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Tailoring the Salt Concentration in a Gel-Solid Polymer
Electrolyte to Stabilize High-Voltage LiCoMnO, Cathode

Sreekumar Sreedeep, Yun-Sung Lee,* and Vanchiappan Aravindan*

Here, an attempt is made to depict the role of salt concentration on the
electrochemical stability of a gel interface formed by the in-situ polymerization
of a commercial liquid electrolyte on solid-polymer support, which is the
so-called gel-solid polymer electrolyte (G-SPE). The electrochemical
characterization of the electrolyte exhibits high ionic conductivity in the order
of ¥1073 S cm~" at ambient temperature, while the same increases as the
LiPF, concentration varies from 1 to 3 M. Further, the flammability test has
shown the flame-retardant nature of the G-SPE compared to the liquid
electrolyte. The stability of the G-SPE is analyzed in a half-cell configuration
with a high-voltage LiCoMnO, cathode. Also, anode and anode-less cell
configurations with LiCoMnO,, cathode against Li,Ti;O,, and Cu are carried
out with G-SPE-2 M as the electrolyte. In addition, post-mortem analysis, like
XRD, XPS, EDS, SEM, etc., of the cycled LiCoMnO, electrode and G-SPE is
carried out to understand the occurrence of any material degradation or

electrolyte decomposition during cycling.

1. Introduction

The rapid rise in global warming and climate change has ham-
pered the growth of the modern world. Although fossil fuels are
considered the primary energy source, the over-exploitation of
these resources has led to their depletion from the earth’s crust.
Moreover, the combustion of fossil fuels evolving greenhouse
gases contributes a major share of global warming.'*! Although
renewable energy, due to its sustainability and environmental be-
ingness, is considered an alternative to fossil fuels, its transient
and inconsistent nature adversely affects its implementation.[*!
Hence, the storage of this energy is a primary concern, and this
has led to the development of energy storage devices. Prominent
among them are electrochemical energy storage devices such as
batteries. The advancement in Li-ion batteries (LIBs) has created
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a significant breakthrough in battery
technology, revolutionizing the modern
world.”1% The innumerable applications
of LIBs range from their usage in small-
scale portable electronic devices such as
mobile phones and laptops to large-scale
electric vehicles (EVs) and grid storage
applications. In addition, with the surge
in the demand for EVs, there has been a
tremendous increase in the research and
development of LIBs.*11]

However, various parameters associated
with LIBs have yet to be improved, of which
improving their energy density acquires
prime importance. As energy is propor-
tional to the operating potential and specific
capacity of the respective electrodes, the op-
timization of the active material is required
to produce high-energy-density LIBs.!12-1¢]
The state-of-the-art LIBs rely upon con-
ventional cathodes such as LiCoO,!"]
and LiNi,Mn, Co,0,,[***?l with graphite as the anode, which en-
counters the issue of poor energy density, hence motivating the
search for alternate electrode materials. Revisiting Li-metal bat-
teries (LMB) with high volumetric and gravimetric capacities,
high energy density, and low reduction potential (—3.04 V vs.
Li) is worth mentioning. However, the large-scale commercial-
ization of LMBs has not yet been achieved due to the limited
improvement in electrolytes and non-uniform dendritic growth,
causing safety issues, poor coulombic efficiency, and fast capac-
ity fading. Moreover, the low electrochemical stability window of
the conventional liquid electrolytes (~4.3 V vs. Li, for carbonate
electrolyte) will hamper high energy and power requirements.
Therefore, therequirement of an alternative electrolyte system
with Dbetter electrochemical stability and cell safety is essential
for the development of LIBs. This eventually led to the develop-
ment of next-generation electrolytes called solid-state electrolytes
(SSE).[23]

The SSEs possess several desirable features of an ideal elec-
trolyte system, which include excellent electrochemical stability
window, good thermal stability, and good ionic conductivity com-
parable to the liquid electrolyte (%1072-10~% S cm™!). In addition,
its ability to mitigate the irregular Li® deposition mitigates the
issue of dendritic formation, hence improving cell safety. How-
ever, several setbacks with SSEs have to be addressed, promi-
nent among them are the poor electrode-electrolyte contact caus-
inghigh interfacial resistance. Although strategies such as high
temperature and pressure sintering are promising, employing
them for the development of LMBs on an economical and com-
mercial scale is less feasible.
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Polymer-based solid electrolytes, also called solid-polymer
electrolytes (SPEs), are a better substitute for SSEs. In SPEs, the
Li-salts are dissolved in a polymer matrix such as Poly(ethylene
oxide) (PEO), Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVAF-HFP), Poly(acrylonitrile) (PAN) forming a “salt-in-
polymer” based system.?*?5] The SPEs exhibit an improved
Li-ion conduction compared to the SSEs and are more flexible.
In addition, compared to SSEs such as Li,GeP,S;, which
is moisture sensitive and forms insulating byproducts.!?6%7]
However, similar to SSEs, the SPEs also render poor electrode-
electrolyte contact and interfacial resistance. Strategies like
adding 2D/3D fillers (BN, SiO,) or forming a cross-linking
framework within the electrolyte enhance the Li-ion conduction
mechanical, and thermal stabilities. However, such a strategy is
not effective in mitigating the interfacial contact issues.[?! The
formation of an interlayer so-called gel between the electrode and
the electrolyte is an effective and promising approach to mitigate
the contact issue. In this method, an in-situ polymerization
will be carried out in which the monomer or the polymerizable
molecules are easily polymerized by an initiator in the presence
of heat or light. The as-formed gel will improve the contact be-
tween the electrode and electrolyte. In addition, it also facilitates
the Li-ion transfer within the electrode and electrolyte.[?*!

