PALS), and the results are shown in Figure S16 (Sup-
porting Information) (Note S13, Supporting Information). As the
[Li]:[EO] increased from 0.12 to 0.18, we observed a significant
increase in FFV for SITP-5, which also contributes to the Li* dif-
fusivity.

A wide potential window is attractive in electrochemical en-
ergy conversion and storage devices because this allows a high
operating voltage, and consequently high energy density can be
obtained. However, the oxidative stability of PEO-based SPEs is
limited to &4 V due to the shielding of the positive charge in the
polymer oxidized state by the salt anion. Reportedly, the addition
of inorganic fillers can also enhance the electrochemical stabil-
ity of PEO-based electrolytes. This effect has been observed in
several types of fillers, such as SiO,,[**! as well as lithium con-
ductive fillers, like LAGPP®Y, and Garnets, such as LLZO and
LLZTO.5%531 As shown in Figure 3f, an anodic current was ob-
served for the SITP-5 membrane. Considering the high PEO con-
tent of PolyActive (=77 wt%, as disclosed in the Experimental Sec-
tion), the resulting polymer matrix is composed of ~#90 wt% of
PEO. Surprisingly, no oxidation peak was observed in the SITP
until 5.3 V, suggesting that SITP-5 achieves a wider ESW. The
improved electrochemical stability of SITP over a wide range of
voltages suggests that it will match well with high-voltage cathode
materials. We hypothesized that this result can be attributed to
the polybutylene terephthalate (PBT) block in Poly Active, which
is supposed to be highly oxidative stable, and thus succeeds in
improving the overall electrochemical stability of the SITP with
only 10 wt% content.
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This eliminates the need to introduce the aforementioned in-
organic fillers into the SITP, avoiding cost escalation and pos-
sible interfacial incompatibility (at the interface between poly-
mer matrix and inorganic fillers) and maintaining structural in-
tegrity. For instance, the semi-interpenetrating network can ex-
hibit a nearly unchanged ionic conductivity when subjected to
repetitive mechanical stretching (Figure S17 and Note S14, Sup-
porting Information). Notably, the ionic conductivity of SITP-5 is
close to that of stretchable gel polymer electrolytes (GPEs), whose
high ionic conductivities are enabled by plasticizers or other lig-
uid components."! This result suggests that SITP has potential
for application in flexible ionic conductors.

We compare the electrochemical properties of SITP with those
of state-of-the-art solid electrolytes. As shown in Figure 3g, SITP-
5 exhibits a high ESW of 5.3 V and a high ionic conductivity of
0.68 mS cm™! at elevated temperatures. This result is superior
to most solid electrolytes reported in the literature (see Table S3,
Supporting Information) and positions SITP-5 in the upper right
of the figure. Table S4 (Supporting Information) further shows
that the ionic conductivity of SITP-5 at room temperature is as
high as 0.11 mS cm™!, which is only lower than some electrolytes
containing inorganic fillers such as LiZr,(PO,) (entry 9) or plas-
ticizers such as low molecular weight PEO (entry 30). However,
its ESW is higher than both electrolytes. What’s more, Figure 3h
shows the t, and o, of the SITP compared to state-of-the-art solid
electrolytes. SITP-5 has a t, of 0.51 at 80 °C. Combined with its
high ionic conductivity of 1.03 mS ¢cm™!, SITP-5 can exhibit a
high o, of 0.53 mS cm™, which is even higher than that of sin-
gle ion electrolytes possessing a high t_ (>0.9) but lower ¢ (<0.4
mS cm™!). At ambient temperature, SITP-5 also exhibits a rel-
atively high o, value of 0.065 mS cm™". It is noteworthy that a
CPE (PEO-UIOG66) has a higher ¢, which can be attributed to
the presence of a liquid plasticizer in its MOF particles (Table S4,
Supporting Information).

