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The role of zwitterionic crosslinks in facilitating ion
conduction, lithium deposition, and stable
interface formation for polymer electrolyte-based
lithium metal batteriesy
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Developing flexible polymer electrolytes that can concurrently promote ion conduction, uniform Li
deposition, and robust solid electrolyte interphase (SEI) formation is promising for the development of
next-generation lithium metal batteries (LMBs). Herein, a new polymeric zwitterionic electrolyte with
a glass fiber support was investigated. A sulfobetaine zwitterionic crosslinker participated in in situ UV-
triggered photopolymerization with a carbonate monomer and ether type dimethacrylate. The
zwitterionic gel electrolyte (ZGE) demonstrated a high ionic conductivity exceeding 1 x 107° S cm™ and
electrochemical oxidative stability (>5 V vs. Li*/Li). The zwitterionic crosslinker in the ZGE was able to
mediate homogeneous Li* flux toward the lithium anode and suppress lithium dendrites (the Li/ZGE/Li
cell can cycle stably for more than 1400 h with a current density of 0.1 mA cm™2). The ZGE also helped
construct a LiF-rich SEI favorable for dendrite suppression. A Li/ZGE/LiFePO, (LFP) cell demonstrated
excellent long-term cycling stability (>600 cycles with a capacity retention of 92%, high discharge
capacity of 155 mA h g™, and coulombic efficiency of >99.5%). The ZGE could also support a Li/
Nip 815C00.15Al0.0350> (NCA) cell to operate with a high specific capacity of 232 mA h g~. The flexible
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1. Introduction

Lithium ion batteries (LIBs) have been widely applied in
consumer portable electronic devices and electrical vehicles
and are being developed further for grid-scale storage." The use
of LIBs is expected to grow exponentially in the next decade.?
However, as the requirement for the high safety and energy
density of LIBs keeps increasing, commercial LIBs using
graphite anodes and flammable liquid electrolytes cannot meet
these demands. Consequently, the further scaling up of LIBs is
impeded. However, next-generation lithium metal batteries
(LMBs) are quite promising because lithium metal has a high
theoretical capacity (3860 mA h g™ ') and the lowest electro-
chemical potential (—3.04 V vs. standard hydrogen electrode).**
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This polymer electrolyte holds great promise for the exploration of high-energy polymeric LMBs.

Nevertheless, the high activity and volume effect of the
lithium metal anode give rise to solid electrolyte interphase
(SEI) fragmentation and dendritic lithium growth, which
significantly restrict the practical application of the lithium
metal anode. In order to address these issues, researchers have
tried different attempts, such as modification of the lithium
metal anode, surface protection techniques, and novel electro-
Iyte design.® Firstly, for the modification of lithium metal,
efforts have been dedicated to optimizing its composition and
structure. For instance, utilizing {100} crystal orientation for Li
can lower the surface energy/surface diffusion barrier, thereby
enabling the uniform deposition of Li".”® Additionally,
employing structured lithium metal negative electrodes
(composite lithium electrodes) with three-dimensional frames
composed of dispersed and combined lithium metals offers
improved controllability and safety. However, composite
lithium electrodes still face several key drawbacks, including
thickness control issues, density regulation problems, surface
stability concerns, and lithophile adjustment difficulties.® It is
worth mentioning that among these methods, the design of
electrolytes has received increasing attention as electrolytes are
responsible for Li* transport and directly affect the performance
of the battery.’ An unstable SEI formed by irreversible interfa-
cial reactions between the liquid electrolyte and active lithium
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metal often leads to lithium dendrite growth and “dead”
lithium, which result in serious battery safety issues.**

In order to solve these problems, utilizing solid polymer
electrolytes appears to be a quite promising approach because
of their physicochemical advantages, such as satisfactory flexi-
bility, light weight, and ease of processing.'>** Polyethylene
oxide (PEO) has dominated in polymer electrolytes studies ever
since Fenton et al. found that a mixture of PEO and salts such as
Nal and KSCN with a low lattice energy was ion conductive.™
Thereafter, PEO/lithium salt systems were extensively investi-
gated.”'® However, considering their practical application in
lithium batteries, PEO electrolytes do not have enough ionic
conductivity (o) or are able to form a stable SEI against lithium
metal."” Thus, in order to improve the ion transport and inter-
facial stability of the polymer electrolyte against the lithium
anode, various methods have been designed and explored.***
Chemical modification (for example, copolymerization,*
crosslinking,®* fluorination®) of the polymer structure or
introducing other benign additives/plasticizers® often disrupts
the polymer chain regularity, reduces crystallization, improves
ion conduction, and enhances the electrochemical stability
window. In addition, it is known that a LiF-rich SEI is able to
effectively suppress lithium dendrite growth and improve
lithium deposition.* LiF usually originates from the decom-
position of lithium salt and fluorine-containing carbonates.* It
is desired that the polymer electrolyte cannot only effectively
conduct Li" but also favor the homogeneous deposition of Li"
on the anode and a stable SEI formation, which is essential for
long-term battery cycling.***” Zwitterionic molecules are
a unique class of locally charged but overall neutral molecules,
in which positive and negative charged atoms are covalently
connected. Their strong dipole moments generated by the
zwitterionic molecular structure can promote the dissolution of
lithium salt.”®*° This type of molecule could also interact with
anions as well to adjust ion distribution.** Zwitterionic mole-
cules have also been covalently linked to polymer chains to
prepare zwitterionic polymers.*? Crosslinking is a straightfor-
ward way to regulate the polymer chain segmental motion and
improve the mechanical integrity of polymer electrolytes. It
cannot only increase the amorphous region but also enhance
the mechanical properties of a polymer electrolyte membrane.**
Crosslinked zwitterionic polymer electrolytes are usually ach-
ieved by a copolymerization with zwitterionic monomers and
neutral crosslinkers.”**** To the best of our knowledge, there
has been no published work reporting a zwitterionic polymer
electrolyte network, in which the zwitterionic structure exists
within the crosslinker, in LMBs research. It would be of
significant interest to know whether this type of polymer elec-
trolyte could synergistically promote ion transport and enhance
the electrode/electrolyte interfacial properties.