In this work, we attempt to improve electrolyte contact by
forming an interfacial gel between the electrode and electrolyte.
A polymeric film has been made with PVdF-HFP polymer and
boron nitride (BN) as filler. In the SPE film, the BN plays a crucial
role in enhancing the Li-ion conduction by providing additional
channels. Further, the high thermal stability of the BN (~1000 °C)
will enhance the thermal stability of the polymeric film. The elec-
trochemical contact between the as-prepared film and the elec-
trode has been improved by the in-situ polymerization of liquid
electrolyte into a gel by a thermal initiation using an initiator. In
addition, the influence of the electrolyte salt concentration on the
stability of the gel has been analyzed by varying the LiPF, con-
centration. Further, the high voltage stability of the G-SPE has
been analyzed in a half-cell configuration with LiCoMnO, as the
cathode. The LiCoMnO, has a spinel structure with a theoret-
ical capacity of 145 mAh g=! and an operating potential of 5V
(vs. Li). The high operating potential of LiCoMnO, will enhance
the energy density, hence making it suitable for high-energy-
density LIBs. However, poor cycle stability of LiCoMnO, due to
electrolyte decomposition at high operating potential is a serious
setback that has to be addressed.[?*-32] Here, we use the G-SPE:
1-3 M electrolytes to enhance the stability and improve the rate
capability of LiCoMnO,. Apart from half-cell, the stability of the
G-SPE has been depicted in both full- and anode-less cell config-
urations with LiCoMnO, as cathode and Li,TisO,, and Cu as the
respective counter electrodes for full- and anode-less cells.

2. Results and Discussion

2.1. Physical and Material Characterization of G-SPE

The structural feature of the G-SPE was determined by the XRD
analysis, as shown in Figure la. The diffraction peaks corre-
sponding to the crystal plane (100) and (020) indicate the PVdF-
HFP polymer matrix in the film, whereas the sharp, intense peak
corresponding to the (002) crystal plane denotes the BN filler in
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the matrix. The XRD spectra of the pristine LCMO (Figure 1b)
depict characteristic peaks corresponding to crystal planes (111),
(311), (444), and (440), hence showing the formation of LCMO
by a co-precipitation synthesis method. The IR spectral analysis
(Figure 1c) has been carried out for both G-SPE:1 m and G-SPE:3
M to understand the functional groups present in the electrolyte.
The peaks corresponding to 714, 774, and 964 cm™! correspond
to the rocking, wagging, and bending vibrational modes of the
C—H bond in the —CH, group of the PVdF-HFP polymer ma-
trix (Figure 1c). Also, the intense vibrational band at 1067 cm™
corresponds to the C—F functionality of the —CF; moiety in the
polymeric matrix. In addition, the highly intense band at 1773
and 1804 cm™! corresponds to the C=0 functionality of the EC
and DMC in the gel part of the electrolyte. Moreover, the intense
peak positioned at 843 cm™! corresponds to the free PF,~ group
in the electrolyte, while the less intense peak at 834 cm™! further
signifies that only a small portion of PF,~ is in coordination with
the Li-ions. Hence, a complete dissociation of LiPF in the elec-
trolyte was revealed. In addition, vibrational bands at 1274, 1391,
1457, and 1483 cm™! correspond to the symmetric and asymmet-
ric vibrational modes of C—0, C—H, and C=0 functionalities in
EC and DMC. Also, both G-SPE:1 M and G-SPE:3 m electrolytes
exhibit similar kinds of peaks, while the peak intensity of G-SPE:3
M is lower compared to the G-SPE:1 m. The 'H-NMR spectra
(Figures S1 and S2, Supporting Information) of the polymerized
gel-electrolyte illustrate the formation of Polyethylene carbonate
(PEC), which is formed by the ring-opening polymerization of EC
by AIBN. The 'H-NMR spectra of G-SPE: 2 M show an intense
peak corresponding to the H proton (~3.8 ppm) of the polymer-
ized PEC, while the H, (~4.9 ppm) proton corresponds to the
unpolymerized EC in the polymer electrolytes. Therefore, the 'H-
NMR analysis successfully illustrates the ring-opening polymer-
ization of EC into PEC in neutral media, and this conversion is
the crucial step for the in-situ transformation of the liquid elec-
trolyte into a gel electrolyte.

