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Herein, we successfully demonstrated a thermal polymerization technique for the in situ transformation of
a commercial liquid electrolyte into a gel-solid polymer electrolyte (G-SPE). In addition, an attempt has
been made to improve the interfacial contact and electrolyte stability by introducing a film-forming
additive, tris(trimethylsilyl)phosphate (TMSP), and its influence on the electrochemical stability has been
studied by varying its concentration and is denoted as G-SPE_TMSP (1-5 wt%). The electrochemical
studies reveal enhanced ionic conductivity and transference number, when the TMSP concentration is
increased from 1 to 5 wt%. The unique behavior originated from the increase in thickness of the cathode
electrolyte interphase (CEl) layer formation. To demonstrate the feasibility of using G-SPE_TMSP in
practical cells, a Li-battery has been made with LiNig g2Mng 12Alg 0602 (NMA) as the cathode and Li metal
as the anode. The galvanostatic charge—discharge studies exhibit an enhancement in the

electrochemical performance as the concentration of TMSP is increased from 1 to 5 wt% due to an
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Accepted 20th March 2025 increase in the stability of the CEl-gel interface. The in operando analysis shows the absence of phase

transition. Moreover, post-analysis of the electrode and electrolyte reveals the absence of parasitic side

DOI: 10.1039/d4ta08731c reactions between the electrode and electrolyte. Therefore, the G-SPE promotes excellent cycle stability
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Introduction

Fossil fuels are the primary energy source that revolutionized
the research and development in the modern world.»* They
have become an integral part of society, and a life without these
resources has become impossible. However, the rise in the
demand for these resources has eventually led to their depletion
from the Earth's crust. Also, the emission of greenhouse gases,
such as NO, CO, etc., by the combustion of fossil fuels accounts
for a major share of global warming.>® Although renewable
energy, due to its abundance and eco-friendly nature, is an
alternative to fossil fuels, its transient and inconsistent nature
are their major setbacks. To mitigate these issues, the devel-
opment of energy storage devices, especially electrochemical
energy storage devices such as batteries, is gaining a lot of
interest. Li-ion batteries (LIBs) have gained attention as
a promising battery technology owing to their high energy
density, excellent gravimetric and volumetric capacity, and
lightweight. The wide range of applications of LIBs, especially in
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and coulombic efficiency in the cell assembly.

electric vehicles (EVs), has led to their progressive
development.® Among the various components, the electro-
Iyte plays a prominent role in enhancing the stability and
electrochemical performance of batteries. However, the devel-
opment of non-aqueous electrolytes is hindered due to their
poor electrochemical stability window (for carbonate-based
electrolytes ~4.3 V vs. Li), which results in parasitic side reac-
tions, leading to the dissolution of active materials from the
electrode. In addition, it also promotes dendritic growth, which
results in safety issues.”” However, solid electrolytes (SEs),
owing to their large stability window and ability to prevent
dendrite formation, are promising compared to liquid electro-
Iytes. The SEs can be categorized into inorganic (garnets,
sulfides, and lithium phosphorus oxynitride (LIPON))-**** and
polymer-based SEs (SPEs).*>*' Although inorganic SEs possess
high ionic conductivity (sulfide ~10"> S cm™'; garnet
107 S em™"), the high interfacial resistance due to poor elec-
trode-electrolyte contact and brittle nature are the major
setbacks. In contrast, SPEs, owing to their flexible and amor-
phous nature, are a better alternative to inorganic SEs. However,
SPEs possess several setbacks due to poor electrode-electrolyte
contact and low ionic conductivity (10> to 1077 S cm ™ ').2

To mitigate these setbacks, various strategies have been
implemented, among which the addition of functional fillers,
employing a suitable polymer matrix, and improving the
interfacial contact between the electrode and SEs are found to