In this present work, a novel zwitterionic polymer electrolyte
network was designed, prepared, and studied for LMBs. Here,
a small amount of the zwitterionic crosslinker 3-(N,N-diallyl-N-
methylammonio) propanesulfonate (DMA-SO; ™) participated in
a UV-initiated free radical copolymerization with vinyl ethylene
carbonate (VEC) and poly(ethylene glycol) dimethacrylate
(PEGDMA) in the presence of lithium
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bis(trifluoromethanesulfonyl) imide (LiTFSI) dissolved in
fluorine-containing carbonates with a glass fiber support. The
prepared electrolyte was named as a zwitterionic gel electrolyte
(ZGE). ZGE was highly ion conductive, with ¢ reaching the 1 x
107> S em ™ level at 30 °C. It also possessed a electrochemical
oxidation potential (>5 V vs. Li'/Li). The plating/stripping test of
a fabricated Li/ZGE/Li cell and related characterizations proved
that ZGE could efficiently suppress lithium dendrite growth.
The lithium surface SEI chemistry demonstrated that ZGE with
a uniformly distributed zwitterion structure could facilitate the
formation of a LiF-rich SEI on the lithium anode. The Li/
LiFePO,(LFP) cell assembled with ZGE provided a reversible
high discharge capacity of 155 mA h g~ ' at 1C and good cycle
stability (92% capacity retention after 600 cycles at 1C). The Li/
LiNig g15C0¢.15Al9.03502 (NCA) cell using ZGE demonstrated its
ability to deliver a high specific capacity. Tests with the cyclable
Li/LFP flexible/bendable pouch cell with ZGE highlight its
potential for developing safe and flexible lithium batteries.

2. Results and discussion

2.1 Design and physicochemical structure characteristics of
ZGE

The zwitterionic gel electrolyte (ZGE) was prepared by a facile
UV-triggered polymerization. As shown in Fig. 1, a zwitterionic
crosslinker (DMA-SO; ™), ion coupling comonomer (VEC), and
crosslinker (PEGDMA) in specific amounts were fully dissolved
in a pre-prepared solution of 1 M LiTFSI in FEC/DMC (1 : 4, v/v)
to form the precursor solution. Then the precursor solution was
dropped onto a glass fiber mesh (GFM) before UV irradiation
was applied. The process could also take place in situ on the
surface of a lithium anode followed by cell assembly. Also, the
precursor-solution-loaded GFM could also be cured elsewhere
for characterization purposes. Several groups of electrolyte
samples were prepared for the following study. The electrolyte
that did not contain DMA-SO;~ was named GE, The ZGE
samples that incorporated 3 wt% of DMA-SO; ™, 5 wt% DMA-
SO; 7, and 7 wt% DMA-SO;~ were named ZGE-3, ZGE-5, and
ZGE-7. The content of each component in the precursor solu-
tion is shown in Table S1.}

Fig. S1a and bt present the "H NMR and "*C NMR spectra of
the zwitterionic crosslinker DMA-SO;~, and the chemical shifts
of the different proton and carbon signals corresponded quite
well with the spectra, indicating that DMA-SO;~ was success-
fully synthesized. It can be seen from Fig. S2af that the
precursor solution (top image) got solidified after the photo-
polymerization (bottom image). The formation of the polymer
gel confirmed that the polymerization reaction was successful.
Fig. S2b¥ presents the photo images of the GFM (top image) and
ZGE (bottom image). After the curing reaction, the film became
translucent, proving that the zwitterion containing the polymer
electrolyte was well integrated within the glass fiber skeleton.
The FT-IR spectra of DMA-SO;~, VEC, PEGDMA, GE, and ZGE-5
are shown in Fig. 2a. The characteristic peak in the range of
1700-1850 cm ™' corresponded to the stretching vibration of -
C=0.% It was noted that with incorporation of zwitterionic
moieties in the polymer structure, -SO;  vibration peaks
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Fig. 1 Schematic diagram of the in situ preparation of the ZGE membrane.
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Fig.2 (a) FT-IR spectra of DMA-SOz™, VEC, PEGDMA, GE, and ZGE-5;
(b) zoomed-in FT-IR spectra of DMA-SO=~, VEC, PEGDMA, GE, and
ZGE-5 in the wavenumber range of 1680-1600 cm~*. SEM images of
(c) GFM and (d) ZGE-5.

appeared at 1030 and 1151 cm™ ', as could be seen in the

spectrum of ZGE-5.*" In Fig. 2b, it can be seen that the C=C
stretching vibrations of DMA-SO;~, VEC, and PEGDMA in the
wavenumber range from 1600-1680 cm ™' disappeared, indi-
cating a high conversion of the materials in the
photopolymerization.**

As depicted in Fig. S3a,T the temperatures of GE, ZGE-3, -5,
and -7 at a weight loss of 5% were about 100 °C, which resulted
from the evaporation of DMC. As shown in Fig. S3b, the tensile
strength of ZGE-5 was 72 kPa, which was significantly higher
than that of GFM (41 kPa). In addition, the Young's modulus of
ZGE-5 (19.4 MPa) was more than seven times that of GE (2.52
MPa). The elongation at breaks of the two groups were similar.
In Fig. 2c and d, the SEM images of GFM and ZGE are shown,
and it can be seen that there are many voids in the GFM image,
which allow the precursor solution to permeate. The diameter
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of a single glass fiber was about 5 um. As for the ZGE, the
polymer gel was evenly filled in the GFM, providing a contin-
uous pathway for ion conduction.

