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Crucial Role of Solvent and Additive During the
Transformation of Liquid to Solid Polymer Electrolyte for
Stabilizing 4.8 V Class LiCo, 4Fe, ;PO, Cathode in Anode

and Anodeless Assemblies

Sreekumar Sreedeep, Karayi Mangat Athira, Yun-Sung Lee,* and Vanchiappan Aravindan*

Here, a new class of solid electrolyte is successfully demonstrated, the
so-called gel-solid polymer electrolyte (G-SPE), for the stabilization of
high-voltage cathodes. This work aims to optimize the suitable G-SPE
configuration, wherein different electrolyte combinations have been
experimented with by varying the solvent and introducing additives. Further,
the study has been extended for the stabilization of high-voltage cathodes like
solid-state synthesized LiCo, 4Fe, , PO, (LCFP) and commercial

LiNiy sMn, sO, (LNMO), wherein the electrolyte combinations of
G-SPE_B-EL_LIDFOB and G-SPE_B-EL_FEC show excellent electrochemical
performance. The in situ impedance analysis has been carried out to analyze
the stability of the gel-polymer interface, wherein RCT exhibits a stable
magnitude even as the cycling progresses to the 50" and 100*" cycle. The
post-XPS analysis of the electrode shows a stable LiF-rich solid electrolyte
interphase layer on the electrode surface, showing the formation of a stable
and robust layer enabled by LIDFOB along with the gel. In addition, the

warming and climatic changes to a cer-
tain extent. With the surge in the demand
for EVs, research and development among
LIBs to fit the current requirements are
gaining a lot of importance. Current re-
search on LIBs mainly focuses on im-
proving their energy density, proportional
to the operating potential and specific ca-
pacity. Although specific capacity is intrin-
sic to a material, subtle changes can be
made by various strategies such as sur-
face coating, doping, etc., while improv-
ing the operating potential can signifi-
cantly impact the energy density. Since the
cathode possesses a high operating po-
tential compared to anodes, the cathodic
compartment significantly contributes to
the overall energy density of LIBs.l?]

optimized G-SPE_B-EL_LIDFOB electrolyte combination has been further
utilized for the fabrication of full- and anode-less cell configurations against

Li,Ti;O,, (LTO) and Cu as counter electrodes, respectively.

1. Introduction

The invention of lithium-ion batteries (LIBs) has made a signif-
icant contribution to the sustainable development of the mod-
ern world. The transition toward emission-free electric vehicles is
one such instance, as its introduction has reduced the overuse of
fossil fuels, thereby minimizing the detrimental effect of global
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However, conventional cathodes, such as
LiCoO, (LCO), LiNi,Mn, Co.O, (NMC), and
LiFePO, (LFP), operate at a lower poten-
tial, reducing the overall energy density of
the LIBs.>7) Hence, current research is fo-
cused on developing high-voltage cathodes,
particularly spinel-LiNi,sMn, ;O, (LNMO)
and olivine-LiCoPO, (LCP).!! The salient features of LNMO,
including its high theoretical capacity (%150 mAh g='), high op-
erating potential (~4.8 V vs. Li), high energy density, and en-
vironmental friendliness, have attracted a lot of attention as a
promising high-voltage cathode. In addition, LCP, with its ex-
cellent theoretical capacity (167 mAh g'), high operating po-
tential (~4.8 V vs. Li), high energy density (=720 Wh kg™!),
and high thermal stability due to a strong P—O covalent bond,
is also worth mentioning.®1?l In contrast, the development of
high-voltage cathodes is impeded due to various setbacks, of
which poor electrolyte stability leading to its decomposition at
high operating potential is more severe. Although carbonate elec-
trolytes are widely employed in LIBs, the poor electrolyte sta-
bility window (~4.5 V vs. Li), causing its decomposition, lim-
its its applicability to high-voltage cathodes. Also, using liquid
electrolytes poses severe safety issues that can lead to thermal
runaway. Hence, the requirement for an alternate electrolyte sys-
tem has led to the advancement of the so-called solid-state elec-
trolytes (SSE).["*1*] Compared to liquid electrolytes, SSEs possess
a high electrochemical stability window, high energy and power
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density, and excellent thermal and mechanical stability. Also, the
absence of metal dendrite formation mitigates the safety issues
that are common among liquid electrolytes. Although possess-
ing these advantages, the commercialization of SSEs has not yet
been achieved due to various setbacks, such as high interface re-
sistance, poor contact due to solid-solid interface, and poor ionic
conductivity. Also, the high cost of the raw materials and poor
scalability further limit its applicability in various battery sys-
tems.

The SSEs are classified based on the type of materials used
as inorganic, and organic polymer-based SSEs. The inorganic
SSEs are one of the widely explored SSEs owing to their high po-
tential stability, excellent ionic conductivity (1072-10~* S cm™!),
and wide temperature application. The inorganic SSEs consist
of oxide-based (Garnet (Li,La;Zr,0,, (LLZO)), sodium superi-
onic conductor (NASICON), and crystalline perovskite), sulfide-
based (Li;,GeP,S;, (LGPS)), halide-based (Li; YCI,, Li;YBr), and
Hydroborate/Boro-Based SSEs. Polymer electrolytes, also called
solid polymer electrolytes (SPEs), are the second class of SSEs
that are gaining immense research importance owing to their
high flexibility and ease of processibility.">2%] In addition, it also
mitigates the Li-dendrite formation causing thermal runaway.
In the case of SPEs, the Li-salts undergo dissociation, forming
cations and anions, while the Li-ions propagate through the poly-
mer skeleton. Therefore, polymers with high dielectric constants
are optimized for synthesizing SPEs, facilitating the Li-salt disso-
ciation and improving Li-ion mobility. Polymers such as polyacry-
lonitrile (PAN), polymethylmethacrylate (PMMA), and polyvinyl
alcohol (PVA) are widely used as polymer matrices for the SPEs.
However, the poor electrode-electrolyte contact remains a major
setback to hinder the development of SPEs.[2122]