This journal is © The Royal Society of Chemistry 2025
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be more effective. The fillers play a crucial role in improving the
ionic conductivity by the formation of suitable channels for the
diffusion of ions in the SPE. In addition, it also enhances the
mechanical and thermal stability of the SPE. The fillers can be
classified as inorganic (BN, SiO,, and TiO,)- and organic (MOF,
COF, cellulose, and ionic liquid)-based fillers.>*2* The fillers
facilitate Li-ion conductivity by preventing the crystallization of
the polymer and maintaining its amorphous nature. In addi-
tion, it also reduces the interfacial resistance by improving the
contact between the electrode and the electrolyte. Employing
a suitable polymer matrix is an effective strategy to improve the
mechanical strength of the SPE. The commonly employed
polymer matrix for SPEs includes poly(ethylene oxide) (PEO),
succinonitrile (SN), and poly(methyl methacrylate) (PMMA).
However, the crystallization of PEO at room temperature,
leading to poor ionic conductivity and the parasitic side reac-
tions of SN with Li metal and graphite forming an unstable
solid electrolyte interphase (SEI), has hampered the develop-
ment of SPEs. In addition, the rigorous solution casting method
for the preparation of PMMA-based SPEs makes them less
economical and sustainable.?>***” However, poly(vinylidene
fluoride)-co-hexafluoropropylene (PVDF-HFP) with a high
dielectric constant, excellent oxidation stability, and high
thermal stability is an effective polymer alternative for SPEs.
Also, the HFP co-polymer provides a conductive channel for
efficient Li-ion diffusion.?

Although the aforementioned strategies are effective in
enhancing the electrolyte properties, none are effective in
mitigating the poor electrode-electrolyte contact, causing high
interfacial resistance. Hence, improving the contact between
the electrode and SPEs is essential to mitigate the high inter-
facial resistance. Among the various strategies that has been
implemented so far, in situ polymerization is found to be
effective in improving the contact between the electrode and the
SPE.” In this process, the polymerizable small molecules in the
electrolyte will get converted into a gel in the presence of an
initiator, forming a stable and compatible interface between the
electrode and the SPE. In addition, the in situ polymerization
also increases the oxidation stability of the SPE by increasing
the HOMO-LUMO energy gap, thereby increasing the electro-
lyte stability window of the SPE.** Moreover, the stable gel
interface between the electrode and SPE will prevent the tran-
sition metal dissolution, which enhances the cycle stability and
coulombic efficiency. Zhou et al.*® have used in situ polymeri-
zation for the formation of an interlayer consisting of SN,
lithium tris(trifluoromethane) sulfonylimide (LiTFSI), lithium
bis(oxalate)borate (LiBOB), and tri(propyleneglycol)diacrylate at
the interphase of Li; 5Aly 5Ge; 5(PO4); (LAGP) and the cathode
using CgH;,N, as the initiator. The as-formed interphase
exhibited enhanced electrochemical stability by preventing the
electrolyte decomposition at a high potential of 4.8 V vs. Li. In
addition, the Li/LiNij¢Co0g15Aly.050, cell has shown better
capacity retention of 80% after cycling up to 100 cycles. Also,
Chen et al.** developed a strategy of UV-induced polymerization
for the preparation of single-ion conducting polymer electro-
lytes, which has shown a wide electrochemical stability window
of ~5.3 Vvs. Li.

This journal is © The Royal Society of Chemistry 2025
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Taking into account all these strategies, herein, we are
attempting to improve the interfacial stability of the gel-solid
polymer electrolyte (G-SPE) by employing a phosphorus-based
electrolyte  additive, ie.,  tris(trimethylsilyl)phosphate
(TMSP).**** Also, the effect of TMSP on the stability of the gel-
polymer interface has been studied by varying its concentration
from 1 to 5 wt%. In addition, the electrochemical studies of the
G-SPE have been carried out by combining the G-SPE with a Co-
free, Ni-rich LiNijg,Mng12Aly060, (NMA) cathode. Also, in
operando XRD of NMA with the G-SPE was performed to
understand the process of polymerization and the evolution of
the dynamic phase. Moreover, the temperature study was
carried out at different temperatures, from —10 to 70 °C, to
understand their feasibility under different climatic conditions.