The structural and morphological aspects of the polymeric
film and the LCMO were analyzed using FE-SEM. The FE-
SEM images of LCMO depict its unique spherical morphol-
ogy, which is similar to single-crystalline cathode materials. The
cross-sectional FE-SEM (Figure S3, Supporting Information) im-
ages of the as-prepared PVDF-HFP-BN polymeric film show its
porous nature, which is anticipated to enhance the infiltration of
liquid electrolytes into the film. The amount of liquid electrolyte
infiltrated into the film has been quantified using Equation (4) to
be 80, 70, and 50% for the 1, 2, and 3 M electrolytes. This trend
in the liquid electrolyte infiltration into the polymeric film can
be attributed to the increase in the viscosity of the liquid elec-
trolytes as the electrolyte concentration is increased from 1 to 3
M. The TGA analysis (Figure 1d) exhibits a weight loss of 47.39
and 53.65% among the G-SPE-1 and 3 M electrolytes. In addi-
tion, the pore radius and surface area of the polymeric film are
quantified from the BET analysis to be ~14.7 A and ~62.9 m?
g~! (Figure 1e). Also, the pore size distribution plot of the poly-
meric film is shown in Figure 1f. The stress—strain analysis of the
G-CPE has been shown in Figure S4 (Supporting Information),
wherein the G-SPE: 3 M exhibits a high yield strength of 7 MPa
while the G-SPE: 1 M shows a comparatively low yield strength
of 4 MPa. In addition, the G-SPE: 3 M shows high flexibility com-
pared to the G-SPE: 1 M, which is evident from the stress-strain
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Figure 1. a,b) XRD of G-SPE: 1 M and LCMO, and c) IR spectral analysis of G-SPE:1 m, and G-SPE:3 m, electrolytes, d) TGA analysis of G-SPE-1 and

3 M, e,f) BET analysis of the polymeric film, g-i) XPS analysis of LCMO.

curve. The XPS spectral analysis of LCMO shows the surface el-
emental composition of Li, Co, Mn, O, and C in the compound
(Figure 1g—i). Further, the transition metal peaks corresponding
to Co and Mn reveal their oxidation state to be + 3 and + 4,
respectively.

The flammability test of the G-SPEs has been carried out to
monitor the safety of the electrolyte. As shown in Figure 2, the
flammability test begins with igniting the electrolytes and mon-
itoring them for a certain duration (here, 15 s). As assumed, the
liquid electrolytes caught fire easily, and the flame was sustained
until the electrolyte was completely burned out. However, the G-
SPEs do not catch fire and resist the flame for the measured 15s
compared to liquid electrolytes.

2.2. Theoretical Perspective of the G-SPE
The interaction of the Li-ions with the electrolyte has been

quantified by the neighboring bond orbital (NBO) calculations.
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Table S1 (Supporting Information) shows that the interactions
between the Li-ions with EC and DMC will be considered as the
core-shell electrons (CR) of Li-ion and the 6", z* orbitals of DMC
and EC. The interaction between the DMC and Li-ion is from the
CR of the Li-ions to the ¢*-orbital of the C—O and C—H bond
in the DMC molecule, while in the case of EC and Li-ion, the
interaction occurs between the ¢* and z* orbitals of C—O and
C—H bond in the EC molecule and the CR of the Li-ion. In addi-
tion, the delocalization energy (E,), which indicates the stability
of the interaction, shows a higher magnitude of E, for the in-
teraction between DMC and Li-ion compared to EC and Li-ion.
This increase in the magnitude of E, for the interaction between
DMC and Li-ions suggests that the DMC molecules are bound
to the Li-ions, while the low magnitude of E, for the interaction
between EC and Li-ions shows that EC molecules are free, which
further indicates that the EC molecules facilitate the gel forma-
tion compared to DMC. Improving the electrolyte stability win-
dow is necessary to prevent electrolyte decomposition at high op-
erating potentials. Here, DMC and EC are the main constituents
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Figure 2. Flammability test of liquid, G-SPE:1 M, and G-SPE:3 ™ electrolytes at different durations of 5, 10, and 15s.

of the liquid electrolyte. Therefore, it is necessary to determine
the HOMO-LUMO energy gap of both these constituents to un-
derstand the stability of the electrolyte. From Figures S5 and S6
(Supporting Information), the energy of HOMO and LUMO for
the DMC are —9.8 and —1.9 eV with a AE value of 7.9 eV, while
for EC, itis —1.6 and —7.9 eV with a AE value of 6.3 eV. Hence,
the gel formed by combining both these components will have an
AE value much higher compared to the individual constituents,
thereby improving the stability of the G-SPE at higher potentials.

2.3. Electrochemical Characterization of the G-SPEs

The Li-ion conduction through the G-SPE has been evaluated
from the electrochemical impedance spectroscopy (EIS) analy-
sis of the electrolyte for the symmetric cell configuration SS/G-
SPE:1-3 M/SS using the equation given as,

o =L/R,A 1)

where L is the thickness of the electrolyte, Ry is the bulk resis-
tance, and A is the contact area of the electrode with the elec-
trolyte. The as-determined magnitudes of the ionic conductivi-
ties are in the order of 1073 S cm™!. Also, the magnitudes of the
ionic conductivities have been evaluated to be 8.5, 7.7, and 6.1
mS cm™! for G-SPE-1 M, G-SPE-2 M, and G-SPE- 3 M, respec-
tively. This decrease in the magnitude of the Li-ion conductivity
can be attributed to the hindrance to the Li-ion mobility due to
the increased viscosity of the electrolyte as the concentration of
the LiPF, is increased from 1 to 3 m.

The transference number (t;;*) (Figure 3d-f) has been evalu-
ated from the symmetric cell configuration, Li/G-SPE:1-3 m/Li.
The determination of t;;* has been carried out by combining the
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frequency-dependent EIS with the DC polarisation by chronoam-
perometry using the Bruce—Vincent equation given as

tLi+ =TI (AV _ IORiO) /Io (AV _ ISSRif) (2)

where I° and I** denote the initial and steady-state current, R;°
and R,f are the initial and final resistance obtained from EIS, and
AV is the voltage polarization (10 mV). The magnitudes of t;;*
have been determined to be 0.83, 0.79, and 0.75 for G-SPE-1 M,
G-SPE-2 M, and G-SPE-3 M, respectively. The decrease in the as-
determined magnitudes of t;;* as the concentration is increased
from 1 to 3 M can be attributed to the increase in the bound Li-
ions with the solvents, which, when phase-changed into a gel,
will decrease the number of mobile Li-ions, thereby decreasing
the t;;+33. Table S2 (Supporting Information) shows a comparison
of the transference number and ionic conductivity of Li* of the
previously reported work with this work.