2.2 Ion transport and electrochemical stability of ZGE

The relationship between ¢ and the temperature of ZGE was
studied by AC impedance spectroscopy (Fig. 3a). The o values of
all the samples changed nonlinearly with temperature, and the
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Fig. 3 (a) Variation of ¢ in ZGE-3, ZGE-5, ZGE-7, and GE as a function
of temperature; (b) o values at 30 °C and £, fitted by VTF; (c) LSV curves
and (d) t+ values of ZGE-3, ZGE-5, and ZGE-7, and GE. (e) FT-IR
spectra (wavenumber range of 1400-1300 cm™) and (f) “Li SSNMR
spectra of ZGE, GE, and 1 M LiTFSI FEC/DMC.
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temperature dependence of ¢ could be fitted by the Vogel-
Tamman-Fulcher equation (VIF) equation:*®

AT 2 £,

A7 | ) "
where A refers to the pre-exponential factor, E, is the activation
energy, R is the ideal gas constant, and T is the equilibrium
glass transition temperature associated with T (also known as
the Vogel temperature). At 30 °C, all the ZGE samples achieved
high ¢ values, which were also satisfactory for polymer battery
operation.* The ¢ values of ZGE-3, -5, and -7 were 1.71 x 10>,
1.15 x 1073, and 0.95 x 10> S cm ', respectively (Fig. 3b). The
o of GE (2.64 x 10~ S em™") was slightly larger than that of
ZGE, which was possibly due to the fact that the polymer
segments could easier move without the zwitterionic cross-
linker. The electrochemical impedance spectroscopy (EIS)
results for the electrolyte at 30 °C are shown in Fig. S4.f Fig. 3b
shows the activation energy (E,) obtained by VTF equation
fitting. It can be seen that with the increase in zwitterion
content, E, also increased (from 0.94 k] mol " to 1.65 k] mol %),
which may be caused by the strong zwitterion-ion interaction
and as it was more difficult for the polymer chain segments to
move.*’ The presence of polar zwitterions in ZGE promoted the
dissociation of lithium salt (see Fig. 5a-d).*®**' It was also
interesting to find that as the proportion of the zwitterionic
structure slightly increased within ZGE (from ZGE-3 to ZGE-7), o
gradually decreased. This was because DMA-SO;~ had two
double bonds in its molecular structure and could participate in
polymer network formation during the curing reaction, so the
crosslinking density increased as more DMA-SO;~ was fed in to
the precursor solution. Consequently, the segmental motion of
the polymer matrix was restricted and ion transport slowed
down to a certain degree.*” Even so, ¢ was still quite high for
ZGE-7 and almost at the level of 107° S em ™.

The electrochemical stability of the ZGE samples was studied
by LSV. As shown in Fig. 3c, the oxidation potentials of ZGE-3,
-5, -7, and GE were 4.9, 5.2, 5.2, and 4.6 V vs. Li*/Li. It was
possible that with the increase in zwitterion content, the
crosslinking density increased, which means it would be more
difficult for ZGE to decompose.* The cationic (Li*) transference
numbers (¢.;+) of the ZGE samples are shown in Fig. 3d. Fig. S5+
shows the chronoamperometry curves and AC impedance
spectra of the Li/ZGE/Li cell before and after polarization.
According to the Bruce-Vincent-Evans equation, the ¢ ;- values
of ZGE-3, -5, and -7 were calculated to be 0.27, 0.24, and 0.17.
The ¢;;+ of GE was 0.4. The high ¢;+ in GE could be attributed to
the fact that more Li* was decoupled from the polymer chain
and solvated by other electrolyte components.*® The zwitterion
in the polymer structure led to the decrease in ¢+, which might
be due to the interaction between the zwitterion and Li*, which
further led to an increase in resistance to Li" motion.***

The ion complexation state in ZGE, GE, and the liquid
electrolyte was analyzed. In the FT-IR spectra, the vibrational
peak of FT-IR near 1330 cm ™" was assigned to the -SO, group of
TFSI™ (Fig. 3e).*® In ZGE, this peak was obviously red-shifted in
comparison with the same peak for the liquid electrolyte and
the GE group, possibly due to the interaction between the
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zwitterions and TFSI . The coupling environment of Li" was
further analyzed by "Li NMR (Fig. 3f). The chemical shift of "Li
for the liquid electrolyte group was —0.63 ppm, while the
resonance of “Li in the ZGE group was located at —1.05 ppm,
which was also close to that of the GE group. The “Li NMR peak
difference (about 0.42 ppm) between ZGE and the liquid elec-
trolyte suggested that Li* in ZGE could possibly be coordinated
with C=0, C-O-C, and -SO;  of the polymer besides the
carbonates. The above results showed that ZGE had a high o,
which was contributed by the unique molecular structure and
the additives. Subsequently, ZGE-5 was selected for further
electrochemical characterization due to its suitable ionic
conductivity, oxidation decomposition voltage, and #;:.