Experimental section

Preparation of gel-solid polymer electrolyte

For the preparation of the SPE film, the polymer PVDF-HFP
(Sigma Aldrich, M,, ~ 400 000) was dissolved in a 1:1 mixture
of acetone (Thermo Fisher) and tetrahydrofuran. To the above
mixture, 1.5 wt% of BN (Sigma Aldrich, ~1 um, 98%) was added
and stirred overnight for the homogeneous mixing of the
solution. The slurry was then coated onto a glass plate, which
was then kept aside for evaporation of the solvent. The as-
obtained film was cut into circular shapes using a separator
cutter and kept for drying in a vacuum oven at 75 °C. Now, the
dried film was inserted into the glovebox and immersed in the
liquid electrolyte for 24 hours for the infiltration of the
electrolyte.

The preparation of the liquid electrolyte was carried out in
the glovebox. For the preparation of the liquid electrolyte,
different concentrations of TMSP ranging from 1 to 5 wt% were
dissolved in the electrolyte 1 M LiPFs in ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 weight ratio, LIPASTE,
Tomiyama) along with azobisisobutyronitrile (AIBN, Sigma-
Aldrich) as the polymerization initiator. The liquid electrolyte
was stirred overnight in the glovebox for the proper dissolution
and homogeneous mixing of the solution. The SPE film was
soaked so that the liquid electrolyte could infiltrate the film.
Then, the SPE film was heat-treated for the polymerization to
occur. The as-obtained electrolyte was the gel-solid polymer
electrolyte (G-SPE_TMSP (1-5 wt%)).

Synthesis and electrode preparation of NMA

NMA was synthesized using a coprecipitation method. Stoi-
chiometric amounts of NiSO,-6H,0 (Sigma-Aldrich, =98%),
MnSO,-H,O (Sigma-Aldrich, =99%), and Al(NO;);-9H,0
(Sigma-Aldrich, 99.99%) were weighed and dissolved in
a specific volume of deionized water. An aqueous solution of
KOH (Sigma-Aldrich, 99.99%) was added dropwise to the solu-
tion for the precipitation to commence. The as-obtained solu-
tion was kept aside for the precipitate to settle down, washed
with both deionized water and ethanol, and then dried. Then,
a stoichiometric amount of Li,CO; (Sigma-Aldrich) was mixed
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with the dried sample and calcined at 800 °C for 12 h to obtain
the final product.

For the electrode preparation, all the materials, including
the active material (NMA), conductive carbon (acetylene black),
and binder (TAB, teflonized acetylene black-2), were taken in
a weight ratio of 10:2: 2 (in mg) and were mixed properly with
ethanol as a medium. The mixing was done until a free-
standing film was obtained, which was then pressed onto
a stainless-steel mesh (14 mm, Goodfellow, UK) using a pellet
presser and a hydraulic press (Specac, UK). Moisture was
removed from the electrodes by keeping them in a vacuum oven
at a temperature of 75 °C. Then, the electrodes were inserted
into the glovebox for cell fabrication.

Cell fabrication

The coin cells were fabricated inside an Ar-filled glovebox with
0, < 0.1 ppm and H,O < 0.1 ppm. For coin-cell fabrication,
a CR2016 coin-cell setup was employed. In contrast to the
normal cell fabrication, the G-SPE was employed as a separator-
cum-electrolyte. The fabricated cell was subjected to thermal
treatment in a vacuum oven at 75 °C for 1 h for the infiltrated
liquid electrolyte to polymerize, forming a gel interphase.

The determination of the transference number and stability
of the G-SPE (TMSP: 1-5 wt%) was carried out using the non-
blocking symmetric cell analysis with the configuration Li/G-
SPE_TMSP (1-5 wt%)/Li. Also, the activation energy and ionic
conductivity were evaluated using the blocking symmetric cell
analysis with the configuration stainless-steel spacer (SS)/G-
SPE_TMSP (1-5 wt%)/SS. The asymmetric cell was fabricated
with the configuration SS/G-SPE_TMSP (1-5 wt%)/Li for linear-
sweep voltammetry (LSV) measurements to determine the
oxidation stability of the electrolyte.