The electrochemical stability of the G-SPEs is an important pa-
rameter associated with the stable working of the battery. Dur-
ing galvanostatic charge-discharge (GCD) cycling, there will be
a constant stripping/plating of Li-ions on the Li-metal anode.
However, non-uniform stripping/plating of the Li-ions will lead
to dendrite formation, which eventually damages the electrolyte
and short-circuits the cell3. Therefore, to evaluate the stability of
the G-SPEs, the stripping/plating study has been carried out with
a symmetric cell configuration of Li/G-SPE:1-3 M/Li at an arial
current density of 0.1 mA cm™! as shown in Figure 3a—c. The
GSPE:1 M and G-SPE:2 M symmetric cells exhibit stable cycling
without polarisation for 2000 and 700 h, respectively. In contrast,
G-SPE:3 M exhibits a large polarization during the initial cycling
but remains stable as the cycling progresses for 500 h. In addi-
tion, LSV analysis (Figure S7, Supporting Information) has been
carried out for the electrolytes with a symmetric cell configura-
tion of SS/G-SPE:1-3 M/SS within a potential window ranging
up to 7 V vs. Li. From the LSV profile, it can be observed that the

© 2025 Wiley-VCH GmbH

95UB017 SUOLUWIOD dA11e81D) 3|l dde 8Ly Aq peuenol a1e sjolue YO 9SN JO Sa|nJ 10} Aeiq1T 8UUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL0O" A IM A eI joulUO//:SdNY) SUOTIPUOD pue WS 1 841 38S *[S520z/2T/S0] U0 AkeiqiTauliuo A8]Im ‘AlSieAlun euolieN Weuuoyd Aq ¥6SE0620¢ 11LUS/Z00T OT/I0p/uoo" A | im Ale.d | jpul|uoy/sdiy Wwo. pepeojumod ‘08 ‘5202 ‘62895T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

o
=
=)

www.small-journal.com

—— Li\ G-SPE:1M \Li (a)
= 0.08
0
>
R o —————
3
t
£-0.05
o
-0.10
3 500 1000 1500 2000
o — Li\ G-SPE:2M \Li b
=04 (b)
2
2 | Kl I il HIULRTRII ORI ISR | | I NI [ 0l I
3% A PANAE L A A NIRRT L Ll
H
5701
o
-0.2
100 200 300 400 500 600 700
0.05
_ — Li\ G-SPE:3M \Li (c)
=
a
>
P
=0.00
s | ‘
H
S
o
-0.05
100 200 Time (h) 300 400 500
26 @ — 13.5
@ Before polarization| e - @ Initial i d: .
I | I S B~ I N -
24 4 ° 65
& 12.0 4
£ 60 4
© 224
<<
c 554
t
820 10.5 4 504
3
o
18 4 45 4 250
9.0 4 ] -
—— G-SPE_1M, t| j*+ =0.83 G-SPE_2M, t,;* = 0.85 40 G-SPE_3M, t, ;= 0.75
16 = T T T T T v T T T
0 1000 . 2000 3000 4000 O 1000 2000 3000 4000 O 1000 2000 3000 4000
Time ?s) Time (s) Time (s)

Figure 3. a—c) Stripping-plating analysis, and d—f) transference number calculation for G-SPE:1-3 m from the symmetric cell configuration.

G-SPE:3 ™ exhibits higher oxidation stability (~6 V vs. Li) fol-
lowed by G-SPE:2 M (=5 V vs. Li). Conversely, the G-SPE:1 M
exhibits poor oxidation stability compared to G-SPE:3 M and G-
SPE:2 M, with an oxidation current rise at ~4.6 V vs. Li. This
trend in oxidation stability can be explained by the stability and
thickness of the LiF-rich insulation coating formed due to the de-
composition of LiPF, in different electrolytes. For the G-SPE:3 M,
quite a large amount of LiF will be formed by the decomposition
of LiPF,, leading to the formation of a thicker LiF coating. On
the other hand, the formation of a small amount of LiF leads to a
thinner LiF coating in the case of G-SPE-1 M. Hence, the forma-
tion of a thicker LiF protecting layer will enhance the oxidation
stability in the case of G-SPE: 3 M compared to G-SPE: 2 M and
then G-SPE: 1 m.