2.3 Interfacial stability of ZGE with the Li metal anode

ZGE-5 and GE samples were assembled into a Li symmetrical
cell to study the electrolytes’ ability to suppress lithium dendrite
growth. Fig. 4a shows the voltage response of the as-assembled
Li/GE/Li cell at 30 °C when the current density was 0.1 mA cm >
and the cycling capacity was 0.1 mA h cm™ 2. The initial over-
potential was about 25 mV (Fig. 4b). The occurrence of an
internal short circuit was observed after cycling for 630 h.
However, under the same conditions, the initial overpotential of
the Li/Li cell containing ZGE-5 was 20 mV, which was lower than
that of the Li/GE/Li group (as shown in Fig. 4e). Also, the cell
could cycle stably without fluctuations or a sudden potential
jump for over 1400 h. This performance was significantly
superior to that of the Li/GE/Li cell. These results indicated that
ZGE was obviously more advantageous than GE in promoting
a stable SEI formation and inhibiting lithium dendrite growth.
It was thought that the existence of the DMA-SO;™ structure in
ZGE not only helped regulate fast ion conduction but also
promoted a benign SEI formation and uniform lithium
deposition.

More experimental studies were performed to clarify the
reason why ZGE had better electrolyte/lithium interfacial
stability. Fig. S6a and b} show the Nyquist plots of Li/GE/Li and
Li/ZGE-5/Li cells before and after 100 cycles of plating/stripping
tests. After fitting the impedance results equivalent circuit
(Fig. Séct), the interfacial resistance of the Li/ZGE-5/Li cell
before and after the cycles was 200 Q and 230 Q, respectively.
ZGE-5 exhibited obviously lower interfacial impedance with
regard to that of the Li/GE/Li cell (246 Q). This result reflected
that the SEI at the ZGE/lithium interface facilitated Li" migra-
tion and remained stable during cycling.

Fig. 5a-d show the Raman spectra for characterizing the
association state of TFSI™ in ZGE. The room temperature
Raman spectra of ZGE-3, -5, -7, and GE in the Raman shift
ranging from 700-750 cm ™' were fitted by the Gauss-Lorentz
function. The S-N-S vibration peaks in the Raman spectrum
could be deconvoluted into three separate peaks located at 727,
737, and 746 cm ', corresponding to the free TFSI~, compact
ion pair (CIP: the TFSI~ was associated with one Li"), and
aggregated ion cluster (AGG: the TFSI ' was associated with
more than two Li"), respectively.* The percentage of free TFSI~
was calculated as follows:

J. Mater. Chem. A, 2024, 12, 20288-20299 | 20291


https://doi.org/10.1039/d4ta02898h

Published on 29 June 2024. Downloaded by Fail Open on 7/23/2025 8:40:51 AM.

View Article Online

Journal of Materials Chemistry A Paper
(a)o‘m GE b —GE GE
0.04 0.04 C
(b) (©
0.05 0.02 0.02
2 s s o
) ) )
g 000 S 0.0 & 0.0
3 o o
s s >
2005} 0.1 mAcm? -0.02 0.02
0.1 mAh cm?
0.04 0.04
-0.10
200 400 600 800 1000 1200 1400 10 20 600 610 620 630 640 650
Time (h) Time (h) Time (h)
010 0.04 0.04
d ——ZGEs ——2GE5 . —2GE5
@ ] (©) | @
005 0.02 0.02
> ~ =
by : 0.01 2 001
o = gl
g 000 S 0.00 g 000
o o =
> -0.01 g -0.01
K 2
005t 0.1 mA cm -0.02 0.02
-2
0.1 mAh cm 003 008
-0.10
0 200 200 600 800 1000 1200 1400 0%5 20 VU 7360
Time (h) Time (h) Time (h)

Fig. 4

(a) Constant current plating/stripping cycling curve and enlarged profile of the Li/GE/Li cell at (b) 10—-20 h and (c) 600-650 h; (d) constant

current plating/stripping cycling curve and enlarged profile of the Li/ZGE-5/Li cell at (e) 10—-20 h and (f) 1350-1360 h.

A(free)

TFSI[‘ree = A(free) + A(CIP) + A(AGG)

x 100%  (2)

The percentages of free TFSI™ in GE, ZGE-3, -5, and -7 were
36.8%, 39.3%, 44.5%, and 49.2%, respectively. With the
increase in zwitterion content in the ZGE samples, the propor-
tion of free TFSI™ increased and more Li" was dissociated. More
Li" was thus available to form solvated structures with FEC and
DMC, which was beneficial for the reduction reaction to form
the SEL.*¢*8

The Tafel curves (Fig. 52) and extracted exchange current
density values (Fig. 5j) of the Li/ZGE-5/Li and Li/GE/Li cells
revealed that the Li/ZGE-5/Li cell had a slower surface reaction
rate at the electrode, suggesting a better Li deposition
stability.” The EDS mapping of ZGE-5 (Fig. S71) proved the
uniform distribution of S element, which also reflected the
uniform distribution of -SO; "~ in the zwitterionic structure. This
was favorable for achieving a uniform deposition of Li*. The
SEM images of the lithium metal surface (retrieved from the Li/
ZGE-5/Li cell after plating/stripping cycling for 20 h and 200 h in
Fig. 4) are shown in Fig. 5h and i. As a control, Fig. 5¢ and f show
the lithium metal surface (retrieved from the Li/GE/Li cell after
the same cycling periods in Fig. 4). As expected, the Li foil from
the Li/ZGE-5/Li cell had fewer protrusions and was smoother
compared with that from the Li/GE/Li cell.