The asymmetric cell was fabricated by the preparation of
a free-standing film by combining 10 mg of NMA, 2 mg of
conductive carbon (acetylene black), and 2 mg of binder
(teflonized acetylene black, TAB-2) using ethanol as a medium.
The as-prepared film was then pressed on a 14 mm stainless
steel mesh (Goodfellow), followed by cell fabrication against Li
as the anode in a glovebox. The fabricated cell was then sub-
jected to galvanostatic charge-discharge analysis within
a potential window of 2.8-4.4 Vvs. Li. The thickness of the Li foil
used for the preparation of half-cells was 0.75 mm. Electro-
chemical characterization was performed in an electrochemical
workstation (Solatron) and a battery tester (BioLogic, France).
EIS analysis was carried out with a coin cell of the configuration
NMA/G-SPE_TMSP (1-5 wt%)/Li using a battery tester (BioLogic,
France) within a frequency range of 10 kHz to 0.1 Hz and
a voltage amplitude of 10 mV.

Material characterization

The XRD analysis of the film, the cathode, and the electrodes
was carried out on an X-ray diffractometer (Rigaku, SmartLab 9
kW) with monochromatic Cu Ko radiation (A = 1.5406 A) at
a scan rate of 0.2° min~" within 26 values ranging from 10 to 90°
to determine the structure and phase of the sample. In addition,
in situ XRD analysis of NMA with G-SPE (TMSP-3 wt%) was
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carried out to understand the dynamic phase evolution
accompanying the charge-discharge. The functional group
analysis of G-SPE_TMSP (1-5 wt%) was carried out using IR-
spectral analysis. The post-analysis of the G-SPE and the elec-
trodes was carried out using FE-SEM (ZEISS) and XRD to
understand the elemental composition and morphology before
and after cycling. In addition, the amount of electrolyte infil-
trated into the film was quantified by soaking the film in the
electrolyte for 24 h, and it was calculated using the following
formula:

% electrolyte uptake = (W, — WL/W>) x 100 (1)

where W, and W; show the weight of the fresh and soaked
polymeric films, respectively. Also, the flammability test of G-
SPE_TMSP (1-5 wt%) was carried out to understand thermal
stability.

Theoretical calculations

Gaussian 9 software was used for the density functional theory
(DFT) calculations. The calculations were carried out using a 6-
31G basis set with the B3LYP functional. For NBO analysis, the
6-31G basis set was used with the cc-PVDZ functional. The
HOMO-LUMO energy gap of the electrolyte components was
calculated from the AE value given by (AE = Exomo — Erumo)-
Now, for the NBO analysis, the higher the value of stabilization
energy (E,), the stronger the interaction between TMSP and F~.
Also, the lower the value of AE (AE = E, — E;), the stronger the
interaction between TMSP and F .

Results and discussion
Material characterization

The X-ray diffraction analysis has been performed to under-
stand the phase and structure of NMA (Fig. 1a) and the SPE film
(Fig. 1b). The peaks at a 26 value of 27.6° indicate the (002)
crystal plane corresponding to BN present in the film, while
those at 26 values of 18.8° and 20.3° correspond to (100) and
(020) crystal planes of the PVDF-HFP polymer matrix. Also, the
XRD spectral analysis of NMA exhibits characteristic intense
peaks corresponding to (003), (104), and (018) crystal planes,
showing the formation of a phase pure NMA lattice. The FT-IR
spectral analysis (Fig. 1c) of the G-SPE_B-EL and G-SPE_TMSP
(1-5 wt%) has been carried out to determine the functional-
ities present in the electrolyte. The IR spectra corresponding to
G-SPE_B-EL exhibit transmission peaks at 1392, 1455, 1482, and
1554 cm™ " corresponding to the asymmetric vibrations of C-0O,
C-H, C-C, and C=0 functionalities, respectively, of EC, DMC,
and PEC in the electrolyte. In addition, the presence of PEC
formed by the polymerization of EC by AIBN has been eluci-
dated from the spectral lines (Fig. S11) corresponding to the
out-of-plane bending mode of O-C-0-O (859 cm %), C-O-C
(1099 ecm '), O-C-O (1189 cm ™), C=0 (1760 cm "), and alkyl
asymmetric and symmetric stretching (2935 and 3004 cm %) in
the G-SPE_B-EL. The characteristic peaks corresponding to 970
and 1280 cm™ ' corresponds to the P-O and P=O0 functionalities
of the TMSP additive. Further the peaks at 841 and 1072 cm ™"

