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ARTICLE INFO ABSTRACT

Article history:

Poly(ethylene oxide) (PEO) polymer electrolytes (PEs) have been commercially applied in LiFePOy4||Li
solid-state lithium batteries (SSLBs). However, it remains challenging to develop PEO-based PEs appli-
cable to the high-voltage SSLBs with higher energy density, owing to the poor electrochemical stabil-
ity of PEO. Herein, we report a scalable strategy for fabricating PEO-based PEs with high-voltage com-
patibility, by exploiting a new mechanism to stabilize the cathode-electrolyte interface in the high-
voltage SSLBs. The protocol only involves a one-pot synthesis procedure to covalently crosslink the PEO
chains, in the presence of high-content lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) salts and N,N-
dimethylformamide (DMF). LiTFSI-DMF supramolecular aggregates are formed and firmly embedded in
the polymer network, endowing the PE with high room-temperature ionic conductivity. The dissociated
and highly concentrated TFSI- anions can enter the Helmholtz layer close to the high-voltage cathode,
leading to the formation of a thin and homogeneous cathode electrolyte interface (CEI), mainly com-
posed of LiF, on the cathode. The CEI with high electrochemical stability can effectively stabilize the
cathode-electrolyte interface, enabling long-term stable cycling of the high-voltage LiCoO,||Li and nickel-
rich NCMgp,||Li batteries at room temperature. The simplicity and scalability of the strategy makes the
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reported PEO-based PE potentially applicable in high-voltage SSLBs in practice.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solid-state lithium batteries (SSLBs), possessing advantages in
terms of enhanced safety and energy density, have been re-
garded as one of the most promising alternatives to state-of-the-
art lithium-ion batteries [1-7]. The solid-state electrolyte is one of
the key components of SSLBs, playing dual roles to transfer Li*
as well as separate the anodes and cathodes [8]. However, it is
highly challenging and of high cost to process the inorganic solid-
state electrolytes (e.g., oxide/sulfide-based ones) into films/pallets
for the scalable production of SSLBs [5,9-11]. Compared to the in-
organic solid-state electrolytes, polymer electrolytes (PEs) are easy
to be processed in large scales because of their intrinsic process-
ability and good film forming features [6,9,11-16]. Among different
types of PEs, poly(ethylene oxide) (PEO) electrolytes have gained
widespread interests because of their low cost, easiness to process,
in combination with their acceptable anodic stability and outstand-
ing performance for solvating alkaline salt [15,17-21]. Due to these
merits, PEO-based LiFePOy||Li SSLBs have been exploited in pure
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electric vehicles and commercialized by the Bolloré Group since
2011 [22,23]. However, these batteries have to be operated at 70-
80°C, because of the low room-temperature ionic conductivity of
the PEO electrolytes [17,24-26]. Moreover, the energy density (i.e.,
specific energy) of a battery is collectively determined by its spe-
cific capacity and operation voltage [27-30]. According to the for-
mula of the specific energy E=CV, where C is the specific capac-
ity and V is the operation voltage of a battery, replacing LiFePOy,
by the high-voltage cathodes (>4V vs. Li/Li*), such as LiCoO, and
nickel-rich Li(NixCoyMn;_x,)0; (NCM, x> 0.6), can remarkably en-
hance the energy density of the battery [27,31-34]. Unfortunately,
the narrow electrochemical stability window (ESW) of PEO elec-
trolytes (<4V) restricts their combination with the high-voltage
cathodes, which significantly limits their application in the high-
voltage SSLBs with higher energy density [26,35,36]. Therefore, it is
essential to make significant research efforts to develop PEO-based
PEs that are applicable to the high-voltage cathodes for 4 V-class
SSLBs.

Strategies, including cathode surface modification and con-
struction of double/multi-layered structures, have been developed
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to make the PEO-based PEs adaptable to the high-voltage cath-
odes [23,37-52]. The former approach is to coat the cathode
particles (e.g., LiCoO,) with inert inorganic Li* conductors (e.g.,
Liy xAlxTiy x(PO4)3) via mechanical milling and high-temperature
(e.g., 500°C) sintering procedures. Although the resultant high-
voltage SSLBs exhibit enhanced capacity and cycling stability, ele-
vated temperatures (e.g., 60 °C) are still required to operate the bat-
teries [23,37,39]. The later approach is to introduce interlayers with
high-voltage resistance between the electrodes and PEO-based PEs,
increasing the procedures and complexity of the preparation of
the PEs and assembly of the batteries [42,46,47,49]. Despite the
above-described progress, it is still highly desirable to develop a
facile and scalable method to develop PEO-based PEs adaptable to
the high-voltage cathodes, making the high-energy-density batter-
ies capable of working at room temperature with enhanced cycling
stability.