The activation energy (E,) of the electrolyte has been evalu-
ated from the Arrhenius plot (Figure 4) to determine the kinetics
of Li-ion through the electrolytes. The activation energy of the
electrolyte has been determined from the EIS profile of the elec-
trolytes at different temperatures ranging from —10 to 80 °C us-
ing a symmetric cell of the configuration SS/G-SPE/SS. The ac-
tivation energy has been evaluated from the equation given by

In(¢) =In(o,) — E,/1000RT 3)
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where o is the conductivity of the electrolyte (in S cm™), E, is
the activation energy, and R is the universal gas constant (8.314
J] K1). The as-determined magnitudes of E, (Table S3, Sup-
porting Information) are 0.15, 0.25, and 0.32 eV for the G-SPE

0.0
@ G-SPE: 1M

-0.5 -+ @ G-SPE:2M
@ G-SPE:3M

=1.0 1

—

=1.5 1

In(o) (S cm™!
v
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Figure 4. Arrhenius plot for the calculation of activation energy.
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Figure 5. a,b) GCD profiles of LCMO for G-SPE:1-3 m), c) CV profile of G-SPE:1-3 ™, d) rate-performance profile of G-SPE:1-3 ™, and e,f) GCD profiles

of LCMO cycled in G-SPE and liquid electrolyte (L.E.).

concentration of 1, 2, and 3 m. This direct proportionality of
E, with electrolyte concentration can be ascertained due to the
strong interaction between the Li-ions and the solvent molecules
in the concentrated electrolyte of G-SPE:3 m. However, a decrease
in the interaction between the Li-ions and the solvent molecules
in the G-SPE-1 M will enhance the Li-ion mobility, thereby de-
creasing the magnitude of E,.

2.4. Electrochemical study of G-SPE with LCMO

The electrochemical stability of the electrolyte G-SPE:1-3 M has
been evaluated by combining it with an LCMO high-voltage cath-
ode and Li metal anode in a coin-cell assembly at a current density
of 20 mA g~! within a potential range of 3-5.2 V (vs. Li). The GCD
profile (Figure 5a,b) exhibits discharge capacities of 101, 104, and
108 mAh g~! with capacity retention of 82, 79, and 63% after 100
cycles for G-SPE: 1, 2, and 3 M, respectively. The lowering in the
capacity retention upon increasing the electrolyte concentration
can be attributed to the increased number of F~ ions, which ini-
tiates parasitic side-reaction leading to electrolyte decomposition
and material dissolution. The cyclic voltammetry (CV) profile of
LCMO carried out at a scan rate of 0.1 mV s~ has been depicted
in Figure 5c. The CV exhibits oxidation and reduction peaks cor-
responding to Mn*"/Mn>** and Co**/Co** redox couples at 4.1
& 4.9 V vs. Li and 4.7 & 3.8 V vs. Li, respectively. The rate per-
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formance study (Figure 5d) of the LCMO has been conducted in
different G-SPE: 1-3 M at current density ranging from 20 to 100
mA g~!. Similar to the GCD profile, the rate performance study
illustrates an enhancement in the cycle stability and electrochem-
ical performance of LCMO cycled in G-SPE:1 M and G-SPE:2 M,
with a capacity retention of 71 and 77% after 50 cycles, while G-
SPE:3 M shows a slight decrement in the electrochemical perfor-
mance with a capacity retention of 61% after 50 cycles. Hence,
the optimal concentration of the G-SPE is shown to be 1 and 2
M. Moreover, the GCD profile (Figure Se,f) comparison of LCMO
cycled in the liquid electrolyte (L.E), and G-SPE further illustrates
an enhancement in the cycle stability and capacity retention for
the LCMO cycled in G-SPE to that cycled in L.E.

The EIS profile of the G-SPEs 1 to 3 M carried outat a frequency
range of 10 kHz to 0.1 Hz has been shown in Figure 6a—f. The
equivalent circuit (Figure 6g) of the EIS plots consists of solution-
resistance (Ry), Rery, and Rep, which correspond to the resis-
tance offered by the as-formed gel, and the SPE, Q is the constant
phase element corresponds to the capacitive part, which shows
the formation of a double layer, hence indicating the as-formed
gel interface, at the high-frequency region, while the rising War-
burg tail (Zy;) indicates the mass-transfer resistance at the low-
frequency region.*3l The Nyquist plot of LCMO cycled in G-SPE:
1and 2 M shows an increase in the magnitude of R in the initial
cycles due to the formation of a gel interface that provides resis-
tance to the Li-ion mobility. However, as the cycling progresses
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cycle.

to the 50" and 100™ cycles, the as-formed gel interface becomes
stable such that no more increase in the RCT can be observed.
In contrast, a reverse of the trend can be observed for LCMO cy-
cled in G-SPE: 3 m, wherein a rise in the magnitude of Ry can
be observed as the cycling progresses toward the 50" and 100
cycle, which can be attributed to the formation of an unstable
gel-interface due to increasing number of F~ ions compared to
G-SPE:1-2 M leading to parasitic side reactions and electrolyte
decomposition, hence increasing the magnitude of R and
irreversibility.

To investigate the dynamic change in R w.r.t the operating
potential, an in-situ impedance analysis (Figure S8, Supporting
Information) has been performed within the potential range of
3-5.2 V (vs. Li). The in-situ impedance plot of the first cycle ex-
hibits a substantial increment in the magnitude of Ry due to the
conversion of liquid to gel electrolyte, which restricts the Li-ion
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mobility. Also, Ry exhibits an increase in its magnitude as the
cycling progresses to high operating potentials. However, a de-
crease in the magnitude of R can be observed as the cycling
progresses to the tenth cycle. Also, compared to the first cycle,
the tenth cycle exhibits a low and stable trend in the R value
as the cycling progresses to high operating potentials. Further-
more, the magnitude of R eventually decreases as the cycle pro-
ceeds to the 50" cycle and then to the 100™ cycle. These observa-
tions illustrate the stability of the as-formed gel interface, hence
mitigating the irreversible capacity loss and improving the cycle
stability.