In addition, after the plating/stripping test shown in Fig. 4
for 100 cycles, the full spectra from XPS of the Li electrode
surfaces harvested from the Li/ZGE-5/Li and Li/GE/Li cells are
shown in Fig. S8,1 and the corresponding contents of C, F, and
O elements on the different Li electrode surfaces are shown in
Fig. S8c.T As shown in Fig. 5k and n, the C 1s peaks at 284.5,
285.8, 287.8, and 292.6 eV belonged to C-C, C-O, O-C=0, and
CO5*7, respectively, indicating that the SEI was composed of
organic and inorganic compounds. In the F 1s spectra (Fig. 51
and o), the peak at 685.0 eV corresponded to LiF. It could thus
be seen that the Li/ZGE-5/Li cell formed a LiF-rich SEI layer on
the surface of Li. The LiF came from the reduction of LiTFSI and

20292 | J. Mater. Chem. A, 2024, 12, 20288-20299

FEC.* The lithiophobic LiF has a high surface energy as well as
shear modulus, which can guide the Li to deposit along the
interface of Li/SEI and effectively inhibit the growth of lithium
dendrites.”**® In the O 1s spectra (Fig. 5m and p), the peak at
531.7 eV corresponded to C-O-C, indicating that the SEI layer
formed by ZGE-5 was rich in C-O-C components. Ether bonds
containing organic compounds in the SEI can promote the
transport of Li* within the SEI, thereby reducing the interfacial
impedance,®* which was also the reason for the low interfacial
impedance of the Li/ZGE-5/Li cell after 100 plating/stripping
cycles, as was discussed above.

The Li/GE/Li and Li/ZGE-5/Li cells were simulated by using
a finite element method using COMSOL Multiphysics to aid
understanding the mechanism of Li* flux on the lithium metal
through the different electrolytes (Fig. 6a—f). Prior to deposition,
some protrusions inevitably formed on the lithium electrode.
The protruding area region showed a stronger electric field, and
Li" was deposited around the tip (Fig. 6b). This often leads to
the formation of lithium dendrites.*> When the steady state was
reached in the deposition process, the ZGE-contacted Li had an
obviously smaller current density and electric field strength
than that of the GE-contacted Li at the protrusions. In the
concave area, the ZGE-contacted Li had a larger current density
and electric field strength than that of the GE-contacted Li.
These indicate that the Li deposition was more uniform in the
Li/ZGE/Li cell, which was due to the electrostatic shielding
effect brought by the cations in the zwitterions of ZGE.*
Moreover, the anions in the zwitterions of ZGE could also guide
the uniform distribution of Li*.>** As shown in Fig. 6¢ and f, the
interfacial area of ZGE/Li showed a more uniform distribution
Li* concentration,* which was about 0.4 mol L™ in both the
concave and convex places. Overall, the COMSOL simulation
demonstrated that ZGE could promote a more homogeneous
and stable Li" flux.

The deposition process of lithium and the formation of the
SEI can be explained as follows (Fig. 7). In short, the protrusion
area on the surface of lithium metal has a higher electric field

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Raman spectra of (a) GE, (b) ZGE-3, (c) ZGE-5, and (d) ZGE-7. SEM images of the lithium metal surface at (e) 20 h and (f) 200 h during the
cycling process of the Li/GE/Li cell; SEM images of the lithium metal surface at (h) 20 h and (j) 200 h during the cycling process of the Li/ZGE-5/Li
cell. (g) Tafel plots of GE and ZGE-5 obtained from voltammetry measurements performed at a scan rate of 10 mV s; (i) extracted exchange
current density values from the Tafel plots. XPS spectra of (k) C 1s, (1) F 1s, and (m) O 1s on the surface of lithium metal during the cycling process
of the Li/GE/Li cell after 100 cycles; XPS spectra of (n) C 1s, (o) F 1s, and (p) O 1s on the surface of lithium metal during the cycling process of the

Li/ZGE-5/Li cell after 100 cycles.

strength at the beginning of plating. Li" preferentially deposits
at the tip, resulting in a continuous growth of lithium dendrites.
The electrostatic shielding effect induced by cations in the
zwitterions in ZGE homogenizes the current and electric field
strength distribution. Moreover, the -SO;™ in the zwitterions of
ZGE guides the uniform distribution of Li', resulting in
a uniform deposition of Li*, and a flat Li surface formation. In
addition, the zwitterions dissociate more Li* from LiTFSI,** and
more Li" are available to form a solvated sheath structure with
FEC and DMC. As it breaks down, an SEI structure rich in LiF
and C-O-C is formed.

2.4 Full cell performance of ZGE

The performance of the Li/LFP cell with the ZGE-5 electrolyte
was evaluated. Fig. 8a shows the CV curves of the Li/ZGE-5/LFP

This journal is © The Royal Society of Chemistry 2024

cell. The peaks observed at 3.61 V vs. Li*/Li and 3.24 V vs. Li*/Li
corresponded to the process of Li deposition and stripping in
the LFP electrode.>*® The first and second CV curves did not
coincide, which was due to the formation of the SEI. The
subsequent curve almost overlapped with the curve of the
second cycle, indicating a good redox reversibility. Fig. 8b shows
the rate performances of the Li/ZGE-5/LFP cells at current
densities ranging from 0.1C to 5C. At 0.1C, 0.2C, 0.3C, 0.5C, 1C,
2C, 3C, 4C, and 5C, the discharge capacities of the Li/ZGE-5/LFP
cell were 165, 164, 163, 161, 154, 140, 127,105,and 79 mAh g *,
respectively. Even at 5C, the discharge capacity was still as high
as 79 mA h g~'. When the current density was restored to 0.1C,
the discharge capacity returned to 165 mA h g~', showing an
excellent rate capability.
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BC)

Fig. 6 COMSOL simulations of the plating process on the lithium
electrode of Li/GE/Li and Li/ZGE-5/Li cells (the upper layer is the
electrolyte, the lower layer is lithium metal). The plots of current
density distribution in the cells with (a) GE and (d) ZGE-5 electrolytes
when the plating process reached a steady state; the distribution of
electric field strengths in the cells with (b) GE and (e) ZGE-5 electro-
lytes; the distribution of Li* concentrations of the cells with (c) GE and
(f) ZGE-5 electrolytes.