Herein, we report a scalable one-pot strategy for the prepa-
ration of PEO-based PEs with high-voltage compatibility, which
can effectively extend the cycle life of 4V-class SSLBs. The
amine-terminated PEO was brought to react with a trimethoxysi-
lane reagent bearing a epoxide group, in the presence of
lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) salts and N,N-
dimethylformamide (DMF), via a one-pot synthesis process, result-
ing in the PEO-based PEs comprising covalently cross-linked poly-
mer networks. When taking a high content of LiTFSI salts (70
wt%), LiITFSI-DMF supramolecular aggregates are formed and in-
corporated in the polymer networks due to the coordination be-
tween Lit and DMF, making the DMF molecules firmly bound in
the resultant PEs. Such a structural feature gives rise to full dissoci-
ation of the high content of LIiTFSI salts, leading to the high room-
temperature ion conductivity (3.4 x 10~4 S/cm) of the PE. More im-
portantly, the high content of dissociated TFSI~ anions are prefer-
entially defluorinated via oxidation into lithium fluoride (LiF) on
the cathode surface when the battery undergoes charge/discharge
cycles, forming a stable and homogeneous cathode electrolyte in-
terface (CEI) on the cathode particles. LiF possesses a wide ESW
(0-6.4V wvs. Li/Li*) and low calculated barrier to Li™ diffusion,
which can effectively inhibit the oxidative decomposition of the
PEO-based PE, though the PE exhibits an inherent ESW < 4V. As
a result, the high-voltage LiCoO,||Li battery assembled with the PE
exhibits a capacity retention as high as 87.1% after 200 cycles at
room temperature at 1 C, enabling the LiCoO,||Li battery to be cy-
cled at higher rates with superior cycling stability, as compared to
the previously reported counterparts. The PEs are also compatible
to the nickel-rich layered NCM cathode with higher capacity than
the LiCoO, cathode, making the NCMgy;||Li battery stably cycled,
at room temperature, over 200 cycles at 0.5 C with capacity re-
tention as high as 80.0%. This work provides a scalable method to
fabricate PEO-based PEs that are applicable to high-voltage SSLBs,
which is expected to improve the energy density of lithium batter-
ies and solve the current “mileage anxiety” problem of the electric
vehicles.

Figs. 1a and b present the one-pot preparation process and
chemical structure of the PEO-based PEs that are adaptable to the
high-voltage cathodes. After dissolving the polyetheramine (Jef-
famine), GPTMS and LiTFSI in DMF, the mixture solution was trans-
ferred into a Teflon mold and then heated at 80°C for 3h, fol-
lowed by heating the obtained sample at 80°C for 2h under vac-
uum to evaporate the DMF. The molar ratio between the amino
groups of Jeffamine and the epoxide groups of GPTMS was fixed
at 1:1, while the fraction of LiTFSI in the total mass of Jeffamine,
GPTMS and LiTFSI was varied from 30%, 40%, 50%, 60% to 70%. The
reaction system involves the following reactions: (1) conjugation
between the epoxide groups of GPTMS and the amino groups of
Jeffamine via the ring-opening reaction, (2) hydrolysis and conden-
sation of the methoxy groups of GPTMS. As a result, the Jeffamine
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Fig. 1. Schematic illustration of the (a) preparation process and (b) chemical struc-
ture of the Jef-GPTMS/LIiTFSI PEs. (c) TGA curves and (d) Raman spectra of the dif-
ferent Jef-GPTMS/LIiTFSI PEs.