To mitigate these setbacks, several strategies have been im-
plemented, prominent among which are the use of functional
fillers and the formation of an artificial interlayer. The use
of fillers is a commonly employed strategy wherein the fillers
provide additional channels for ion transport, thereby enhanc-
ing the conduction of ions. In addition, the fillers also en-
hance the flexibility and thermal properties of the electrolyte.
There are various types of fillers, such as inorganic (TiO,,
Al,O;, & BN), organic (MOF, & COF), and ceramic fillers
(Li,La;Zr,0,, (LLZO), Liz,Lla;Zr,,Tay,0,,, Li;,,GeP,S;,, and
Li; ,sGey 5P 75 S,) 1118217231 Formation of an artificial interlayer
through a polymerization method is another strategy wherein the
monomer is transformed into a gel interface by a one-step poly-
merization strategy using various mechanisms, which include
thermal-mediated, UV-irradiation-mediated polymerization, etc.
Ring-opening polymerization (ROP) is one of the widely investi-
gated types of in situ polymerization.[?*-28] Chen et al.?°! reported
a cationic ring-opening polymerization (CROP) of the oxetane
ring group utilizing lithium bis(fluorosulfonyl)imide (LiFSI) as
a catalyst. The same exhibited high ionic conductivity of 0.25 and
1.3 mS cm™! at 30 and 80 °C, and comparable oxidation stabil-
ity of ~3.75 V vs. Li. The favorable aspect of ROP is its abil-
ity to produce the polymer with the equivalent composition and
functionality as that of the monomers. Zhang et al.>*! reported
an in situ thermal polymerization strategy for the polymeriza-
tion of a single-chain Poly(ethylene glycol) diacrylate (PEGDA)
and Ethoxylated trimethylolpropane triacrylate (ETPTA) into a
gel. The same has been utilized for the stabilization of LiFePO,,
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which shows an initial discharge capacity of 136 mAh g~! with a
capacity retention of 84.62% after 800 cycles. However, the lack
of productive monomers yielding high-voltage stable polymers
limits their applicability to high-voltage LIBs.

Considering the various aspects of SSEs, this work depicts a
new type of electrolyte combination by incorporating the desir-
able features of gel- and solid-polymer electrolyte, also called gel-
solid polymer electrolyte (G-SPE). In this hybrid electrolyte, the
gel-polymer electrolyte is formed by the polymerization of liquid
into a gel electrolyte, where the ethylene carbonate (EC) compo-
nent of the electrolyte is polymerized by an in situ radical-assisted
ROP into polyethylene carbonate (PEC) under the neutral con-
dition on a PVAF-HFP-BN, SPE support. In the G-SPE, the gel-
polymer component improves the interfacial contact between the
electrode and electrolyte, thereby mitigating the interfacial resis-
tance and improving the contact between the electrode and the
electrolyte. Also, as aliquid electrolyte is converted into a gel, elec-
trolyte engineering has been carried out within the liquid elec-
trolyte by changing the solvent and electrolyte additives to un-
derstand its effect on the stability of the gel interface. The SPE
component of the G-SPE improves the flexibility and enhances
the high-voltage stability of the electrolyte. Further, the BN filler
in the SPE provides additional channels for the Li-ion migration,
thereby enhancing the ionic conductivity. The high voltage stabil-
ity of these electrolytes is depicted by the half-cell electrochemical
studies with high-voltage cathodes such as LiCo,,Fe,;PO,@C
and validated with spinel LiNi, ;Mn, ;O, as well. In addition, the
full- and anode-less cell study of the optimized electrolyte combi-
nation has been carried out by coupling the LiCo,Fe,,;PO,@C
against Li,Ti;O,, (LTO) and Cu strip.

2. Results and Discussion

2.1. Material Characterizations

X-ray diffraction analysis (Figure 1a) of LCFP aligns well with
the characteristic diffraction peaks of LiCoPO,, with prominent
diffraction at crystal planes of (011), (111), (200), (131), (211),
(112), and (222) at 26 values of 20.86, 25.83, 30.23, 35.99, 36.98,
and 52.95, showing the formation of olivine phased rhombohe-
dral LiCoPO,. However, diffraction peaks corresponding to LFP
can’t be observed in the XRD spectra of LCFP due to its low con-
centration of Fe. The XRD spectra of PVdF-HFP-BN (Figure S1a,
Supporting Information) show peaks corresponding to (020) and
(002) crystal planes at 26 values of 20.37 and 27.01, denoting the
PVAF-HFP polymer matrix. The XPS survey spectra (Figure 1c)
shows the surface elemental composition of Li, Co, Fe, P, O, and
C in LCFP. Further, the deconvolution of Co 2p, Fe 2p, and C
1s core levels (Figure 1d—f) shows the chemical state of the ele-
ments. The C 1s core-level on deconvolution exhibits peaks cor-
responding to C—C (285.6 eV) and C = C (284.2 eV) function-
alities. Also, the transition metal peaks corresponding to Co (Co
2p; ), and Co 2p;,) and Fe (Fe 2p,, and Fe 2p; ) reveal their ox-
idation state to be +2. The BET analysis (Figure Slc, Support-
ing Information) of the PVdF-HFP-BN film exhibits surface area
and pore volume of 62.94 m? g~! and 0.080 cm? g!. The large
surface area and pore volume of the PVdF-HFP-BN promote ef-
fective percolation of the liquid electrolyte into the film, which
further transforms it into a gel interface. The thermal stability of
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Figure 1. a) XRD spectra, b) TGA,[311 c—f) XPS survey spectra, and deconvoluted spectra of C 1s, Fe 2p, and Co 2p of LCFP, g,h) FE-SEM, and i) TEM

images of LCFP.

the PVAF-HFP-BN, determined from the TGA analysis (Figure
S1b, Supporting Information), shows a weight loss of~44.63%
due to the decomposition of the organic functionalities in the
film. On the other hand, the LCFP (Figure 1b) shows a weight
loss of 14.63%, which illustrates the decomposition of the car-
bon layer on the material. The morphology and structure of the
LCFP have been elucidated from the FE-SEM and TEM analysis.
The FE-SEM images (Figure 1g,h) of LCFP show agglomeration
of the particles. However, the TEM image (Figure 1i) of the LCFP
shows the carbon coating on its surface. Further, the interlayer
spacing of the LCFP has been determined from the TEM image
to be ~0.329 nm.