This journal is © The Royal Society of Chemistry 2025
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Fig.1 XRD analysis of (a) NMA and (b) G-SPE, (c) IR spectrum of G-SPE_TMSP: 1-5 wt%, (d—f) FE-SEM cross-sectional images of G-SPE_TMSP:
1-5 wt% at (d, ) 50 um and (f) 20 um, and (g—i) FE-SEM images of the NMA cathode at (g) 1 um, (h) 500 nm, and (i) 300 nm.

are attributed to the Si-C and Si-O components of TMSP,
respectively. To further confirm the formation of PEC from EC,
an ex situ polymerization reaction of EC into PEC in the pres-
ence of AIBN has been carried out, and the NMR spectra of the
same have been recorded and compared with the results in ref.
32. The "H-NMR spectra of PEC show three different signals
corresponding to protons a, b, ¢, and d. The intense peak at
a chemical shift value of 3.5 ppm and the less intense peak at
3.7 ppm correspond to the methylene protons CH,-c and CH,-
b adjacent to the ethereal linkage of PEC. Also, the less intense
peak at 4.1 ppm corresponds to the methylene group, CH,-a,
adjacent to the ester moiety in the PEC. All these peaks correlate
with the formation of PEC. However, an intense peak at 4.5 ppm
corresponding to methylene protons of the CH,-d in EC can still
be observed in PEC, which further shows that some of the EC
still remains in the mixture and is yet to get polymerized. In
addition, on comparing the "H-NMR spectra of EC and PEC (Fig.
S2a and bt), it can be clearly observed that the peak corre-
sponding to methylene protons CH,-a, CH,-b, and CH,-c of PEC
grows as the reaction continues, while these peaks are absent in
EC. Thus, the conversion of EC to PEC occurs as the reaction
progresses. The ">C-NMR spectra (Fig. S3a and b¥) show the
type of carbon moieties present in the compound. The high

This journal is © The Royal Society of Chemistry 2025

downfield peak at 155 ppm corresponds to the carbonate
functionality of both EC and PEC. The peaks at the chemical
shift values of 68.2 and 67 ppm correspond to the carbon atom
adjacent to the carbonate group, while the downfield peaks at
chemical shift values of 70, 72.4, and 74.5 correspond to the
carbon atoms of the methylene groups adjacent to the ether
functionalities. The presence of these ethereal linkages corre-
lates with the observation from the IR spectra with the forma-
tion of O-C-0-0, C-0-C, and O-C-O functionalities, which
also confirms the ring opening polymerization of EC by AIBN.
The presence of these ethereal and carbonate linkages corre-
lates with these mechanisms. Similar to the "H-NMR spectrum,
the C-NMR spectrum of PEC also exhibits a peak corre-
sponding to EC at 65 ppm. As the reaction progresses, the peak
corresponding to EC diminishes with an enhancement in the
peak intensity of PEC's ethereal and carbonyl carbon atom
peaks. In addition, the reaction mechanism involving the
polymerization of EC into PEC is a type of radical-assisted ring-
opening polymerization. In addition, the reaction mechanism
involving the polymerization of EC into PEC is a type of radical-
assisted ring-opening polymerization. The FE-SEM images
(Fig. 1d-i) show the porous nature of the G-SPE film, hence
improving the infiltration of the liquid electrolyte. In addition,

J. Mater. Chem. A, 2025, 13, 13262-13275 | 13265
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LE

G-SPE_TMSP

Ignition

Fig. 2 Flammability test of (a) LE and (b) G-SPE_TMSP-3 wt%.

the porous nature can also be observed in the morphology of the
NMA cathode, which enhances the Li-ion conduction during the
charge—-discharge process.

The electrolyte infiltration into the film plays a major role in
providing a stable gel interface. The amount of electrolyte
uptake by the film has to be quantified. The as-determined
values of the electrolyte uptake by the film for TMSP: 1, 3, and
5 wt% are 65, 74, and 80%, respectively. In addition, the flam-
mability test for G-SPE_TMSP: 1 wt% (Fig. S4 and S5%), G-
SPE_TMSP: 3 wt% (Fig. 2), and G-SPE_TMSP: 5 wt% (Fig. S4*)
exhibits better flame-retardant behavior even after igniting for
a longer duration of 15 s. In contrast, liquid electrolytes (LEs)
show poor fire retardancy and will catch fire easily. However, the
flammability test for the LE containing TMSP (Fig. 2) shows that
as the amount of TMSP increases from 1 to 5 wt%, the elec-
trolyte's fire-retardant nature increases. This shows the fire-
retardant nature of TMSP, and the flame will persist for
a duration of 10 s in the case of TMSP-5 wt%.