2.4. Electrochemical Performance of the LiFePO,/SITP-5/Li Cell

Finally, the SITP-5 was used to assemble an all-solid-state
LiFePO,/SITP-5/Li cell, which consisted of a Li anode and
a LiFePO4 cathode. As shown in Figure 4, we tested the
electrochemical performance of the cell at different charg-
ing/discharging current rates at 50 °C. The flat voltage plateaus
shown in Figure 4a are related to the redox couple reaction on
the cathode between Fe**/Fe?*, which maintained a consistent
value at 3.4 V (0.05 C), demonstrating the lower overpotential of
the electrodes with the SITP-5 solid polymer electrolyte and good
conductivity of SITP. With the high current rate (Figure 4b), the
cell was still able to achieve a low overpotential, indicating both
the impressive ionic conductivities of SITP and the good com-
patibility between the electrolyte and electrode materials.[>*! The
charge and discharge capacities and coulombic efficiency of the
cells as a function of cycle number are presented in Figure 4c.
When the cells were tested at various current rates measurement,
the discharge capacities of the LiFePO,/SITP-5/Li cell were ob-
tained with 170.4, 161.3, 156.4, 145.5, and 125.0 mAh g™! at
rates of 0.05 C, 0.1 C, 0.2 C, 0.5 C, and 1 C, respectively. These
values are close to the theoretical discharge capacity of
LiFePO, (174 mAh g1).5*] The coulombic efficiency in the first
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Figure 4. Electrochemical performance of the LiFePO,/SITP-5/Li cell after polarization at 50 °C. a,b) Galvanostatic discharge—charge curves of the cell
cycle at 0.05 C and 1 C, respectively. c) Rate capability of the cell. d) Long-term cycling of the cell cycled at 1 C.

cycle is 93.1% and almost maintains at more than 98% for subse-
quent cycles. The low efficiency for the first cycle is possibly due
to an initial poor interfacial contact between the polymer elec-
trolyte film and LiFeO, electrode which improves after the first
cycle. This result is also comparable to other SPEs or CPEs con-
taining inorganic fillers, demonstrating the ability of our SITP to
compete with state-of-the-art solid electrolytes. The long-term cy-
cling performance results (Figure 4d) show that after 400 cycling
tests, the cell still maintained the high discharge capacity of 100
mAh h™', verifying the robustness of the SITP-5. The decrease
in capacity with increasing cycle numbers mostly comes from an
increase in contact resistance during cycling, a phenomenon that
is observed in most SPE systems.[>*7]

3. Conclusion

In summary, we report a new family of semi-interpenetrating dry
SPEs, SITP, consisting of LiTFSI, tetra-PEO, and the alternating
copolymer Poly Active. The SITPs are able to adapt to exception-
ally high concentrations of lithium salt without inducing an in-
crease in the T, of the polymer matrix. Experimental and simula-
tion studies indicate that the supramolecular architecture of the
amorphous polymer network can simultaneously achieve a high
diffusivity of the “free” charge carrier and minimize inter-chain
hopping for ion migration, resulting in high ionic conductivity
and a high lithium ion transfer number. The resulting SITP also
exhibits excellent mechanical and electrochemical stability. This
work demonstrates that by judiciously designing the supramolec-
ular structure of the polymer matrix, unprecedented and highly
promising dry SPEs are developed.

Adv. Funct. Mater. 2023, 2315495 2315495 (8 Of11)

4. Experimental Section

Materials:  Four-armed polyethylene glycol thiol (4arm-SH, molec-
ular weight: 5 kDa) was purchased from Jenkem Technology USA.
Linear PEG diacrylate (PEGDA, average molecular weights: 250 or
2000 Da), linear PEO (average molecular weights: 5 kDa), lithium
bis(trifluoromethane sulfonyl) imide (LiTFSI, 99.95%), and 2,2-dimethoxy-
2-phenyl acetophenone (DMPA, 99%) were purchased from Merck. Poly-
Active (1500PEOT77PBT23) was purchased from PolyVation BV. Lithium
plates were purchased from Shenzhen D.X. Technology and stored in a
glove box. AR grade solvents were purchased from Chem-Supply. Anhy-
drous tetrahydrofuran (THF) was obtained using a benzophenone/ketyl
still. All other materials were used as arrived.

Fabrications of SITP Film: In a glove box, the free-standing dry-solid
polymer electrolyte SITPs (e.g., SITP-5) were synthesized as follows:[62]
The PolyActive (100 mg), 4arm-SH (91 mg), PEGDA-250 Da (9.0 mg),
LiTFSI (200 mg, 50 wt%) and DMPA (2.0 mg) were dissolved in 4 mL
of anhydrous THF and sonicated for 20 s, affording a transparent solution
(100 mg mL~"). The mixture was poured into a petri dish (®50 x 9 mm),
and the petri dish was then placed on a flat surface with a cover at R.T
overnight. After the THF solvent was evaporated, the petri dish was moved
into a vacuum oven (35 °C) to remove the solvent residue completely. The
obtained polymer film was then irradiated under a Gel Curing UV lamp
(9 x 4 W) for photoinduced “thiol-ene” cross-linking. After 4 h, the film
was soaked in hexane to peel off from the petri dish. The obtained solid
polymer electrolyte was stored in a vacuum desiccator for further use.

Tetra-PEO/LITFSI films were fabricated via the same procedure except
that PolyActive was not added.

By adjusting the feeding ratio of LiTFSI and polymer precursors, SITPs,
and tetra-PEQ/LIiTFSI films with different LiTFSI, PolyActive, or Tetra-PEO
weight loading were synthesized via the same method. The thickness of
the dry-SPE films was in the range of 120-150 um.