polymer chains are covalently crosslinked by the siloxane groups,
while the LiTFSI salts are incorporated into the three-dimensionally
crosslinked polymer networks. The as-prepared PEO-based PEs will
be denoted as Jef-GPTMS/LiTFSl,y, where x represents the mass
fraction of LiTFSI. All the prepared Jef-GPTMS/LIiTFSI samples are
insoluble in DMF despite swelling observed (Fig. S1 in Support-
ing information), verifying the formation of covalently crosslinked
polymer networks. Fourier transform infrared (FTIR) spectrum of
the Jef-GPTMS/LiTFSl;qy sample shows disappearance of both the
oxirane ring deformation band (910 cm~!) of the epoxide groups
and N-H stretching bands (3300-3400 cm~!) of the primary
amine groups, accompanied by the appearance of the N-H stretch-
ing band (3247 cm~!) ascribed to the secondary amine groups
(Fig. S2 in Supporting information) [53-55]. These results con-
firm the occurrence of ring-opening reactions between the epox-
ide and amino groups. TGA indicate that the Jef-GPTMS/LiTFSl,
samples with higher contents of LiTFSI (x > 50) exhibit noticeable
weight losses in the temperature range from 108 °C to 245 °C (Fig.
1c). In contrast, the samples containing lower contents of LiTFSI
(x=30, 40) display little weight loss even up to 330°C. The above-
described weight losses result from the escape of DMF that re-
mained in those samples, which intuitively deviate from the fact
that all the samples were heated under vacuum with the purpose
of DMF removal. This intriguing phenomenon suggests that DMF
is firmly bound in the polymer networks when the LiTFSI frac-
tion is > 50 wt%. Such a deduction can further be verified by
the Raman spectroscopy, which shows that the Raman bands as-
signed to the bound DMF molecules (673 cm~!) are detected for
the Jef-GPTMS/LiTFSlggy and Jef-GPTMS/LiTFSI;q4 samples (Fig. 1d)
[56,57]. In contrast, neither free (658 cm~!) nor bound DMF are
detected for the Jef-GPTMS/LIiTFSI samples with lower LiTESI con-
tents (x=30, 40) (Fig. 1d), indicating complete removal of DMF
in these samples. According to the TGA and Raman characteriza-
tion, LiTFSI-DMF supramolecular aggregates are formed in the Jef-
GPTMS/LiTFSl, samples with higher LiTFSI contents (x > 50). The
high content of LiTFSI facilitates the coordination between Li* and
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Fig. 2. XRD spectra of the (a) different PEO/LITFSI and (b) Jef-GPTMS/LIiTFSI sam-
ples. T; and room-temperature ionic conductivity of the (c) different PEO/LITFSI and
(d) Jef-GPTMS/LIiTFSI samples, as a function of the content of LiTFSI.

the DMF molecules, while the TFSI~ anions enter into the Li* ion
solvation structure to form the LiTFSI-DMF supramolecular aggre-
gates (Figs. 1a and b) [43,58,59].

As the references of the Jef-GPTMS/LIiTFSI PEs, PEO/LIiTFSI PEs
with different LiTFSI contents were prepared from the mixture so-
lution of PEO and LiTFSI in acetonitrile (see Experimental section
in Supporting information). The PEO/LiTFSI samples will be de-
noted as PEO/LiTFSlyy, where x% represents the mass fraction of
LiTFSI in the total mass of PEO and LiTFSI. Crystallinity of the
PEO chains in the PEO/LiTFSI and Jef-GPTMS/LIiTFSI samples was
investigated by the X-ray diffraction (XRD) measurements. The
PEO/LiTFSlyy, samples with a lower LiTFSI content (x=30) shows
similar crystalline peaks to the pure PEO sample, indicating crys-
tallization of the PEO chains (Fig. 2a). With the increase of the
LiTFSI content, the PEO crystalline peaks disappear, whereas the
crystalline peaks assigned to the LiTFSI salts appear and become
more and more distinct, in the PEO/LiTFSIl,4 samples with x > 50
(Fig. 2a). These results suggest crystallization of the LiTFSI salts in
the PEO/LITFSlyy4 samples with higher LiTFSI contents (x > 50) [60].
In sharp contrast, no crystalline peaks are detected for all the Jef-
GPTMS/LiTFSl,y samples, though PEO crystalline peaks are detected
in the non-crosslinked Jeffamine (Fig. 2b). Therefore, crystalliza-
tion of both the PEO chains and LiTFSI salts is effectively inhib-
ited in the Jef-GPTMS/LITFSI samples, giving rise to high flexibility
of the PEO chains and full dissociation of the LiTFSI salts even at
high contents. These two effects are highly favorable for the en-
hancement of the ionic conductivity of the Jef-GPTMS/LITFSI PEs.
Differential scanning calorimetry (DSC) measurements show that
the glass transition temperatures (Tg) of the PEO/LiTFSly samples
with x > 40 increase with the LiTFSI contents (Fig. 2c and Fig. S3a
in Supporting information), which is ascribed to the crosslinking
of the PEO chains by Lit ions [61,62]. Oppositely, T of the Jef-
GPTMS/LITFSI samples decreases with the increase of the LiTFSI
content (Fig. 2c and Fig. S3b in Supporting information). Mean-
while, the Jef-GPTMS/LiTFSlyy sample exhibits a much lower Tg
compared to the PEO/LiTFSly4 at a given LIiTFSI content, when x
> 50 (Fig. 2¢). These results can be explained by the following rea-
sons: (1) The LITFSI-DMF supramolecular aggregates play a plasti-
cizing role in the Jef-GPTMS/LiTFSl,y samples; (2) The strong co-
ordination between Lit and DMF attenuates the crosslinking de-
gree of the PEO chains by Li* ions. These two effects synergisti-
cally increase the mobility of the PEO chains and thus make the Tg
of the Jef-GPTMS/LiTFSl,s samples decreased with the increase of
the LiTFSI content.
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Fig. 2d depicts the room-temperature ionic conductivity
of the Jef-GPTMS/LiTFSlys, and PEO/LiTFSlyy samples. The Jef-
GPTMS/LiTFSl,, samples exhibit lower ionic conductivity than
the PEO/LiTFSly; when x < 40, whereas the ionic conductivity
of the Jef-GPTMS/LiTFSl,y% samples is much higher than that of
the PEO/LiTFSlyy at higher LiTFSI contents with x > 50. Mean-
while, the Jef-GPTMS/LITFSI electrolyte exhibits monotonically in-
creased ionic conductivity with the increase of the LiTFSI con-
tent. The lower Ty and full dissociation of the LIiTFSI salts syn-
ergistically contribute to the higher ionic conductivity of the Jef-
GPTMS/LiTFSly% samples with higher LiTFSI contents (x > 50). In
contrast, the ionic conductivity of the PEO/LiTFSlyy samples in-
creases and then decreases, because of the crystallization of the
LiTFSI salts at higher contents (x > 50). The Jef-GPTMS/LiTFSI;qg
and PEO/LiTFSl4gy samples exhibit the highest room-temperature
ionic conductivity of 3.4 x 10~% and 3.6 x 10~° S/cm, among all the
Jef-GPTMS/LiTFSlyy and PEO/TFSlyy samples, respectively. More-
over, the Jef-GPTMS/LiTFSl,q4 electrolyte exhibits much higher
ionic conductivity than the PEO/LiTFSl4gy in the whole tempera-
ture range from 25°C to 80°C (Fig. S4 in Supporting information).
Accordingly, the Jef-GPTMS/LiTFSl;o4 and PEO/LITFSl,gy electrolytes
are exclusively studied henceforth.