Theoretical studies of G-SPE_TMSP

The neighboring bond orbital (NBO) calculations have been
carried out to quantify the interactions between the TMSP and

LUMO

View Article Online

Paper

F~ ions. From the NBO study, it is evident that the F acts as
a donor and will donate the lone pair (LP) and core-shell (CR)
electrons, while the P and Si atoms in TMSP act as an electron
acceptor and will accept electrons to the anti-bonding o*-
orbital. From Table T1,T it can be observed that there is a stable
interaction between the LP of F with the o*-orbitals of P and Si,
as indicated by an enhancement in the magnitude of delocal-
ization energy (E,) to 10.41, 6.07, 7.29, and 3.49 kcal mol *,
respectively, for the interaction between the LP of F and the o*-
orbitals of P 1-O 40, P 1-0O 39, C 27-Si 42, and C 35-Si 42. On the
other hand, a deterioration in the magnitude of E, to
1.01 keal mol " can be observed for the interaction between the
CR of F and the o*-orbital of P 1-O 40. This strong interaction
between the F and TMSP indicates the tendency of TMSP to
scavenge the F~ ions. In addition, the energy level diagram
(Fig. 3) shows a higher magnitude of AE for bare TMSP (—5.14
eV), while a lowering of the magnitude of AE has been observed
in the case of TMSP-F (—3.82 eV), showing an increase in the
stability of TMSP-F compared to TMSP, which further indicates
the strong affinity of TMSP for F. The charge distribution during
the TMSP-F interaction has been illustrated by the electrostatic
potential (ESP) mapping (Fig. S61), which shows a neutral

-2.86 eV

Energy (eV)

-6.68 eV

HOMO

-7.04 eV

Fig. 3 The HOMO-LUMO energy levels of TMSP-F and TMSP.
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charge region occupied by Si, C, and H, whereas the red region
occupied by O, P, and F indicates the negatively charged region.

A comparison of energy of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) for different electrolyte components has been shown in
Fig. S7.7 The HOMO-LUMO energy level diagram illustrates the
stability of the electrolytes, where a higher energy LUMO indi-
cates higher reduction stability and a lower energy HOMO
indicates higher oxidation stability. The magnitude of AE eval-
uated from the equation, AE = Eyomo — ELumo, also affects the
electrolyte stability. The determined magnitude of AE for TMSP
is —5.14 eV (Enomo = —7.04, E umo = —1.9), EC is —6.21 eV
(Exomo = —7.3, ELumo = —1.09), and DMC is —6.2 eV (Egomo =
—7.4, Eyxymo = —1.2 €V). The HOMO level of TMSP is higher
compared to those of electrolyte additives such as fluoro-
ethylene carbonate (FEC) and solvents such as EC and DMC,
hence indicating that TMSP owing to its low oxidation stability
undergoes decomposition prior to other electrolyte components
leading to the formation of a stable cathode electrolyte interface
(CED). Similarly, the lower energy LUMO of TMSP compared to
FEC, EC, and DMC also enhances the initial decomposition of
TMSP at the anodic side, forming a stable SEI at the anode.
Hence, TMSP is a suitable electrolyte additive compared to
additives such as FEC. Here, in the case of G-SPE_TMSP, the
formation of an additional SEI or CEI layer by the decomposi-
tion of TMSP along with the gel will enhance the interfacial
stability of the SE.