Tip effect Lithium dendrite
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Zwitterions regulate lithium flux

Uniform lithinm surface
.
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Early stage of lithium deposition Electrolyte controlled deposition Depositional process
¢ uw e FEC DMC Negative charge s -SO;

Fig. 7 Schematic diagram of the deposition of Li* on lithium elec-
trodes through GE and ZGE-5 electrolytes.

Fig. 8c shows the cycling performance of the Li/ZGE-5/LFP
cell at 1C. The initial discharge capacity was 141 mA h g,
which gradually stabilized at 155 mA h g™, After 600 cycles, the
discharge capacity still retained 143 mA h g ', while the
capacity retention reached 92%, and the coulombic efficiency
was >99.5%. Fig. 8d shows the charge and discharge curves of
the Li/ZGE-5/LFP cells at different cycles. No significant
increase in ohmic polarization was observed from the charge-
discharge curves even after 600 cycles. The cycling performance
of the Li/GE/LFP cell at 1C is shown in Fig. 8c, where the initial
discharge capacity of the battery was 140 mA h g™, and the
coulombic efficiency was 95.3%. After 20 cycles, the discharge
capacity gradually stabilized at 150 mA h g~ . However, after 350
cycles, the discharge capacity gradually decreased, and a short
circuit occurred. This was probably due to the non-uniform
lithium deposition, which caused the lithium dendrites to
grow rapidly until they eventually pierced the electrolyte
membrane. It was also noted that the number of stable cycles of
the Li/ZGE-5/LFP cell was almost twice that of the Li/GE/LFP cell
under the same cycling conditions. This significantly enhanced
performance was contributed by the uniform lithium deposi-
tion and LiF-rich SEI in the Li/ZGE-5/LFP cell. Fig. S9t also
shows the performances of the Li/ZGE-5/LFP cell at high rates
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Fig. 8 (a) CV curve of the Li/ZGE-5/LFP cell at a scanning rate of
0.1 mV s %; (b) rate performance of the Li/ZGE-5/LFP cell; (c) cycling
performance of the Li/ZGE-5/LFP cell at 1C; (d) charge and discharge
curves of the Li/ZGE-5/LFP cell in different cycles at 1C; (e) cycling
performance of the Li/GE/LFP cell at 1C; (f) charge and discharge
curves of the Li/GE/LFP cell in different cycles at 1C (CV, rate perfor-
mance tests, and cycling performance tests were all conducted at 30 °
Q).

(2C and 3C). It could be seen that the Li/ZGE-5/LFP cell had
a high initial discharge capacity at high rates (132 mA h g~ " at
2C and 124 mA h g~ at 3C). Moreover, the Li/ZGE-5/LFP cell was
stable without short circuiting at 650 cycles under 2C and
remained relatively stable at 350 cycles under 3C.
Li/ZGE-5/NCA cells were also assembled for performance
evaluation. The results are shown in Fig. 9. At 0.2C and 30 °C,
the initial discharge capacity of the Li/ZGE-5/NCA cell was
232 mA h g '. After 100 cycles, the discharge capacity was
164 mA h g~ ' (Fig. 9a). In contrast, the initial discharge capacity
of the Li/GE/NCA cell was slightly lower (225 mA h g~ "), and the
discharge capacity decreased to only 89 mA h g~ ' after 100
cycles (Fig. 9b). The discharge capacity of the Li/ZGE-5/NCA cell
was twice of that of the Li/GE/NCA cell at the 150th cycle (Fig. 9d
and e), contributed by the more stable lithium deposition
behavior, which reduced the occurrence of interface side reac-
tions.®” Moreover, the presence of zwitterions might make the
cathode/electrolyte interphase more effective in passivating the
active cathode surface.”® These results suggest that ZGE
exhibited good electrochemical stability in 4 V class LMBs. A Li/
ZGE/LFP flexible pouch cell was further prepared. The cell could
power an LED normally in the flat state (Fig. 9g) and under
a 180° bending state (Fig. 9h), demonstrating its superior
mechanical robustness and good safety. It is worth mentioning
that the flexible battery could continuously charge and
discharge, with an energy density of 89.4 W h kg™ ' (Fig. 9c),

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Cycling performance of the (a) Li/ZGE-5/NCA cell and (b) Li/
GE/NCA cell at 0.2C; charge and discharge curves of the (d) Li/ZGE-5/
NCA cell and (e) Li/GE/NCA cell at different cycles. (c) Cycling
performance and (f) charge and discharge curves of the Li/ZGE-5/LFP
pouch cell at 0.2C (the above battery performance tests were all
conducted at 30 °C); photographs of the Li/ZGE-5/LFP pouch cell to
light up LED lights (g) before and (h) after folding.

indicating that it has broad application prospects in the field of
flexible/wearable devices.