The formation of a gel interface is highly dependent on the
polymerization of EC into polyethylene carbonate (PEC), and this
is the first report on the radical-assisted ring-opening polymeriza-
tion (ROP) of EC into PEC in a neutral medium. The mechanism
for ROP can be elucidated from the NMR spectra of the elec-
trolyte. The 'H-NMR spectra of the electrolyte during the propa-
gation of the ROP are shown in Figure S2a (Supporting Informa-
tion). The 'H-NMR spectra of the unpolymerized electrolyte de-
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pict a peak corresponding to the monomer EC at a chemical shift
value of § ~4.6 ppm. On thermal treatment, the 'H-NMR spectra
show a rise in a highly up-field signal at 6 ~3.6 ppm, which corre-
sponds to the CH,-d proton within the ether-linkage of the PEC.
Now, as the polymerization completes, the CH,-d (6 ~3.6 ppm)
signal becomes more intense compared to the signal correspond-
ing to the EC. In addition, a complete conversion of EC to PEC
can be observed as the reaction progresses further. Similarly, the
13C-NMR spectra (Figure S2b, Supporting Information) exhibit
four different signals that correspond to the formation of PEC.
The highly downfield signal at 6 ~158 ppm denotes the carbonyl
carbon atom, C = O(b). On the other hand, the intense signal at
& 765 ppm denotes the CH,(a) carbon atom adjoint to the car-
bonate functionality, while the less intense signals at § 67 ppm
denote the CH, (c) carbon atom, adjacent to CH, (a) carbon atom.
Also, the signal at 6 ~70 ppm corresponds to the CH,(d) carbon
atom within the ethereal linkage. Hence, the NMR further eluci-
dated the fact that radical-assisted ROP highly contributes to the
formation of a gel-polymer interface between the electrode and
the SPE.
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A temperature-dependent Raman study (Figure S3, Support-
ing Information) has been further carried out to understand the
gelation process of the liquid-to-gel electrolyte at different tem-
peratures ranging from 10 to 80 °C. At moderate temperatures
ranging from 10 to 60 °C, characteristic peaks corresponding to
the formation of PEC cannot be observed, hence showing that no
liquid-to-gel transformation has occurred within these tempera-
tures. On the other hand, as the temperature is increased to 70
°C, a new peak can be observed at #2959 cm™!, which shows the
polymerization of EC into PEC. Upon further increasing the tem-
perature to 80 °C, the intensity of the PEC peak further increases,
which shows the completion of the phase change. Hence, the
temperature-dependent Raman study confirms the occurrence of
a phase change in the electrolyte.

2.2. Theoretical Study of the G-SPE

The stability of the different electrolyte combinations has been
determined from the energy gap (AE), also called the electrolyte
stability window, between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of
each of the electrolyte components. Therefore, the larger the AE
for each of the electrolyte components, the higher the electrolyte
stability. Further higher the LUMO level larger will be the reduc-
tion potential, while lower the HOMO level higher will be the re-
duction potential. The HOMO-LUMO energy level diagram de-
picts an enhancement in the AE value among the various sol-
vent molecules, while the electrolyte additives show a narrow en-
ergy gap. Based on the magnitude of AE, wherein AE .., AEpc,
AEpyc, AEgc, AEppc, and AE; prop signifies the energy gap be-
tween DEC, DMC, EMC, EC, FEC, and LIDFOB, the electrolyte
stability window of the different electrolyte components (Figure
S4, Supporting Information) can be arranged as AEp,, > AEpc
> AEpyc >AEp > AEc > AE| | prop- The lower energy gap of the
LIDFOB and FEC promotes preferential oxidation and reduction
compared to other electrolyte components. Further, the smaller
magnitude of AE, o compared to AE further illustrates the
fact that LIDFOB is more prone to electrolyte decomposition,
forming a stable solid electrolyte interphase (SEI) layer compared
to FEC. In addition, among the different solvents, the DMC ex-
hibits a higher electrolyte stability window than DEC and EMC.
Hence, based on a theoretical perspective, the electrolyte stabil-
ity window of the different electrolyte combinations follows the
order given by G-SPE_B-EL_LIDFOB > G-SPE_B-EL_FEC > G-
SPE_B-EL > G-SPE_EC_DEC > G-SPE_EC_EMC. Furthermore,
the charge distribution of the various electrolyte components has
been determined from the electrostatic potential (ESP) diagram
(Figure S5, Supporting Information), wherein a uniform charge
distribution can be observed among the different electrolyte com-
ponents.

2.3. Electrochemical and Physical Properties of the Electrolyte
The mobility of the Li-ions within the G-SPE is another impor-

tant parameter that has to be determined. The evaluation of the
Li-ion conduction has been carried out from the electrochemical
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impedance spectra (EIS) of the different electrolyte combinations
using the equation-

o= (1)