Electrochemical characterization of G-SPE_TMSP

The interfacial compatibility of the G-SPE with the Li-metal
anode is a major factor determining the stability of the elec-
trolyte, as poor interfacial compatibility results in non-uniform
stripping/plating of Li-ions, leading to dendritic formation,
causing short circuits (Fig. 4). The Li-ion diffusion through the
G-SPEs has been investigated by determining the ionic
conductivity and transference number (¢;-). The kinetics of Li-
ions in the bulk are evaluated from the ionic conductivity of
the Li-ions in the electrolytes. The ionic conductivity of G-
SPE_TMSP (1-5 wt%) and G-SPE_B-EL has been determined
from the electrochemical impedance spectroscopy (EIS) for the
symmetric cell configuration of SS/G-SPE_TMSP (1-5 wt%)/SS
and SS/G-SPE_B-EL/SS using the equation given by,

o= LIR,A (2)

where Ry, is the bulk resistance evaluated from the EIS plot, L is
the thickness of the G-SPE (measured using a screw gauge), and
A is the electrode-electrolyte contact area. The ionic conduc-
tivities examined from eqn (1) are of the magnitude of 2.48,
4.68, 7.14, and 8.57 mS cm ™, for B-EL, TMSP: 1, 3, and 5 wt%,
respectively. The calculated values of ionic conductivities are
well within the range of the solid and gel-polymer-based elec-
trolyte (10 7% to 10~ * mS cm ™). The as-determined magnitudes
of ionic-conductivities exhibit a trend that shows a proportional
increase as the amount of TMSP increases from 1 to 5 wt%,
while the magnitude of ionic conductivity is much lower among
the G-SPE_B-EL. The poor ionic conductivity among the G-
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SPE_B-EL is due to the decomposition of the electrolyte, form-
ing undesirable products in the bulk and causing sluggish Li-
ion kinetics. On the other hand, in G-SPE_TMSP, the sacrifi-
cial decomposition of TMSP prevents further electrolyte
decomposition in the bulk, thereby stabilizing the gel and
enhancing the Li-ion kinetics compared to the G-SPE_B-EL. In
addition, as the amount of TMSP is increased from 1 to 5 wt%,
the decomposition of the electrolyte is further reduced, thereby
enhancing the magnitude of ionic conductivity.

To further support this fact, the t;;+ (Fig. 4a-d) has been
evaluated from the symmetric cell, Li/G-SPE_TMSP (1-5 wt%)/
Li, using the Bruce-Vincent equation given by,

i = AV — PR)/IP(AV — IR} (3)

where I*° is the steady-state current, I° is the initial current, R} is
the initial resistance, R! is the final resistance, and AV is the
voltage perturbation given. The as-determined magnitudes of
tyi- are 0.70, 0.75, 0.79, and 0.83 for G-SPE_B-EL and G-
SPE_TMSP (1-5 wt%), respectively. This similarity in the trend
for both these parameters further shows the ion-conducting
nature of the formed SEI layer.

To understand the influence of TMSP on the reaction
kinetics, the activation energy (E,) (Fig. 4e) has been determined
from the Arrhenius plot. The evaluation of activation energy has
been carried out from the In(o) vs. 1000/T plot by employing
a symmetric cell with SS/G-SPE_TMSP (1-5 wt%)/SS configura-
tion, using the equation given by,

In(o) = In(so) — EJ/1000RT (4)

where ¢ is the ionic conductivity, o, is the pre-exponential
factor, E, is the activation energy, and T is the temperature (in
K, within the range of —10 to 100 °C). The E, determined from
eqn (3) shows the magnitudes of 0.42, 0.33, 0.25, and 0.13,
respectively, for G-SPE_B-EL and G-SPE_TMSP: 1-5 wt%. The as-
obtained trend of E, can be ascribed to the enhancement of the
Li-ion kinetics due to the formation of a stable and ion-
conducting SEI layer as the amount of TMSP is increased
from 1 to 5 wt%.