3. Conclusions

To sum up, starting from macromolecular structural design and
synthesis, we successfully developed a zwitterionic-crosslinker-
incorporated polymer electrolyte network, and the ultimate
electrolyte sample ZGE could be prepared in situ. ZGE exhibited
a high room temperature conductivity value (>1 x 10 > Sem ™)
and a wide electrochemical stability window. The zwitterionic
crosslinker not only promoted the homogeneous deposition of
Li" flux and inhibited lithium dendrite growth, but on the
anode it also helped increase the fraction of LiF within the SEI
obviously. For example, in the plating/stripping tests, the Li/Li
cell with the ZGE sample could cycle stably for over 1400 h
with a current density of 0.1 mA cm™>. Afterwards, the Li/ZGE/
LFP that was prepared in situ was able to cycle stably with a high
capacity retention of 92% after 600 cycles at 1C (155 mAh g ' to
143 mA h g "). Besides, ZGE also enabled a Li/NCA cell to charge
and discharge with a high specific capacity (232 mA h g™ ").
Finally, the potential application of ZGE in a flexible pouch cell
was realized. This research work demonstrates a promising way
to develop flexible polymer electrolytes that could simulta-
neously regulate ion transport, and deposition, as well as SEI
optimization for realizing next-generation high-performance
solid-state LMBs.

4. Experimental methods
4.1 Materials

Diallylmethylamine (DMA, 98%, Aladdin), 1,3-propane sultone
(98%, Aladdin), vinyl ethylene carbonate (VEC, 99%, Aladdin),
poly(ethylene glycol) dimethacrylate (PEGDMA, Aladdin, M,, =

This journal is © The Royal Society of Chemistry 2024
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750), dimethyl carbonate (DMC, 98%, Sigma-Aldrich), fluoro-
ethylene carbonate (FEC, 98%, Aladdin), bis(trifluoromethane)
sulfonimide lithium salt (LiTFSI, 99%, Aladdin), 2-hydroxy-2-
methylpropiophenone (HMPP, 97%, Aladdin), acetonitrile
(ACN, 99.9%, Adamas), diethyl ether (DEE, AR), lithium iron
phosphate (LiFePO,, Sud-Chemie, theoretical specific capacity:
170 mA h g7"), LiNig_g15C0.15Al0.03502 (NCA, theoretical specific
capacity: 278 mA h g™ '), glass microfiber filters (Whatman
Grade GF/A), polyvinylidenefluoride (PVDF, MTI, M, = 600
kDa), Super-P (MTI), and N-methyl-2-pyrrolidone (NMP, 99.5%,
Aladdin) were purchased without further purification. Lithium
electrodes (thickness = 50 um, r = 0.78 cm) and lithium metal
strips (thickness = 100 pm) were purchased from China Energy
Lithium Co., Ltd.

4.2 Preparation of the zwitterionic crosslinker 3-(N,N-diallyl-
N-methylammonium) propanesulfonate (DMA-SO; )

DMA-SO;~ was synthesized according to a literature reported
method. First, a three-necked flask was purged with N, for
20 min to remove water and air from the flask, and then 1,3-
propane sultone (0.1 mol) was dissolved in 40 ml ACN and
added to the flask. DMA (0.09 mol) was added and stirred at
room temperature for 6 h. During this time, the product formed
a white precipitate. The sediment was then filtered and washed
three times with 40 mL DEE. Finally, the sample was vacuum-
dried at 30 °C for 8 h. The crosslinker yield was 78%. "H NMR
(400 MHz, D,0): 6 6.03 (ddt, J = 17.4, 10.3, 7.4 Hz, 2H, CH, =
CHCH,N, N CH,CH = CH,), 5.78-5.57 (m, 4H, CH, = CHCH,N,
NCH,CH = CH,), 4.02-3.84 (m, 4H, CH, = CHCH,N, NCH,CH =
CH,), 3.48-3.34 (m, 2H, NCH,CH,CH,S), 3.02 (s, 3H, N-CH;),
2.96 (t, J = 7.2 Hz, 2H, NCH,CH,CH,S), 2.32-2.16 (m, 2H,
NCH,CH,CH,S). *C NMR (101 MHz, D,0): § 129.04 (CH,-
CHCH,N, NCH,CHCH,), 123.99 (CH,CHCH,N, NCH,CHCH,),
63.85 (CH,CHCH,N, NCH,CHCH,), 59.10 (NCH,CH,CH,S),
47.15 (NCH,CH,CH,S, N-CHj,), 17.77 (NCH,CH,CH,S).

4.3 Preparation of the zwitterionic gel electrolyte (ZGE)

First, a Whatman glass fiber membrane was placed in a vacuum
oven at 60 °C for 12 h to remove the adsorbed water. The dried
glass fiber membrane was then cut into 16 mm diameter disks,
which were then stored in a glovebox filled with argon gas
before use. The preparation process of ZGE-5 is shown in Fig. 1.
First, 5 wt% DMA-SO; ", 16 wt% VEC, 2 wt% PEGDMA and
2 wt% HMPP were weighed and added to 75 wt% 1 M LiTFSI
FEC/DMC (1: 4 v/v) solution in a glove box filled with argon gas.
The components were allowed to dissolve to form a transparent
solution. Then the solution was dropped into the glass fiber
membrane, and the whole was illuminated by ultraviolet light
for free radical polymerization. Finally, electrolytes containing
non-in situ zwitterionic polymers were obtained. The ZGE could
be in situ formed on the surface of the lithium anode before
battery assembly. For example, the glass fiber membrane was
covered on the surface of the lithium anode, and then the
precursor solution was dropped into the membrane, and next
the reactants were polymerized under ultraviolet light for
15 min. The A of the UV lamp used was 365 nm and the power
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was 100 W. After that, the cell was further assembled. The
electrolytes that did not contain DMA-SO;~ were named GE,
and the electrolytes that contained 3 wt% DMA-SO; , 5 wt%
DMA-SO; ", and 7 wt% DMA-SO;~ were named ZGE-3, ZGE-5,
and ZGE-7, respectively. The content of each component is
shown in Table S1.t