Where o is the Li-ion conduction parameter, L is the thickness of
the electrolyte, R, is the bulk resistance, and A is the cross-section
area of the electrolyte. The magnitude of ¢ for the different elec-
trolyte combinations is found to be 9.5, 8.2, 7.5, 6.1, and 4.2 mS
cm™, respectively, for G-SPE_B-EL_LiDFOB, G-SPE_B-EL_FEC,
G-SPE_B-EL, G-SPE_EC_DEC, and G-SPE_EC_EMC. The ionic
conductivity is proportional to the number of free Li-ions present
in the system by the dissociation of the LiPF. The rate at which
LiPF, undergoes dissociation to Lit* and PF,~ is highly depen-
dent on the polarity of the solvent, defined by the dielectric con-
stant, . Among the solvents used here, the EC (¢ = 89.8) has the
highest e-value followed by the DMC (¢ = 3.1), then DEC (¢ =
2.8), and finally EMC (e = 2.4). Based on the dielectric constant,
the polarity of the different electrolyte combinations follows the
given trend: EC_DMC > EC_DEC > EC_EMC. Therefore, a sim-
ilar trend can be observed in the case of the rate of formation of
free Li-ions and, hence, the ionic conductivity. In addition, the use
of LiDFOB as an additive in EC_DMC can exceptionally improve
the Li-ion conductivity due to the presence of additional free Li-
ions from LiDFOB, which, along with the Li-ions from LiPF,
can enhance the ionic conductivity of the electrolyte. The use of
FEC in EC_DMC can also improve the ionic conductivity by en-
hancing the solvent polarity, which further improves the number
of free Li-ions, thereby improving the ionic conductivity. Hence,
a similar trend of ionic conductivity in liquid electrolytes is im-
parted to the G-SPE. Therefore, the trend in ionic conductivity
of the given electrolyte systems in gel-polymer state is given by:
G-SPE_B-EL_LiDFOB > G-SPE_B-EL_FEC > G-SPE_EC_DEC >
G-SPE_EC_EMC.

The transference number (t;;*) for the different electrolyte
combinations (Figure 2b,d,fh,j) has been evaluated from the
symmetric cell configuration of Li\G-SPE\Li from the combi-
nation of EIS with DC-chronoamperometry, using the Bruce-
Vincent equation, given by

_ P(AV-I°R)) ,
_IO<AV—Isst> ?

i

tLi“'

Where I* is the steady-state current, I° is the initial current ap-
plied, R,° is the initial resistance, R/ is the final resistance, and
AVis the applied polarization potential. The as-determined mag-
nitudes of t;;* are 0.83, 0.80, 0.77, 0.75, and 0.71 for gel-polymer
electrolyte combinations of G-SPE_B-EL_LiDFOB, G-SPE_B-
EL_FEC, G-SPE_B-EL, G-SPE_EC_DEC, and G-SPE_EC_EMC,
respectively. This trend in the t;;* is in complete agreement with
the determined magnitudes of the ionic conductivity.

The stability of the different electrolyte combinations has
been evaluated from the symmetric cell study with the cell con-
figuration of Li\G-SPE\Li (Figure 2a,c,eg,i) carried out at an
areal current density of 0.5 mA cm~2. The symmetric cell study
shows stable cycling among the symmetric cells with G-SPE_B-
EL_LiDFOB and G-SPE_B-EL_FEC electrolyte, with stability to
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Figure 2. Symmetric cell studies showing the stability and transference number of a,b) G-SPE_B-EL_LIDFOB, c,d) G-SPE_B-EL_FEC, e,f) G-SPE_G-

SPE_B-EL, g,h) G-SPE_EC_DEC, and i,j) G-SPE_EC_EMC.

a duration of 2000 and 1900 h, respectively. In addition, both of
these electrolytes do not exhibit any polarization as the cycling
progresses. This can be attributed to the formation of a stable
SEI layer by the LiDFOB and FEC components, thereby prevent-
ing further electrolyte decomposition and improving the stabil-
ity of the gel interface between the electrode and the SPE. In
contrast, the G-SPE_B-EL shows initial polarization to 200 cy-
cles and attains stability as the cycling progresses, showing sta-
ble cycling up to 2000 h. Similarly, G-SPE_EC_DEC also shows
initial polarization, while compared to G-SPE_EC_DMC, it is sta-
ble up to a duration of 1200 h only. The reason for the polariza-
tion among these electrolytes is electrolyte decomposition, which
detrimentally affects the stability of the electrolyte. However,

Small 2025, 21, 2503310

2503310 (5 of 11)

the G-SPE_EC_EMC exhibits large polarization during the ini-
tial and final stages of electrochemical cycling, showing its poor
electrolyte stability. Hence, the electrolyte combinations forming
stable gel interfaces are optimized to be G-SPE_B-EL_LiDFOB
and G-SPE_B-EL_FEC. The stability of the optimized G-SPE_B-
EL_LiDFOB has been analyzed at different current densities of
0.1, 0.5, and 1 mA cm~2. The symmetric cell plot (Figure S6, Sup-
porting Information) of the G-SPE_B-EL-LiDFOB exhibits stable
cycling at high current densities of 1 mA cm~2 without any polar-
ization, hence showing the compatibility of the electrolyte to fast
charging and discharging.

The oxidation stability of the different electrolyte combina-
tions was investigated by an asymmetric cell configuration of
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Figure 3. Charge—discharge plots for a) LCFP and b) LNMO, c,d) rate-performance profile for LCFP and LNMO, e,f) capacity vs. cycle number plot for

LCFP and LNMO, and g) temperature study for LCFP from —10 to 80 °C.

Li\G-SPE\SS using the linear sweep voltammetry (LSV) tech-
nique. The LSV (Figure S7a, Supporting Information) of the G-
SPE_B-EL exhibits enhanced oxidation stability to a potential of
up to~4.8 V vs. Li. The addition of FEC and LiDFOB into the G-
SPE_B-EL forming G-SPE_B-EL_FEC and G-SPE_LiDFOB fur-
ther enhances the oxidation stability to~5.1 and 5.7 V vs. Lj,
respectively. This improvement in the oxidation stability of G-
SPE_B-EL_FEC and G-SPE_LiDFOB can be attributed to the for-
mation of a stable SEI layer along with the gel, thereby improving
its interfacial stability even at high operating potential. Hence,
this further shows the role of electrolyte additives in enhancing
the interfacial stability of the G-SPE.