Electrochemical compatibility of the Jef-GPTMS/LiTFSlI;qoy elec-
trolyte with the Li metal electrode was evaluated by the Li plat-
ing/stripping performance in the Li||Li symmetric cell. The Li||Li
symmetric cell maintains low overpotentials of 73.5, 136.4, 213
and 292.0mV at the current densities of 0.05, 0.10, 0.15 and
0.20mA/cm?2, respectively. Additionally, steady Li striping/plating
processes were achieved for 800h at the current density of
0.10mA/cm?2, while no Li dendrite-induced short circuits or er-
ratic cycles were observed. These results indicate that the Jef-
GPTMS/LiTFSI;q4 electrolyte exhibits a long-term electrochem-
ical compatibility and excellent interfacial stability with the
Li metal [63-65]. Accordingly, Li metal as the reference and
counter electrode can be paired with the traditional LiFePOg4
cathode and the high-voltage cathodes to test the electro-
chemical performance of the Jef-GPTMS/LiTESI;qy electrolyte. The
LiFePO4||Jef-GPTMS/LiTFSI;q||Li cell delivers much higher capaci-
ties at room temperature at the different rates up to 4 C than
the LiFePO4||PEO/LiTFSl4q«||Li battery (Fig. S6a in Supporting in-
formation). The LiFePO,||Jef-GPTMS/LITFSI;q«||Li batteries, tested at
room temperature, deliver quite steady discharge capacities of ca.
146.2 and 133.3 mAh/g at 0.2 C and 0.5 C in the long-term cycling
processes up to 213 and 481 cycles, respectively (Figs. S6b and c
in Supporting information). However, the LiFePO,4||[PEO/LiTFSI4oy]|Li
battery exhibits quickly faded discharge capacity which drops
to zero after only 20 cycles due to the low room-temperature
ionic conductivity of the PEO/LITFSI4gy (3.6 x 10~ S/cm) (Fisg. S6b
and c). Therefore, 60°C is chosen as the operation temperature
for the LiFePO4||PEO/LiTFSI4g«||Li battery. The Jef-GPTMS/LiTFSI;gy
electrolyte was further assembled into the high-voltage LiCoO,||Li
batteries, which were cycled at the cut-off voltage of 4.3V. The
LiCoO,||Jef-GPTMS/LiTFSI;q||Li cell delivers a high capacity of ca.
120.3 mAh/g at room temperature at the rate up to 1 C (Fig.
S7 in Supporting information). In contrast, the discharge capac-
ity of the LiCoO,||PEO/LiTFSI4g%||Li battery exhibits continuous de-
cay from 01 C to 1 C, and drops to zero at 1 C, even at
60°C (Fig. S7). Fig. 3a shows the cycling performances of the
LiCo0,||Jef-GPTMS/LiTFSl;g¢||Li and LiCoO,||PEO/LiTFSI4gy]||Li cells.
The LiCoO,||Jef-GPTMS/LiTFSI;o||Li cell exhibits excellent cycling
performance at room temperature, delivering discharge capacities
of 113.0 mAh/g and 98.4 mAh/g at 1 C for the 15t and 200th cy-
cles, respectively. The capacity retention is as high as 87.1% that
corresponds to only 0.06% decay per cycle, demonstrating the high
compatibility of the Jef-GPTMS/LiTFSl;g4 electrolyte to the high-
voltage LiCoO, cathode. The LiCoO,]|Li cell exhibits fluctuation in
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Fig. 3. Cycling performances of the (a) LiCoO,||Li and (c) NCMg;;||Jef-GPTMS/LiTFSI;¢||Li batteries, assembled with the Jef-GPTMS/LiTFSl;o; and PEO/LiTFSl4gy electrolytes,
which were cycled at (a) 1 C and (c) 0.5 C at room temperature. (b) Radar chart showing the comparison of the cycling and rate performance, working temperature, and
cut-off voltage between the Jef-GPTMS/LiTFSl;y electrolyte and the previously reported PEO-based PEs for high-voltage SSLBs. (d) Typical galvanostatic charge/discharge
voltage profiles of the NCMg;;||Jef-GPTMS/LiTFSI;%||Li and NCMe;;||[PEO/LITFSI40x||Li batteries after cycling for 200 cycles at 0.5 C. Nyquist plots of the (e) NCMg;,||Jef-
GPTMS/LiTFSlyo%||Li and (f) NCMg;||PEO/LITFSI40||Li batteries before and after cycling for different cycles at 0.5 C.