4.4 Characterization

Liquid nuclear magnetic resonance (NMR) patterns were
measured using a Bruker Avance NEO 400 MHz instrument.
Fourier transform infrared (FT-IR) spectra were recorded on
a Thermo Fisher Nicolet Is10 spectrometer. Raman spectra were
recorded on a confocal Raman spectrometer (Thermo Fisher,
Dxi) equipped with an FRA 106 Raman module, with the
1064 nm line of a Nd:YAG laser used as the excitation source
(laser wavelength = 532 nm). The laser power was set to 250 mW
and the spectral resolution was <2 cm . Thermogravimetric
analysis (TGA) measurements were performed on an STA 449 F3
Jupiter simultaneous thermal analyzer at a heating rate of 10
K min~" under a N, atmosphere from 30 °C to 800 °C. Field
emission scanning electron microscopy (FESEM, thermo
scientific Apreo 2C) was used to study the surface morphology,
while the corresponding EDS mappings were performed on an
FEI Talos F200X instrument. The JNM-ECZ600R NMR spec-
trometer was used to test the 7Li solid-state magnetic reso-
nance. The rotor diameter was 3.2 mm, the experimental
method was single pulse, the relaxation time was 5 s, the
sampling frequency was 16, and the linewidth factor was 20 Hz.
The chemical shift of Li refers to 0.1 M LiCl solution at 0 ppm.
X-Ray photoelectron spectroscopy (XPS) was performed on
a Thermo Scientific K-Alpha® instrument. During the
measurement, the vacuum degree of the vacuum chamber was 5
x 10~° mba. The X-ray source used was a monochromatic Al Ko,
source (hv = 1486.6 eV). The working voltage was 15 kV. The
filament current was 15 mA. The analyzer scan mode was CAE.
During the experiment, the sample was protected by argon. The
tensile properties were measured on a tensile tester (ZQ-990B-
200, ZHIQU Precision Instrument Co. Ltd., China) with
a tensile rate of 5 mm min . GE and ZGE-5 were processed into
dumbbell-shaped samples (12 mm x 2 mm x 0.20 mm, length
x width x thickness) and tested.

4.5 Electrochemical measurements

The ionic conductivity (¢) was detected by electrochemical
impedance spectroscopy (EIS) in the frequency range from
0.1 Hz to 1 MHz with a 10 mV alternating current input signal.
Also, ¢ was calculated based on the equation:

L
7= x5 (3)

where R is the resistance value of the SS/SS cells (the intercept
on the x-axis in EIS results), and L and S are the thickness and
area of the ZGE.

The lithium ion transference number (¢;;+) was measured by
a combined DC polarization and AC impedance method. Here,
¢+ was calculated according to the equation:
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LAV — LRy)

t = 4
BT L(AV — LR,) )

where AV is the applied voltage (10 mV), I, and I are the initial
and steady current through the cell, respectively, and R, and Rg
are the initial and steady resistance.

Linear sweep voltammetry (LSV) was completed with Li/SS
cells at a scan rate of 1 mV s~ ' in the potential range of 2.0-
6.0 V vs. Li'/Li at 30 °C. Cyclic voltammetry (CV) testing was
performed with a scan rate of 0.1 mV s~ * over 2.5-4.0 V vs. Li*/Li
for the Li/LFP cell at 30 °C. The above electrochemical tests were
completed on an IVIUM Vertex C EIS electrochemical worksta-
tion (Netherlands). The plating/stripping tests of symmetrical
Li/Li cells were completed using the LANHE CT2001A battery
test system at 30 °C and at different current densities for 1 h
plating and 1 h stripping, respectively. To prepare the LFP
cathode, LFP slurry was prepared by mixing 80 wt% LFP, 10 wt%
PVDF, and 10 wt% Super-P in anhydrous NMP. The slurry was
spread on aluminum foil by a doctor blade. The cathode was
dried in a vacuum oven at 80 °C for 8 h. The LFP cathode sheet
(mass load 1.6 mg cm™ %) was cut into 12 mm diameter disks and
placed in an argon-filled glove box (H,O and O, content <0.1
ppm). The preparation method for the NCA cathode was the
same as that for LFP, and the mass loading was 1.5 mg cm 2.
The pouch cell was 4 x 4 cm in size. The mass loading of the
LiFePO, cathode was 2.2 mg cm 2. Also, the N/P of the pouch
cell was 356.39. The test voltage of the Li/LFP coin cell and
pouch cell at 30 °C was 2.5-3.9 V. The test voltage of the Li/NCA
cell at 30 °C was 3-4.3 V.

4.6 Finite element method simulation details

COMSOL Multiphysics software was used for the finite element
simulation, and the zwitterionic gel electrolyte was taken as an
example to set the specific parameters. The geometry was set as
follows: the size of the half-cell model was a rectangle of 50 x
100 pm, the thickness of the metal lithium anode was 10 pum,
the height of each lithium spike was 3 um, and the width was 2
pm. The initial concentration of the electrolyte Li* was 2.99 mol
cm?, and the conductivity was 2.09 x 10> S em™". The diffu-
sion coefficient was 3.21 x 107" em® s™! and the boundary
current density was 0.1 mA cm™ 2. The current density in the
electrolyte was 1 mA cm™> and the Li* concentration was 1 M.
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