The Li-ion transfer kinetics of the G-SPEs were analyzed based
on the magnitudes of activation energy (E,) evaluated from the
Arrhenius plot (Figure S7b, Supporting Information). The as-
determined magnitudes of E, are 0.27, 0.39, 0.66, 0.75, and 0.84
eV, respectively, for G-SPE_B-EL_LiDFOB, G-SPE_B-EL_FEC, G-
SPE_B-EL, G-SPE_EC_DEC, and G-SPE_EC_EMC. As the mag-
nitude of E, increases, a corresponding decrease in the Li-ion ki-
netics occurs. Hence, the G-SPE_EC_EMC exhibits a poor rate
of Li-ion kinetics, while G-SPE_B-EL_LiDFOB shows enhanced
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Li-ion kinetics, which further supports the trend in the ionic con-
ductivity and transference number. The fire retardancy of the G-
SPEs has been further depicted by the flammability test (Figure
S8, Supporting Information) of the electrolytes. The G-SPE_B-
EL_LIDFOB and G-SPE_B-EL_FEC depict excellent fire-resistant
behavior to a duration of 5, 10, 15, and 20 s, hence showing that
the as-formulated G-SPE is a better counterpart for the next gen-
eration solid electrolytes.

2.4. Half-Cell Studies with LCFP and LNMO as Cathode

To understand the efficiency of G-SPEs at higher operating po-
tentials, the half-cell performance has been conducted for both
cathodes with different G-SPE electrolytes. The half-cell stud-
ies of solid-state synthesized LCFP and commercial LNMO were
conducted within a potential window of 3.5-5.2 and 3.5-5 V vs.
Li. The half-cell studies of the LCFP (Figure 3a,e) exhibit excel-
lent electrochemical performance with discharge capacities of
107, 106, 104, 103, and 102 mAh g~! with capacity retention
of 80%, 74%, 82%, 69%, and 70% and coulombic efficiency of
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98%, 97%, 98%, 96%, and 95% after 150 cycles for G-SPE_B-
EL-LiDFOB, G-SPE_B-EL, G-SPE_B-EL-FEC, G-SPE_EC_DEC,
and G-SPE_EC_EMC, respectively. Further, the electrochemi-
cal studies have been extended to commercial LNMO cathode
(Figure 3b,f), which exhibits a similar trend in the electrochemi-
cal properties as that of LCFP with initial discharge capacities of
137, 132 (LiDFOB), 128 (FEC), 127 (DEC), and 125 (B-EL) mAh
g1 with capacity retentions of 74%, 89%, 87%, 76%, and 71% and
coulombic efficiencies 94%, 99%, 98%, 96%, and 97% after 200
cycles for G-SPE_EC_EMC, G-SPE_B-EL_LiDFOB, G-SPE_B-
EL_FEC, G-SPE_EC_DEC, and G-SPE_B-EL. The enhancement
in the electrochemical performance among G-SPE_B-EL_FEC
and G-SPE_B-EL_LiDFOB can be attributed to the formation of
a stable SEI layer, which improves the stability of the formed gel
interface and enhances the high-voltage stability, thereby mitigat-
ing the electrolyte decomposition. Further, the rate performance
study of LCFP (Figure 3c) and LNMO (Figure 3d) shows superior
electrochemical performance among the G-SPE_B-EL_LIDFOB
and G-SPE_B-EL_FEC with excellent capacity retention of 86 and
85% in LCFP and 88 and 90% in LNMO even after cycling at very
high current densities. Further, the temperature studies of the
LCFP have been carried out to investigate its practical applicabil-
ity in different climatic conditions. From the cycling profile, it is
interesting to note that the LCFP exhibits superior electrochem-
ical performance both at high and low temperatures (Figure 3g).
At low temperatures, the LCFP exhibits excellent discharge ca-
pacities of 87, 82, and 70 mAh g! at 0 °C and 54, 47, and 46
mAh g=! at —10 °C with superior cycle stability among the G-
SPE_B-EL_LIDFOB, G-SPE_B-EL_FEC, and G-SPE_B-EL elec-
trolyte combinations. Besides, at high temperatures, the LCFP
exhibits enhanced discharge capacities of 126, 123, and 117 mAh
g™'at 70 °C and 132, 127, and 119 mAh g~! at 80 °C, with better
cycle stability for the G-SPE_B-EL_LIDFOB, G-SPE_B-EL_FEC,
and G-SPE_B-EL electrolyte combinations. These results show
that the as-formed gel interface by the PEC component com-
pletely stabilizes the electrolyte, making it stable even at high
and low temperatures. Also, the enhanced stability among the
G-SPE_B-EL_LIDFOB and G-SPE_B-EL_FEC can be attributed
to the SEI layer formed by the decomposition of FEC and LID-
FOB, providing additional stability to the gel interface. Hence,
from the preliminary cell studies, G-SPE_B-EL_LIDFOB and G-
SPE_B-EL_FEC have been optimized for further electrochemical
studies.

The cyclic voltammetry (CV) (Figure S9a, Supporting Informa-
tion) traces of LCFP and LNMO were performed at a scan rate
of 0.1 mV s7'. The LCFP shows oxidation and a reduction peak
corresponding to the Co**/Co?* couple at 5.04 and 4.7 V vs. Li,
respectively. However, the peak showing the oxidation,/reduction
of Fe cannot be observed in the CV, hence showing that Fe re-
mains inactive and won’t take part in the electrochemical reac-
tion. In the case of LNMO, two pairs of oxidation and reduction
peaks can be observed, which include oxidation peaks at 4.09 and
4.98 V vs. Li and reduction peaks at 4.42 and 3.93 V vs. Li, which
corresponds to the Mn and Ni redox couples in the compound.
Hence, it can be confirmed that the use of G-SPE does not hinder
the electrochemical activity in both LCFP and LNMO.