the cycling process due to the fluctuation of room temperature.
In sharp contrast, the LiCoO,||PEO/LiTFSl4g%||Li cell running at 1 C,
even tested at the elevated temperature of 60 °C, shows fast capac-
ity fading from 90.4 mAh/g to only 17.1 mAh/g after 100 cycles. No-
tably, compared to the previously reported PEO-based PEs applied
in the LiCoO,||Li batteries, the Jef-GPTMS/LiTFSI;q4 electrolyte not
only enables the battery to work at the lowest temperature (i.e.,
room temperature), but also makes the battery exhibit the longest
cycling life and the highest rate performance (Fig. 3b and Table S1
in Supporting information) [37,39,47,49,66,67].

The nickel-rich Li(NixCoyMny_.y)0; (NCM, x> 0.6) is the stan-
dard high-voltage cathode material used in electric vehicles, pos-
sessing higher capacity than LiCoO, due to the active Ni (Ni2*) el-
ement in the NCM cathode [68]. During the charging process, the
oxidation of nickel in the nickel-rich NCM cathode from +2 to +4
with a two-electron transfer offers a higher capacity than that of
cobalt oxidized from +3 to +4 in the LiCoO, cathode. However,
it is more challenging to stabilize the electrode-electrolyte inter-
face for the NCM cathode, because of their inferior structural sta-
bility compared to the LiCoO, cathodes during the electrochemical
cycling [68]. In this scenario, the Jef-GPTMS/LiTFSI;qy electrolyte
is further tested in the high-voltage NCM||Li batteries. The cyclic
voltammetry (CV) curves of the NCMgy,||Jef-GPTMS/LIiTFSI;gy||Li
battery show reversible oxidation and reduction peaks at ca. 3.9V
and ca. 3.6V, respectively, well matching the characteristic redox
processes of the NCMgy, cathode (Fig. S8 in Supporting infor-
mation). The NCMg,,||Jef-GPTMS/LiTFSI;qy||Li battery exhibits dis-
charge capacities of ca. 165.4, 158.2, 143.8 and 129.0 mAh/g at
the rates of 0.1, 0.2, 0.5 and 1 C at room temperature, respec-
tively (Fig. S9 in Supporting information). Fig. 3c shows that the
NCMg;, ||Jef-GPTMS/LiTFSI;g«||Li battery, cycled at room tempera-
ture, exhibits a capacity retention as high as 80.0% after the long-
term cycling for 200 cycles at 0.5 C, and the average coulom-
bic efficiency reaches as high as 99.3%. In sharp contrast, the
NCMg,, ||PEO/LITFSI40%||Li battery, tested even at the elevated tem-