Engineering plastics Pebax 2533 and 1657 were also introduced into
tetra-PEO as the guest polymers. However, Pebax 1657/tetra-PEO ex-
hibits significant phase separation, and the ionic conductivity was below
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107> mS cm~" at 30 °C (Note S6, Supporting Information). Pebax 2533
has no common solvent with the precursors of tetra-PEO.

Fabrication of PolyActive/LiTFSI Film: The PolyActive (100 mg), linear
PEO-5 kDa (100 mg), and LiTFSI (200 mg) were dissolved in 4.0 mL of
anhydrous THF and sonicated for 20 s affording a transparent solution
(100 mg mL~"). The mixture was poured into a petri dish (®50 x 9 mm),
and the petri dish was then placed on a flat surface with a cover at
R.T. After a few hours of standing, the THF solvent evaporated, and the
petri dish was moved in a vacuum oven (35 °C) to remove the THF
residue fully. The film was soaked in hexane and peeled off from the
petri dish. The obtained solid polymer electrolyte was stored in a vacuum
desiccator.

Fabrication of PolyActive/Cross-Linked PEGDA/LITFSI Film: The Poly-
Active (100 mg), PEGDA-2 kDa (100 mg), LiTFSI (200 mg), and DMPA
(2.0 mg) were dissolved in 4 mL of anhydrous THF and sonicated for
20 s, affording a transparent solution (100 mg mL™"). The mixture was
poured into a petri dish (®50 X 9 mm), and the petri dish was then
placed on a flat surface with a cover at R.T. After a few hours of stand-
ing, the THF solvent evaporated, and the petri dish was moved in a vac-
uum oven (35 °C) to remove the THF residue fully. The Gel Curing UV
lamp (9 X 4 W) was then switched “on”, and the photoinduced polymer-
ization was carried out in the oven under a low vacuum (0.1 atm). Af-
ter another 4 h, the film was soaked in hexane and peeled off from the
petri dish. The obtained solid polymer electrolyte was stored in a vacuum
desiccator.

Characterizations: X-ray photoelectron spectroscopy (XPS) analysis
was performed on a VG ESCALAB 220i-XL spectrometer under an ultra-
high vacuum (6 x 10~° mbar).

UV-vis spectroscopy measurement was carried out on a Shimadzu UV—
vis Spectrophotometer.

The attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectra were measured on a Bruker Alpha Il spectrometer.

Scanning electrode microscopy (SEM) images were captured on an FEI
Quanta 200 ESEM FEG microscope. Samples were pre-coated with gold
using a Dynavac Mini Sputter Coater before imaging.

Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) was per-
formed on a Bruker 300 MHz Avance |1l wide-bore spectrometer equipped
with a Diff50 probe. The maximum gradient strength of the probe was
2900 G cm~'. The samples were first packed into 4 mm ZrO, magic
angle spinning rotors in an argon-filled glove box and sealed with an
air-tight cap. The rotors were then transferred out of the glovebox and
inserted into a 5 mm glass NMR tube for diffusion measurements. A
stimulated echo pulse sequence was used to record the diffusion coef-
ficients. The diffusion time was 100 ms for both 7Li and '°F. The gradient
pulse duration was 5 ms. Gradient strength was varied between 0.5 and
2700G cm™! at 32 steps on a log scale. The recycle delay was 2 s for both
nuclei.

Raman spectra were recorded using a Renishaw inVia system with a
532 nm laser beam.

Differential Scanning Calorimeter (DSC) profiles were recorded by a
Perkin Elmer LAB SYS-DSC 8500 in the temperature range from —65 to
100 °C.

Mechanical elastic tests were performed on an Instron 5944
Microtester at room temperature. All samples were cast into
20 mm x 50 mm X 0.5 mm strips for testing.

Positron annihilation lifetime spectroscopy (PALS) measurements
were performed on an EG&G Ortec fast—fast coincidence spectrometer.
The samples were stacked to 2 mm thick on each side of a Mylar sealed
22NaCl point source (1.5 x 10° Bq) under vacuum (1 x 107° torr). The
fraction-free volume was calculated according to the methods reported
elsewhere.[>8]

Electrochemical Measurements: All electrochemical performance of
the dry-SPEs was measured using an electrochemical workstation (Bio-
logical VSP-300).