The post-analysis of the G-SPEs and the electrodes was car-
ried out using techniques such as XRD, XPS, and FE-SEM anal-
ysis. The XRD peaks of the uncycled G-SPE (Figure 7a) exhibit
peaks at (100), (020) crystal plane, which shows the amorphous
nature of the polymer matrix, and a less intense peak at (002)
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Figure 7. XRD spectra of cycled and uncycled a) LCMO electrode, b) G-SPE

corresponding to BN-filler in the film. However, in the cycled G-
SPE, an intense peak has been observed at (100), showing a phase
transition from amorphous to crystalline form due to the forma-
tion of the gel. In addition, the BN peak corresponding to the
(002) crystal plane becomes more intense in the case of cycled G-
SPE compared to the uncycled one. Further, the XRD spectra of
the cycled LCMO electrode (Figure 7b) show characteristic peaks
corresponding to (111), (311), and (211) crystal planes, which fur-
ther reveals the absence of any phase change or structural distor-
tion accompanying the charge—discharge. The XPS analysis of
an intense peak of BN at (002) was observed for the cycled G-SPE
compared to the uncycled G-SPE. Further, the XRD analysis of
the cycled LCMO electrodes shows the characteristic peaks cor-
responding to (111), (311), and (211) crystal planes, which further
reveals the absence of any phase change or structural distortion
accompanying the charge—discharge. The FE-SEM analysis of the
cycled LCMO electrodes is shown in Figure 7c,d. In addition, the
EDS elemental analysis of the cycled and uncycled LCMO elec-
trodes (Figure S9 and Table S4, Supporting Information) does not
show any variation in the elemental distribution of Co and Mn in
both electrodes, hence eliminating the occurrence of any transi-
tion metal dissolution. Further, the EDS analysis of cycled and
uncycled G-SPE (Figure S10 and Table S5, Supporting Informa-
tion) also shows similar properties with a uniform distribution
of elements in both electrodes. Hence, these results are in com-
plete agreement with the absence of any parasitic side reactions
during cycling.

The XPS analysis of the cycled LCMO electrode and G-SPE:
3 M has been carried out to understand the occurrence of any
parasitic side reactions or electrolyte decomposition accompany-
ing the charge—discharge. The XPS spectra of the cycled LCMO
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electrolyte, and c,d) FE-SEM image of cycled LCMO electrode.

electrode (Figure S11, Supporting Information) show peaks cor-
responding to the P 2p, C 1s, O 1s, Mn 2p, F 1s, and Co 2p
core levels. The deconvolution of the P 2p core level shows two
peaks corresponding to LiPO,F, (134 eV), which is the decom-
posed product of LiPF hydrolysis, and the second corresponding
to the un-decomposed LiPF (137 eV) present in the electrolyte.
In addition, the F 1s core level on deconvolution yields peaks
corresponding to the decomposed products of LiF (685 eV) and
LiPO,F, (687 eV). The decomposition mechanism of LiPF starts
with the auto-ionization of LiPF, into LiF and PF, followed by
the hydrolysis of the PF; with a trace amount of water present in
the electrolyte into POF; and HF. The HF will further react with
POF, to form LiPO,F, and Li, PO,F. All these products will form
a major component of the SEI layer, while compared to the con-
ventional liquid electrolytes, the phase transition of liquid into
gel will mitigate further electrolyte decomposition, thereby en-
hancing the electrolyte stability and cell reversibility. In addition,
the Cls core level on deconvolution shows peaks correspond-
ing to O—C=0 (287 eV), C—0—C (286 eV), and C—C (285 eV),
wherein O—C=0, C—0—C, and C—C functionalities correspond
to the PEC and SEI components of the gel-interface. In addition,
similar to the C 1s core level, the O 1s core level on deconvo-
lution yields peaks corresponding to functionalities of O—C=0
(533 eV), C—0 (532 eV), and C=0 (531 eV). Also, the transition
metal peaks corresponding to Mn 2p (Mn 2p, , and Mn 2p; ,) and
Co 2p (Co 2p,, and Co 2p; ;) remain in the initial oxidation state
of + 4 and + 3, which further illustrates the absence of any para-
sitic side-reactions leading to their dissolution. The XPS spectra
of the G-SPE:3 M corresponding to P 2p, C 1s, O 1s, and F 1s core
levels are shown in Figure S12 (Supporting Information). The P
2p core level on deconvolution yields peaks corresponding to the

(8 of 11) © 2025 Wiley-VCH GmbH
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SEI components, such as LiPO,F, (134.2 eV) and Li,POF; (136
eV), which is similar to that observed in the case of the LCMO
electrode. The C 1s core level deconvolution shows peaks corre-
sponding to the C—O—C (285.6), C—C (284.8 eV), and C=C (283
eV), which signifies the PEC component of the gel interface. Also,
O 1s core-level on deconvolution shows peaks corresponding to
C—O0 and C=0. The F 1s core-level on deconvolution exhibits dif-
ferent components of SEI, particularly Li,POF, (683 eV) and LiF
(685 eV). As already stated, the as-formed LiF-rich SEI layer by
G-SPE:3 M will protect the surface of the LCMO electrode from
parasitic side reactions. Hence, no transition metal can be ob-
served either in bulk or at the interface of the G-SPE:3 M due to
the absence of any transition metal dissolution.