perature of 60°C, exhibits a much lower capacity retention of
only 34.5%, and the coulombic efficiency drops from 94.6% to
60.0% after 200 cycles. The charge/discharge voltage profiles of
the two batteries at the 200™ cycle show that the NCMgy,||Jef-
GPTMS/LiTFSI;g||Li battery exhibits higher capacity reversibility
and lower overpotential (Fig. 3d), verifying its superior cycling per-
formance. Compared to the NCMg,, cathode, the NCMg; cath-
ode with a higher nickel content has a higher theoretical capac-
ity, but it is more difficult to maintain the stable cycling behavior
of the NCMgy; batteries because of the more severe structural dis-
ordering of the NCMg; cathode material. The compatibility of the
Jef-GPTMS/LiTFSI;oy electrolyte with the NCMgy; cathode was fur-
ther tested in the NCMgqq||Li button cells and pouch cells. Encour-
agingly, the NCMgqq||Jef-GPTMS/LIiTFSI;q||Li button cell delivers a
high capacity of ca. 102 mAh/g at room temperature at the rate
up to 1 C (Figs. S10a and b in Supporting information). The ca-
pacity retention of the NCMgyq||Jef-GPTMS/LITFSI;g«||Li button cell
reaches >90% and >80%, after 60 cycles at 0.1 C and after 100
cycles at 0.2 C, respectively (Figs. S10c and d in Supporting in-
formation). The NCMg; |[Jef-GPTMS/LiTFSI;g||Li pouch cell exhibits
an open circuit voltage of 4.23V and retains a high discharge ca-
pacity of 127.2 mAh/g after 35 cycles at 0.2 C (Fig. S11 in Sup-
porting information). All these results signify the potential appli-
cability of the Jef-GPTMS/LiTFSI;gy electrolyte in the high-voltage
NCMgy; batteries that have been practically used as the power
sources of the electric vehicles. To understand the superior electro-
chemical performance of the Jef-GPTMS/LiTFSl;q4 electrolyte, the
impedance evolution of the NCMgy,||Jef-GPTMS/LiTFSI;g¢||Li and
NCMg, ||PEO/LiTFSl4||Li batteries before and after cycling was
further evaluated by the electrochemical impedance spectroscopy
(EIS). Figs. 3e and f show the Nyquist plots of the NCMgy;||Jef-
GPTMS/LiTFSl;g||Li and NCMg,,||PEO/LiTFSI4g«||Li batteries before
and after different cycles at 0.5 C, while the equivalent circuits
are used to fit the impedance spectra (insets of Figs. 3e and
f). The x-axis intercept of the Nyquist plot can be interpreted
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as the bulk electrolyte resistance (Ry), the first semicircle is as-
signed to the resistance ascribed to the Li-ion diffusion through
the surface layer (Rq,), the second semicircle is ascribed to the
charge-transfer resistance (R¢¢), and the tail line indicates the War-
burg resistance (Zw) (insets of Figs. 3e and f) [69-71]. R of the
NCMgo; ||Jef-GPTMS/LiTFSI;q«||Li battery decreases from 169.1
to 1404  after 50 cycles (Fig. 3e), whereas the R. of the
NCMgy, ||PEO/LiTFSI40||Li cell increases drastically from 86.8 2 to
396.6 2 after only 10 cycles (Fig. 3f).