Electrochemical impedance spectroscopy (EIS) (Figure S9b,
Supporting Information) has been performed to analyze the
mechanism and kinetics of the electrochemical reactions in-
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volved. The equivalent circuit diagram corresponding to the given
Nyquist plot is a combination of solution resistance (R,), charge-
transfer resistances R; and R, due to the SEI layer formation,
constant phase elements Q; and Q,, in the high-frequency re-
gion, and a rising Warburg (W) tail at the low-frequency region.
In addition, the magnitude of charge-transfer resistance (Rcy)
for LCFP cycled in different electrolytes follows the given trend:
G-SPE_B-EL_LIDFOB < G-SPE_B-EL_FEC < G-SPE_B-EL < G-
SPE_EC_DEC < G-SPE_EC_EMC. The high R value among
the G-SPE_EC_EMC and G-SPE_EC_DEC can be attributed to
the decomposition of the DEC and EMC components on charg-
ing to 5.2 V vs. Li due to its poor oxidation stability, leads to
the formation of a thicker SEI layer along with gel interface,
which further reduces the mobility of Li-ions. On the other hand,
the sacrificial decomposition of FEC or LIDFOB prevents fur-
ther decomposition of other electrolyte components upon ini-
tial charging, leading to the formation of a stable gel interface.
Also, the as-formed gel interface is highly conductive and facili-
tates the movement of Li-ions during charge—discharge, thereby
improving the electrochemical performance. Besides, the in situ
impedance analysis (Figure S10, Supporting Information) of the
LCFP cycled in G-SPE_B-EL_LIDFOB is also in agreement with
the given statement, wherein the LCFP exhibits large R value
in the initial cycle due to the formation of the gel-polymer in-
terface and also due to the decomposition of the LIDFOB form-
ing an additional SEI layer on the polymerized gel. However, the
as-formed SEI-polymer interface will stabilize as the cycling pro-
gresses; hence, a gradual decrement in the Ry value can be ob-
served in the 10% cycle. Furthermore, the magnitude of R¢ re-
mains stable as the cycling progresses to 50 and 100" due to
the stability of the as-formed SEI-polymer interface and lack of
irreversibility. Therefore, the in situ impedance analysis is in di-
rect agreement with the fact that the as-formed polymer interface
remains stable even at high operating potential and also during
deep cycles of charge—discharge.

The apparent diffusion coefficient has been evaluated from the
Nyquist plot for the different electrolyte combinations coupled
with LCFP as the cathode. The evaluation of the diffusion coeffi-
cient has been carried out from the slope of the Z vs. @~/ graph
(Figure S11, Supporting Information) using the equation given
by!32-3]

R’T?

Du= S rcigr

3)

Where Dy, is the diffusion coefficient of Li-ions, R is the universal
gas constant (8.314 ] K! mol~1), T'is the temperature (298 K), A is
the cross-sectional area of the electrode, n is the number of moles
of Li-ions in charge—discharge, F is the faraday constant (96,485
C mol™?), C s the concentration of electrolyte, and ¢ is the slope.
The as-determined magnitudes of Dy; are 3.9 x 10713, 4.6 x 10713,
8.7 x 10713, 2.5 x 1071, and 1.9 x 10™* m? s7! for G-SPE_B-
EL, G-SPE_B-EL_FEC, G-SPE_B-EL_LIDFOB, G-SPE_EC_DEC,
and G-SPE_EC_EMC, respectively. The enhanced D, in the case
of G-SPE_B-EL_FEC and G-SPE_B-EL_LIDFOB further shows
that the SEI layer formed along with the gel interface facilitates
the Li-ion kinetics compared to other electrolytes. In addition, G-
SPE_EC_EMC show a decrease in the magnitude of D; due to
their poor oxidation stability of EMC, forming an unstable and
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thicker gel-interface layer that blocks the mobility of Li-ions com-
pared to G-SPE_EC_DEC and G-SPE_B-EL.

The post-analysis of the cycled LCFP electrode and the G-SPE
has been carried out with the XPS analysis (Figures S12,S13, Sup-
porting Information) to understand the mechanism of the elec-
trochemical reaction and also the surface elemental composition
on both electrode and electrolyte. The XPS analysis of the cycled
LCFP electrode shows the surface elemental composition of ele-
mental core levels, including P 2p, C 1s, O 1s, F 1s, Fe 2p, and
Co 2p. The deconvolution of the P 2p core level gives peaks cor-
responding to Li, PF, (136 eV) and Li PO, F, (134 eV), which cor-
responds to the decomposition products of the LiPF.3¢-38] Also,
the F 1s core level on deconvolution shows peaks corresponding
to Li,PO,F, (683 eV) and LiF (686 eV). The Li,PO,F, and Li,PF,
peaks correspond to the decomposition products that are formed
by the hydrolysis of PF,~ anion, while the LiF peak corresponds
to the decomposition product of LIDFOB, forming a LiF-rich SEI
layer. In addition, the insulating LiF coating will further prevent
any attack by the nucleophile, thereby mitigating any transition
metal dissolution. In addition, the deconvolution of B 1s core-
level further elucidates the SEI layer, wherein the peak at 193.5
eV shows the precursor, LiBF,C,0,, formed by the ring open-
ing reaction of LIDFOB followed by the radical-based reaction
with EC. In addition, the spectra further exhibit B-F functional-
ity, illustrating the F~ scavenging nature of LIDFOB. The mecha-
nism of LIDFOB decomposition shown in Scheme S1 (Support-
ing Information) further elaborates on the formation mechanism
of SEI by LIDFOB, wherein LIDFOB undergoes decomposition
through a radical-assisted path leading to the reaction with EC
present in the electrolyte, forming a LiF-rich SEI layer. The C 1s
core level also shows peaks corresponding to the O—C = O (287.5
eV), C—O (285.8 eV), and C—H (284.4 eV), wherein the O—C =
O functionality corresponds to the oxalate decomposition product
of the LIDFOB. Also, the transition metal peaks corresponding
to Co 2p and Fe 2p do not show any variation in the oxidation
state, with Co having an oxidation state of +3 and Fe in an oxida-
tion state of +2, hence further elucidating the fact that no metal
dissolution or parasitic side reactions occur during the charge—
discharge.