The ionic conductivity of the dry-solid polymer electrolytes (SPEs)
was determined by the Electrochemical Impedance Spectroscopy (EIS)
technique in the frequency range from 7 x 10° to 0.1 Hz with the
amplitude of 10 mV, at a temperature range from 20 to 80 °C. The
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freestanding dry-SPEs films (®12 mm) were sandwiched in between
two stainless steel (SS) disks as blocking electrodes [SS | dry-SPE |
SS] with a 120 pm Teflon O-ring spacer and assembled into a coin
cell in an argon-filled glove box. Before measurements, all the samples
were dried in a vacuum at 50 °C for 48 h and stored in an argon-
filled glovebox (H,O <0.1 ppm) to exclude any solvent effects. All the
measurements were performed in a sealed oven with a humidity de-
gree below 5%. The ionic conductivities of the dry-SPEs were acquired
by fitting their Nyquist plots using the following equivalent circuit:[>]
Rb
| — |
—_

—M— —
& [ 1

[ |
CPE

The  stretch-dependent  ionic
5 were

conductivities of  SITP-

measured using a home-made setup as follows:
Stainless steel pillar electrode

TP —— Sleeve with

vernier graduations

SPE sample

Sliding rail

The dry-SPE film was cut into a 30 X 15 mm strip for testing. The whole
setup was placed into an oven with humidity below 5% and 20 °C. The ionic
resistance was measured by EIS, and the thickness of the dry-SPE film was
measured each time before EIS testing to calculate ionic conductivity. With
the elongation of the dry-SPE film, the thickness of the dry-SPE film was
reduced to 92 + 1% of the original value at the stretch strain of 30%, and
the width was also reduced, so the shape of the film was transformed from
belt to hourglass-like.

The electrical conductivity was measured by performing chronoamper-
ometry using [SS | dry-SPE | SS] setup with the voltage bias of 200 mV.

Molecular Dynamics Simulation: Two simplified PEO network mod-
els were designed to investigate the lithium-ion conduction mechanism
with a high lithium salt concentration of [Li]: [EO] equals 0.18. Rather
than using a single PEO macro-molecule in the simulation box, a smaller
PEO network unit (Tetra-PEO) was used, consisting of four connected
tetra-PEO structures with 20 repeat ethylene oxide units in each arm,
as shown in Figure S7a (Supporting Information). The simulation box
contained four Tetra-PEO macro-molecules and 233 LiTFSI. For com-
parison, the LiTFSl/linear PEO system (Linear PEO) was also simu-
lated, which consists of 173 LiTFSI and 24 PEO chains with 40 EO
units in each chain. Notably, tried to add two PolyActive chains into
the Tetra-PEO system, which did not cause observable changes to the
results.

The system was initially equilibrated at 500 K for more than 1 ns in an
NPT ensemble with the Berendsen thermostat and Hoover Barostat (re-
laxation time was 1.0 ps for both). It was cooled down to 393-353 K and
equilibrated for more than 2 ns using the Nose—-Hoover thermostat and
Hoover Barostat with a relaxation constant of 5.0 and 10.0 ps for each,
respectively until the system reached equilibrium, i.e., energy and volume
become constant. Then the system was run in an NVE ensemble for 10—
20 ns to collect trajectory files for dynamics analysis. The pressure was
set to 1.0 atm. The 1 and 2 fs time steps were adopted for NPT and NVE
calculation, respectively. The SHAKE algorithm was used for bond con-
straint with a shake tolerance of 1.0 X 107¢ when a 2 fs time step was
used. A cut-off of 12 A was adopted for both the Van der Waals force and
the real space of Ewald. The Velocity Verlet integration algorithm was used.
The Ewald summation method with a precision of 1 x 10~ was adopted
to treat Coulomb interaction in a periodic system. A uniform scale fac-
tor of 0.7 was adopted to scale down the net atomic charge for Li* and
TESI~.
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The energy potential of ions was described by the OPLS_AA force field.
The parameters for Lit and TFSI~ were all taken from the CL&P force
field,[%°] which was developed based on the same potential function of
OPLS_AA. The force field parameters of PEO were generated based on the
LigParGen force field generator, (67l and the atomic charge has been slow
Lightly modified so that the structurally equivalent atoms carry the same
charge.

Assembly of LiFePO4/SITP-5/Li Cell: LiFePO, was mixed with Super-
P and PVDF to afford the cathode slurry under the ratio of LFP: Super-P:
PVDF = 8:1:1 using NMP as solvent. The cathode slurry was then coated
on carbon-coated Al foil, drying at 110 °C overnight before use. The elec-
trode was punched into circles with 8 mm in diameter, and LFP load-
ing was ~1.4 mg cm™2. The lithium metal was employed as an anode.
Dimethyl carbonate (DMC) (5 uL) was added to SITP-5 for battery assem-
bly. The assembled cell was heated at 80 °C for 3 days before testing at
50 °C. For battery measurement, the 1 C rate was determined to be 170
mAh g~ for LFP cathode.
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