These results suggest that the Jef-GPTMS/LiTFSI;q4 electrolyte
facilitates the formation of a stable electrode-electrolyte interface
to promote the Li* ion transport. Broadening the ESW of a PE is
the most typical strategy to make the PE adaptable to the high-
voltage cathode and thus improve the cycling performance of the
high-voltage battery [9]. Intriguingly, the Jef-GPTMS/LiTFSl;o4 and
PEO/LiTFSlyqy electrolytes show similar ESWs < 4.0V (Fig. S12
in Supporting information). Therefore, the superior performances
of the high-voltage LiCoO,||Li and NCM||Li batteries, assembled
with the Jef-GPTMS/LiTFSI;qy electrolytes, originate from a differ-
ent mechanism. Construction of high-quality cathode electrolyte
interface (CEI) can effectively prevent the electrolyte from decom-
position and enhance the cycling performance of the high-voltage
batteries [70,72-74]. To investigate the CEI effect on the NCMg;,
batteries, X-ray photoelectron spectroscopy (XPS) measurements
were conducted to study the chemical component evaluation of
the NCMg,, cathodes in the NCMgy,||Jef-GPTMS/LiTFSI;oy||Li and
NCMgo, ||PEO/LiTFSl40||Li batteries after cycling for 10 cycles. The
high-resolution C 1s XPS spectrum of the pristine NCMg,, cathode
is deconvoluted into three components (Fig. 4a), originating from
the carbonaceous species from the conductive carbon and the main
chain of the PVDF binder (284.3eV, C-C) [10,75], and the -CH,
and -CF, groups from the PVDF binder (285.8/290.6eV, C-H/C-F).
Compared with the pristine NCMg,, cathode, the C 1s spectrum
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Fig. 4. High-resolution (a-c) C 1s and (d-f) F 1s XPS spectra measured from the
surface of the (a, d) pristine NCMg,, cathode, and those obtained from the cy-
cled NCMg;||Li batteries, assembled with the (b, e) Jef-GPTMS/LiTFSl;o% and (c, f)
PEO/LiTFSl,0y electrolytes.
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of the NCMg,, cathode, obtained from the cycled NCMgy;||Jef-
GPTMS/LiTFSI;gy4||Li battery, exhibits following changes (Fig. 4b):
(1) The C-F signal (290.6eV) assigned to the -CF, groups from
the PVDF binder disappears, accompanied by the appearance of
the C-F signal (292.2eV) assigned to the -CF3 groups from the
adsorbed TFSI~ anions [76-78]; (2) The C-H signal is covered by
the emerging C-0O signal attributed to the decomposition products
from the ether chain (-C-O-C-) of the Jef-GPTMS/LiTFSI;qy4 elec-
trolyte [76-78]. In the case of the NCMg,,||PEO/LIiTFSI40%||Li bat-
tery, the following differences are observed (Fig. 4c): (1) No -CF;
group from the TFSI~ anions is detected, suggesting no TFSI~ an-
ions are adsorbed on the NCMg,, cathode surface; (2) The area
ratio between the C-O and C-C peaks is much higher, indicat-
ing more decomposition products from the PEO/LiTFSl4gy4 elec-
trolyte are formed on the NCMg,, cathode surface [77]. The F 1s
XPS signal of the pristine NCMg,, cathode originates solely from
the C-F groups from the PVDF binder or TFSI~ anions (Fig. 4d)
[23]. Comparatively, except for the C-F signal, the signal assigned
to LiF is detected on the NCMgy, cathode obtained from the cy-
cled NCMgp; ||Jef-GPTMS/LiTFSI;q«||Li battery (Fig. 4e) [23,76]. This
result indicates that a protective CEI mainly composed of LiF is
formed on the NCMg,, cathode, which is derived from the de-
fluorination of the TFSI~ anions due to oxidation on the cath-
ode. In contrast, no LiF is detected on the NCMg,, cathode in
the case of the NCMgy;||PEO/LiTFSI4g||Li battery (Fig. 4f). More-
over, the signal-to-noise ratio of the corresponding C-F signal is
relatively low, suggesting the accumulation of thick decomposition
products from the PEOQ/LiTFSl4qy electrolyte on the cathode. There-
fore, the protective CEI can effectively shield the active NCMg,,
cathode from the Jef-GPTMS/LiTFSI;qy electrolyte, which makes
the electrolyte adaptable to the high-voltage cathode, though its
ESW is < 4V [43]. According to the composition and struc-
ture of the Jef-GPTMS/LiTFSl;qy4 electrolyte, the following mecha-
nism is proposed to explain the formation of the protective CEIL
The Jef-GPTMS/LiTFSI;q4 electrolyte, embedding the LiTFSI-DMF
supramolecular aggregates with high content of fully dissociated
LiTFSI, facilitates the TFSI~ anions to enter the Helmholtz layer
close to the cathode [43,58,59]. Consequently, the TFSI~anions
are preferentially defluorinated into LiF via oxidation, on the
cathode in the course of charge/discharge cycling of the battery
[72,79,80]. Because LiF possesses a wide ESW (0-6.4V vs. Li/Lit)
and low calculated barrier to Li diffusion [81-83], the protec-
tive CEI effectively stabilizes the electrode-electrolyte interface and
facilitates homogeneous Li™ flux across the electrode-electrolyte
interface.