The XPS spectra of the G-SPE_LIDFOB electrolyte have been
performed further to elucidate the functionalities of the P 2p, C
1s, O 1s, and F 1s core levels. The deconvolution of the P 2p core
level shows peaks corresponding to Li, PO, F, and P—O function-
alities in the decomposed product of the PF;~ anion. Also, the
deconvolution of the F 1s core level shows a highly intense LiF
peak, which can be attributed to the LiF-rich SEI layer formed by
the LIDFOB. Also, the C 1s spectra show peaks corresponding
to the decomposition products of LIDFOB, which include O—C
= 0, C—C, and C = C, while O 1s spectra show similar peaks,
hence confirming the formation of these decomposition products
on the gel interface. Additionally, the absence of any transition
metal peaks in the electrolyte further depicts the elimination of
transition metal dissolution accompanying the charge—discharge
processes.

The FE-SEM (Figure S14, Supporting Information) images of
the cycled and uncycled G-SPE_B-EL_LIDFOB have been carried
out to understand its morphology. The FE-SEM images of both
cycled and uncycled G-SPE do not show any difference in their
surface morphology. This further proves the fact that the LiF-rich
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SEI layer formed by the LIDFOB will prevent any degradation of
the electrolyte, thereby providing excellent cycle stability for the
LCFP cathode during cycling. Also, the EDS elemental mapping
(Figure S15, Supporting Information) of the cycled G-SPE_B-
EL_LIDFOB depicts a uniform distribution of F throughout the
selected area due to the formation of a uniform LiF-rich SEI layer
by the LIDFOB, while the uncycled G-SPE_B-EL_LIDFOB shows
a non-uniform distribution of F. However, the EDS elemental
mapping of C shows uniform distribution in both cycled and un-
cycled G-SPE_B-EL_LIDFOB.

2.5. Full- and Anode-Less Cell Study

The full cell fabrication has been carried out by pairing the LCFP
against Li,Ti;O,, (LTO) as anode (Figure 4a,b) with optimized G-
SPE_B-EL_LIDFOB as the electrolyte, and the testing has been
performed within a potential window of 1.5-2.6 V at a current
density of 20 mA g'. The full cell depicted an excellent initial
discharge capacity of 98 mAh g~! with capacity retention and
coulombic efficiency of 81 and 98% after 100 cycles. This en-
hanced electrochemical performance can be attributed to the SEI-
containing gel-polymer interface formed by the decomposition of
LIDFOB.

Anode-less cell configuration has also been carried out against
a Cu strip as a counter electrode (Figure 4c,d), and the testing
has been conducted within a potential range of 3-5.1 V at a cur-
rent density of 20 mA g~ with the electrolyte combination of
G-SPE_B-EL_LIDFOB. The anode-less cell depicts an excellent
discharge capacity of 96 mAh g™ with capacity retention and
coulombic efficiency of 84% and 97% after 100 cycles. These re-
sults are in complete agreement with the fact that the designed
electrolyte configuration does not show decomposition even at
high operating potential and can be a promising electrolyte for
the development of high-voltage cathodes. Also, a comparison
study of this work was conducted with previously reported works
to elaborate further on its superiority (Tables T1 and T2, Support-
ing Information).

3. Conclusion

Here, we successfully demonstrated a new concept of gel-solid
polymer electrolytes by incorporating the properties of both GPE
and SPE, wherein we studied the effect of electrolyte solvents and
additives on the formation of a stable gel interface. Among the
different electrolyte configurations that have been studied, the G-
SPE_B-EL_LIDFOB and G-SPE_B-EL-FEC exhibit excellent elec-
trochemical properties, such as high ionic conductivity, diffusion
coefficient, and high oxidation stability. Furthermore, the high-
voltage stability of the optimized electrolytes was depicted by the
superior electrochemical performance of the solid-state synthe-
sized LCFP and commercial LNMO cathode materials. The in situ
impedance analysis of the LCFP with G-SPE_B-EL_LIDFOB elec-
trolyte exhibits stable R as the cycling progresses, which further
depicts the stability of the as-formed gel interface. Also, the XPS
analysis of the cycled LCFP electrode further shows the forma-
tion of an insulating LiF-rich SEI layer by LIDFOB, thereby miti-
gating the transition metal dissolution by the nucleophilic attack
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Figure 4. Charge—discharge plots and cycling profile data for a,b) LCFP\G-SPE_B-EL_LIDFOB\LTO, and ¢,d) LCFP\G-SPE_B-EL_LIDFOB\Cu.

by the F~ ions. Further, the optimized electrolyte combinations
were further utilized for the full- and anode-less cell fabrication
against I'TO and Cu as counter electrodes.

4. Experimental Section

Synthesis of LiCogoFeq;PO,: Carbon-coated LiCogqFey PO, was
prepared by a solid-state synthesis method. In the initial step,
stochiometric amounts of the precursors such as Li,CO; (Sigma-
Aldrich), Co; O, (Sigma-Aldrich), (NH,),HPO, (Sigma—Aldrich), and Fe
(CH3;CO0),.2H,0 (Sigma-Aldrich) were mixed properly using a mortar
and pestle. The precursor mixture was calcined in a box furnace to a tem-
perature of 800 °C for a duration of 2 h to obtain the LiCogqFeq 1PO,.
The as-obtained LCFP was then subjected to carbon coating. In the initial
step of carbon coating, the LiCoq qFey ;PO4 was dispersed in deionized
(D) water containing glucose, where LCFP and glucose were mixed in a
ratio of 2:1 (by weight). The solution was then subjected to slow heating
to evaporate the water by keeping it at a temperature of 70 °C in a box
furnace. The dried mixture was then recovered and calcined to a temper-
ature of 800 °C for 2 h in a tube furnace in an Argon atmosphere. The
LiCog gFey 1PO,@C was then subjected to high-energy ball-milling for a
duration of 2 h to reduce the size and improve the Li-ion conduction. The
as-prepared LiCog gFey PO, @C will be denoted as LCFP in the later sec-
tions. Here, a commercial sample of LiNigsMn; 5O, (LNMO) was used
for comparison.