2.5. Full and Anode-Less Cell Study

The full-cell has been fabricated by coupling the LCMO against
Li,TiO,, (LTO) as anode using the optimized electrolyte com-
bination of G-SPE:2 M, LCMO\G-SPE: 2 M\LTO, within the po-
tential window of 1.5-3.7 V. The GCD plot of LCMO G-SPE: 2
M\LTO (Figure 8a,b) exhibits discharge capacities of 94 mAh g~!
with capacity retention of 86% and coulombic efficiency of 98%
after 120 cycles. In addition, a comparison of the GCD profile
of LCMO\LTO cycled in G-SPE:2 m and L.E (Figure 8c,d) further
shows that the full-cell cycled in G-SPE:2 M exhibits superior elec-
trochemical performance with capacity retention of 85% after 80
cycles, while the full-cell cycled in L.E shows capacity retention
of 47% after 80 cycles. An anode-less cell has been fabricated by
coupling the LCMO against a Cu strip using G-SPE: 2 M elec-
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trolyte, LCMO\G-SPE: 2 M\Cu, and cycled within the potential
range of 2.9-5.1 V (Figure 8e). The GCD profile of LCMO\G-SPE:
2 M\Cu exhibits excellent capacity retention of 82% and coulom-
bic efficiency of 98% after 50 cycles. The excellent electrochemi-
cal performance of LCMO\LTO and LCMO\Cu in G-SPE:2 M can
be attributed to the excellent interfacial stability of the as-formed
gel, which mitigates electrolyte decomposition, thereby improv-
ing the cycle stability and eliminating the irreversible capacity
loss.

3. Conclusion

Here, we successfully demonstrated the high-voltage stability of
the solid electrolyte by combining the gel and solid polymer elec-
trolyte, forming the so-called gel-solid polymer electrolyte or G-
SPE. In addition, the nature of the as-formed gel has been an-
alyzed by varying the electrolyte concentration from 1 to 3 m.
The ionic conductivity of the G-SPEs, determined from the sym-
metric cell configuration of SS/G-SPE:1-3 M/SS, are in the or-
der of #10™* S cm™ with a higher magnitude for G-SPE:1 M
due to the increase in the viscosity, which hinders the infiltra-
tion of electrolyte into the film. Moreover, the transference num-
ber also exhibited a similar result. In addition, the symmetric
cell analysis of G-SPE:1-3 M electrolytes exhibits an enhance-
ment in the stability for G-SPE:1-2 M, while polarisation occurs
during the initial cycles for G-SPE:3 M, but it remains stable as
the cycling progresses. The practical utility of the G-SPEs has
been demonstrated by combining the G-SPE with an LCMO cath-
ode and Li metal anode. The GCD profile exhibits better cycle
stability and capacity retention for G-SPE:1-2 m, while a slight
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capacity degradation has been observed for G-SPE:3 M due to an
increase in parasitic side reactions. Also, the cycled electrode and
G-SPE post-analysis do not show any material dissolution or elec-
trolyte degradation. Considering the present future, developing
SPEs is a better way to improve the energy density of the LIBs,
as the liquid electrolyte will decompose at high operating poten-
tials. In addition, the research on SPEs has to be extended to the
development of Ceramic, LISICON, and Argyrodite-based elec-
trolytes for LIBs. In addition, research has to be extended to the
development of novel polymers such as Polymethylmethacrylate
(PMMA), Polyethylene oxide (PEO), and Polyacrylonitrile (PAN)
for the development of SPEs.

4. Experimental Section

Preparation of the G-SPE:  First, the SPE film was prepared using a so-
lution casting method. Initially, 1 g of the polymer PVdF-HFP (Sigma—
Aldrich, M,, ~4,00,000) was dissolved in a binary mixture of Acetone
(Thermo Fischer) and tetrahydrofuran (1:1 by volume). To this mixture, 1.5
wt.% of BN was added and stirred overnight until the BN (Sigma-Aldrich,
~1um, 98%) was uniformly dispersed. The mixture was then cast onto a
glass plate using a Doctor blade setup until a film was formed. The glass
plate was kept aside for the solvent to evaporate, and the film was then
cut into circular shapes using a separator cutter. The film was then kept
overnight in a vacuum oven at 75 °C, until the moisture was removed. The
film was taken into the glovebox with O, <0.1 ppm and H,0O <0.1 ppm.
The film was then immersed in the liquid electrolyte so that the electrolyte
could percolate into the film.

The liquid electrolyte was prepared inside an Ar-filled glovebox by dis-
solving different concentrations of LiPF4 (Sigma—Aldrich, >99.99%) rang-
ing from 1to 3 M in a mixture of Ethylene carbonate (EC, Sigma-Aldrich)
and Dimethylene carbonate (DMC, Sigma-Aldrich) in a 1:1 volume ra-
tio, followed by the addition of the polymerization initiator Azobisisobu-
tyronitrile (AIBN, Sigma—Aldrich). The as-prepared solution was stirred
overnight until all the components were completely dissolved. The film
was then immersed overnight in the liquid electrolyte for its percolation.
The percolated film was then kept in a vacuum oven at 75 °C for the poly-
merization to occur, leading to the transformation of liquid electrolyte into
gel; the as-formed combination of gel and SPE can be so-called gel-solid
polymer electrolytes (G-SPE) (Scheme 1).