Transmission electron microscope (TEM) characterization pro-
vides more evidence of the protective CEI on the NCMg,, cathode
in the NCMgy;|[Jef-GPTMS/LiTFSI;g«||Li battery. As shown in Fig. 5a,
a thin and homogeneous amorphous CEI layer with thickness of
ca. 2.9nm was observed under TEM on the surface of the NCMg;,
particle obtained from the cycled NCMgjy,||Jef-GPTMS/LITFSI;q||Li
battery. On the one hand, the thin and homogeneous CEI layer is
essential for achieving low interfacial resistance to ensure fast Li*™
ion transportation across the NCMg,, cathode and the electrolyte,
allowing uniform lithiation and de-lithiation (Fig. 5b) [80,84].
On the other hand, the homogeneous CEI, mainly composed of
LiF with high-voltage resistance, plays a protective role on the
NCMg,, cathode to effectively inhibit the decomposition of the
Jef-GPTMS/LiTFSl,qy electrolyte (Fig. 5b). These effects synergisti-
cally make the Jef-GPTMS/LiTFSI;qy electrolyte adaptable to the
high-voltage cathode, giving rise to the excellent cycling perfor-
mance of the high-voltage Li batteries at room temperature. In
sharp contrast, the NCMg,, particle, obtained from the cycled
NCMgy,|| PEO/LiTFSI4qy||Li battery, is coated with a thick and in-
homogeneous CEI layer (Fig. 5¢), resulting from the continuous de-
composition of the PEO/LiTFSl4oy electrolyte on the cathode sur-



Y. Guo, X. Qu, Z. Li et al.

(104)
NCM622

~ Jef-GPTMS/LITFSl oy d) e PEO/LITFSl 404
Unllorm de/ll(hlauon Non- unlform de/lithiation
i . . . Inhibited oxidation ﬁaticn
///hm and homogeneous CEI //ﬁck and mhomﬁeneous CEl
o QN .OOOGN@M.OOOO

.“....0“0. DOBLDOHPSI

Fig. 5. TEM images of the NCMg,, particles, obtained from the NCMgy,||Li batter-
ies after 10 cycles, assembled with the (a) Jef-GPTMS/LiTFSI;o% and (c) PEO/LiTFSl4oy
electrolytes. Schematic illustration of the conformation of the CEIs in the NCMg;;||Li
batteries assembled with the (b) Jef-GPTMS/LiTFSl;o; and (d) PEO/LiTFSlsgy elec-
trolytes, and the different effects of the CEIs on the electrode-electrolyte interfaces
in the batteries.

face. As shown in Fig. 5d, the inhomogeneous CEI on the NCMg;,
cathode results in non-uniform lithiation/de-lithiation across the
cathode-electrolyte interface, which can trigger the fragmentation
of the NCMg,, particles due to the anisotropic strain change. Con-
sequently, the PEO/LiTFSl4qy electrolyte can be continuously oxi-
dized on the cathode, leading to the accumulation of resistive by-
products on the NCMg,, cathode and degradation of the cycling
performance of the battery.

In summary, we have reported a scalable method for the
fabrication of PEO-based PEs with high room-temperature ionic
conductivity and high-voltage compatibility. The reported Jef-
GPTMS/LiTFSI;q4 electrolyte was prepared by a one-pot synthe-
sis procedure that involves covalently crosslinking the PEO chains,
in the presence of high-content LiTFSI salts and DMF. LiTFSI-DMF
supramolecular aggregates are formed and firmly embedded in the
polymer network, making the high-content LiTFSI salts fully dis-
sociated and meanwhile suppressing the crystallization of the PEO
chains. As a result, the Jef-GPTMS/LiTFSI;qy electrolyte exhibits a
room-temperature ionic conductivity as high as 3.4 x 104 S/cm.
Importantly, the dissociated and highly concentrated TFSI~ anions
can enter the Helmholtz layer close to the high-voltage cathode,
and are preferentially defluorinated via oxidation into LiF, lead-
ing to the formation of a thin and homogeneous CEI on the cath-
ode. The CEI mainly composed of LiF not only shields the cath-
ode from the PE to effectively inhibit the oxidation of the PE,
but also facilitates uniform lithiation and de-lithiation across the
cathode-electrolyte interface. These collective effects make the Jef-
GPTMS/LiTFSl;qy electrolyte adaptable to the high-voltage LiCoO,
and NCM cathodes. The LiCoO,]||Li battery exhibits a long-term
stable cycling performance with capacity retention as high as
87.1% after 200 cycles, at room temperature. Encouragingly, the
NCMgy,||Li battery with higher capacity than the LiCoO,||Li, can
also be stably cycled with capacity retention as high as 80.0% af-
ter 200 cycles at 0.5 C at room temperature. Different from the
strategy to broaden the ESW of a PE, this work provides a new
mechanism for the construction of an effective CEI to stabilize
the cathode-PE interface in the high-voltage Li batteries. The as-
developed Jef-GPTMS/LiTFSI;oy electrolyte shows high promise for
the practical application in the high-voltage SSLBs with high en-
ergy density to solve the current “mileage anxiety” problem of the
electric vehicles.
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