Film Fabrication and Electrolyte Preparation: The SPE film was fabri-
cated using a solution casting method. In the initial step, the polymer
PVdF-HFP (Sigma Aldrich, M,, ~4,00,000) was dissolved in a binary mix-
ture of acetone (Thermo Fisher) and tetrahydrofuran (volume ratio of 1:1).
To the polymer solution, 1.5 wt.% of BN (Sigma—Aldrich, ~1um, 98%) was
added as a filler and stirred properly for uniform dispersion. The solution
was kept overnight for stirring, and the polymer mixture was coated onto
a glass plate at a uniform thickness using a Doctor blade setup. The film
was then peeled off from the glass plate and cut into circular pieces of uni-
form thickness. The SPE film was then kept overnight in a vacuum oven to
remove any moisture content and soaked in a liquid electrolyte containing
the initiator for free-radical polymerization for its percolation into the SPE
film.31]
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Different types of liquid electrolytes were prepared by dissolving
LiPFg (Sigma-Aldrich,) in different solvents, such as ethylene carbonate
(EC, Sigma-Aldrich, 98%), dimethyl carbonate (DMC, Sigma-Aldrich, >
99.9%), ethyl methyl carbonate (EMC, Sigma-Aldrich, 99%), diethyl car-
bonate (DEC, Sigma-Aldrich, > 99%), and additives such as lithium di-
fluoro(oxalato)borate (LiDFOB, Sigma—Aldrich, > 99.9%), fluoroethylene
carbonate (FEC, Sigma—Aldrich, 99%). The prepared electrolyte combina-
tions are- (a) 1M LiPFq dissolved in EC and DMC (1:1 by volume), G-
SPE_B-EL, (b) TM LiPF¢ dissolved in EC and DMC (1:1 by volume) with
5 wt.% of LiDFOB as an additive, G-SPE_LiDFOB, (c) 1M LiPFg dissolved
in EC and DMC (1:1 by volume) with 5 wt.% of FEC as an additive, G-
SPE_FEC, (d) 1M LiPFg dissolved in EC and EMC (1:1 by volume), G-
SPE_EC_EMC, (e) 1M LiPFq dissolved in EC and DEC (1:1 by volume),
G-SPE_EC_DEC. In all these electrolyte combinations, azobisisobutyroni-
trile (AIBN, Spectrochem) was added as a catalyst for radical initiation. All
these solvents and salts are taken directly without any further purification.

Electrode Fabrication: The LCFP and LNMO electrodes were prepared
by making a free-standing film. In this method, the active material, con-
ductive carbon (Acetylene black, Alfa-aeser), and binder (TAB-2, teflonized
acetylene black) were mixed in a ratio of 10:2:2 (in mg) using a mortar and
pestle in ethanol medium. The mixing was continued until a free-standing
film was obtained. The as-obtained film was then pressed on a stainless-
steel mesh (14 mm, Goodfellow) using a hydraulic press (Specac, UK).
The electrode was dried overnight in a vacuum oven at a temperature of
70 °C to remove the moisture content. The electrode was then inserted
into a glovebox with O, and H,O levels of <0.1 ppm, followed by cell fab-
rication in a CR2016 coin-cell setup using Li as a counter electrode. The
fabricated coin cell was kept in a vacuum oven at a temperature of 70 °C
to initiate liquid polymerization into a gel interface.

For the full-cell fabrication, Li4TisO;, (LTO) was used as the anode.
For the fabrication of the LTO electrode, a solution casting method was
utilized. In this method, the LTO, conductive carbon (Acetylene black,
Alfa-aeser), and PVdF (Alfa-aeser) were mixed in a ratio of 80:10:10 (by
weight) in N-methyl pyrrolidone (NMP, Sigma-Aldrich) as solvent. The
solvent was stirred overnight until it was mixed properly into a thick slurry.
The electrode slurry was cast on an aluminum foil at a controlled thick-
ness using a doctor blade setup. The foil was then kept in an oven for
the solvent to evaporate, and the same was calendar-pressed and cut into
microelectrodes of 14 mm diameter. The electrodes were then vacuum-
dried overnight to remove any moisture content. The electrodes were then

© 2025 Wiley-VCH GmbH
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inserted into a glovebox, followed by cell fabrication in a CR2016 coin-cell
setup with LCFP as the cathode and LTO as an anode. Also, anode-less
cell fabrication was carried out by fabricating LCFP against Cu as a counter
electrode. The fabricated full- and anode-less cells were then kept in a vac-
uum oven for the radical polymerization to happen. The electrochemical
studies of the full- and anode-less cells were performed at a potential win-
dow of 1.5-3.7 and 3.4-5.1V vs. Li using a battery tester (Biologic, France).

Apart from the half-, full-, and anode-less cell fabrication, symmetric
cells were fabricated to determine the transference number and analyze
the stability of the electrolyte using the configuration L\NG-SPE\Li. Also, the
symmetric cell of the configuration SS\G-SPE\SS (SS: spacer) was fabri-
cated to determine the activation energy of the electrolytes. Further, asym-
metric cells of the configuration LI\G-SPE\SS were fabricated to analyze the
oxidation stability of the electrolyte using linear sweep voltammetry (LSV).
All these studies were performed in the electrochemical workstation (So-
latron) and battery tester (Biologic, France)

Material Characterizations: The X-ray diffraction analysis (XRD,
Rigaku, Smart lab 9kW, monochromatic Cu Ke radiation (4 = 1.5406 A)
has been carried out to analyze the phase and structure LCFP and G-SPE
within a 26 range of 10— 90° at a scan rate of 0.1° min~'. The surface
elemental composition of LCFP and the electrodes were analyzed using X-
ray photoelectron spectroscopy (XPS) analysis. The surface area and pore
size of the film were determined by BET (Quantachrome) analysis. Also,
FE-SEM (ZEISS, Gemini 560) and TEM imaging were performed to analyze
the morphology and size of the material.

Theoretical Studies:  Density functional theory (DFT) calculations were
performed to determine the electrochemical stability window of the elec-
trolyte and additives using B3LYP functional and 6-31G basis set.
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