Synthesis and Electrode Preparation of LCMO Cathode: The LCMO was
synthesized using a co-precipitation method. In the initial step, the stoi-
chiometric amount of Co(CH;COO),.4H,0 (Sigma—Aldrich, > 98%) and
Mn(CH;COO),. 4H,0 (Sigma-Aldrich, > 99%) were dissolved in wa-
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ter. Now, ethanol was added to the solution, followed by the addition of
(NH,4),CO; (Sigma—Aldrich, >98%) to initiate the precipitation. The so-
lution was kept aside for the precipitate to settle down. The precipitate was
then washed with distilled water and ethanol, and then kept for drying. The
dried sample was then calcined in air at 400 °C for 4 h. A stoichiometric
amount of CH;COOLi (Sigma-Aldrich, 99.95%) was mixed and subse-
quently subjected to calcination at 800 °C for 12 h.

Cell Fabrication: The electrode was prepared by mixing LCMO, con-
ductive additive (Acetylene black), and binder (TAB-2, Teflonized acetylene
black) in a weight ratio of 10:2:2 (in mg). The materials were evenly mixed
using an ethanol medium until they became a circular and free-standing
film. The as-obtained free-standing film was then fixed onto a stainless-
steel mesh (14 mm, Goodfellow) using a hydraulic press (Specac, UK).
The mass per unit area of the LCMO electrodes was within the range of
4-5 mg cm~2. The electrode was kept overnight in a vacuum oven at 70 °C
for the removal of moisture, if any. Now, the electrode was transferred into
the glovebox, followed by the cell fabrication. The coin-cell (CR2016) fabri-
cation was carried out in an Ar-filled glovebox with O, <0.1 and H,0 <0.1
ppm, in which the immersed SPE film will act as a separator as well as
an electrolyte. The fabricated coin cells were kept inside a vacuum oven at
70 °C for 1 h for the polymerization of electrolytes, forming a gel interlayer
between the electrode and the electrolytel34].

For the full cell, Li;Ti;O, (LTO) has been used as the anode. The LTO
electrode was prepared by a solution casting method, where LTO, conduc-
tive additive (Acetylene black), and binder (PVDF) were mixed in a ratio
of 80:10:10 in N-methylpyrollidone (NMP, Sigma—Aldrich) as the solvent.
The solution was stirred overnight until a thick slurry was obtained. The as-
obtained slurry was cast on an aluminum foil using a doctor blade setup.
The aluminum foil was kept for the solvent to evaporate, followed by cut-
ting the electrode from the coated aluminum foil. The electrodes are kept
in the vacuum oven to remove the moisture, followed by inserting it into
an Ar-filled glove box. The LCMO was paired against LTO as an anode us-
ing a CR2016 coin-cell setup with G-SPE:2 m as electrolyte. The fabricated
full-cell was kept inside a vacuum oven at 70 °C for 1 h for the polymeriza-
tion of electrolytes, followed by testing the cell. For the anode-less cell, the
LCMO electrode was paired against the Cu strip as a counter electrode.

The symmetric cell was fabricated with a configuration of Li/G-SPE/Li,
which was used to evaluate the Lit transference number and stability
of the electrolyte, whereas the stainless-steel (SS)/G-SPE/SS symmetric
cells were used to determine the activation energy. In addition, the SS/G-
SPE/SS symmetric cell was also used to determine the impedance charac-
teristics of the electrolyte using electrochemical impedance spectroscopy
(EIS), which was carried out within a frequency range of 1 kHz to 0.1 Hz
with an applied a.c. amplitude of 10 mV. The asymmetric cells were fabri-
cated with a configuration of SS/G-SPE/Li, which was used to perform the
Linear-sweep voltammetry (LSV) of the electrolyte within a potential range
of 3 to 7V vs. Li. In addition, asymmetric cells were fabricated with LCMO
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as cathode against Li anode with G-SPE: 1-3 ™ as the electrolyte, and the
galvanostatic charge—discharge (GCD) cycling was conducted within a po-
tential range of 3-5.2 V vs. Li. All the electrochemical studies were con-
ducted in an electrochemical workstation (Solatron) and a battery tester
(Biologic, France).

Material Characterization: The structure analysis of the electrodes and
the polymeric film was studied by the X-ray diffraction analysis (XRD,
Rigaku, Smart lab 9kW, monochromatic Cu Ka radiation (A = 1.5406 A)
with 26 value ranging from 10 to 90° at a scan-rate of 0.2° min~'. The
infra-red spectral analysis of the G-SPE was carried out to understand the
functional groups and components. The FE-SEM analysis (ZEISS, Gemini
560) was carried out to analyze the cross-section of the as-prepared film.
In addition, the post-analysis was carried out for the G-SPE using both FE-
SEM and XRD. The surface area and pore size of the polymeric film were
determined using BET (Quantachrome) analysis. The electrolyte uptake
by the polymeric film was quantified by immersing the polymeric film in
the liquid electrolyte for 2 h. The amount of electrolyte percolated into the
film has been quantified using the formula-

%electrolyteuptake = (W; — W, /W,) x 100 (4)

where W, is the weight of the polymeric film after immersing it in the liquid
electrolyte, and W, is the weight of the fresh polymeric film. The flamma-
bility of the G-SPE was tested by igniting the electrolyte with a lighter.

Theoretical Calculation: The theoretical calculations were carried out
using the Gaussian 9 software. For the calculations, B3LYP functional was
used with a 6-31G basis set.
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