To examine the interfacial stability, the galvanostatic
charge-discharge (GCD) study has been performed for
a symmetric cell, Li/G-SPE_TMSP (1-5 wt%)/Li, at an aerial
current density of 0.1 mA cm™>. As can be observed from Fig. 4f-i,
G-SPE_TMSP (1-5 wt%) exhibits stable cycling without any
polarization for longer durations of 200, 500, and 2000 h,
respectively, while the G-SPE_B-EL (where B-EL is the base
electrolyte) exhibits a sudden voltage polarization during the
initial duration and remains stable only up to 100 h. The stable
stripping/plating behavior among the G-SPE_TMSP (1-5 wt%)
can be ascribed to the formation of a stable SEI by TMSP along
with the gel, which effectively prevents the dendritic formation
due to homogeneous Li-ion deposition on the Li-metal anode.
In contrast, the absence of an additional SEI layer along with the
gel for the G-SPE_B-EL causes non-uniform Li stripping/plating,
which eventually leads to dendritic growth. A solid proof for
this statement can be obtained from the theoretical studies,
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where the high energy HOMO (—7.04 eV) and low energy LUMO
(—1.9 eV) of TMSP compared to other electrolyte components
lead to poor oxidation stability, thereby undergoing oxidation
prior to other electrolyte components forming a stable SEI layer
with the gel (formed by the radical polymerization of EC by AIBN
by thermal treatment). The as-formed SEI layer will enhance the
electrolyte stability, and the stability increases as the concentra-
tion of TMSP is increased from 1 to 5 wt% due to the formation of
a thicker SEI layer. Also, an experimental proof for SEI layer
formation with the gel has been obtained from the EIS studies of
the G-SPE_TMSP (1-5 wt%). Furthermore, TMSP also enhances
the stability by enhancing the facile Li-ion conduction due to its

13268 | J. Mater. Chem. A, 2025, 13, 13262-13275

F~ scavenging nature, preventing any side reactions with the
electrolyte and forming a Li-ion conducting SEI layer. On the
other hand, the G-SPE_B-EL electrolyte will undergo continuous
decomposition, which enhances the parasitic side reactions and
the growth of the SEI layer, thereby causing a drastic decrease in
the Li-ion conduction and, hence, the electrolyte stability. In
addition, the symmetric cell study of the electrolyte has been
performed at a high areal current density of 1 mA cm > (Fig. S87),
which exhibits large polarization in the initial cycles, showing
that the GCD cycling of the electrolyte can be carried out at
a lower areal current density. Hence, to optimize the suitable
aerial areal current density for the stable cycling of the electrolyte,

This journal is © The Royal Society of Chemistry 2025
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the symmetric cell study has been conducted at different areal
current densities of 0.1, 0.5, and 1 mA cm ™2, as shown in Fig. 9,1
among which 0.1 mA cm ™ exhibits less polarization up to 200 h,
while 0.5 and 1 mA em™> show large polarization during the
initial duration. Hence, the aerial current density for stable
cycling has been optimized to be 0.1 mA em™2. In addition, the
stability of the electrolyte has been further evaluated by carrying
out an asymmetric cell study using Cu as a counter electrode
instead of Li with configuration, Li/G-SPE_TMSP-3 wt%/Cu, at
a current density of 0.1 mA cm > (Fig. $107), and the cell exhibits
better stability up to a duration of 270 h. Also, the coulombic
efficiency (Fig. S111) of Li/G-SPE_TMSP-3 wt%/Cu has been
evaluated to be ~96% after 50 cycles. This observation opens up
the possibility of G-SPE_TMSP being applied to anode-less solid-
state batteries.

Electrochemical study of G-SPE_TMSP (1-5 wt%) with NMA

The electrochemical compatibility and the interfacial stability
of the G-SPE_TMSP (1-5 wt%) in a practical LIB have been
analyzed in a coin-cell setup using NMA as a cathode and a Li-
metal anode denoted as NMA/G-SPE_TMSP (1-5 wt%)/Li within
a potential window of 2.8-4.4 V vs. Li at a current density of
20 mA g . The GCD profile (Fig. 5a and b) of NMA exhibits
discharge capacities of 195, 202, and 199 mA h g ' with
a capacity retention of 79, 83, and 80% after 150 cycles when
cycled in G-SPE_TMSP-1 wt%, G-SPE_TMSP-3 wt%, and G-
SPE_TMSP-5 wt%, respectively. However, a decrement in
capacity retention of 72% was observed for NMA cycled with the
G-SPE_B-EL. This observation suggests the formation of a stable
CEI layer in the presence of TMSP along with the as-formed gel.
Moreover, due to its Lewis acidic nature, the Si atom in the
TMSP acts as an F~ ion scavenger, hampering the parasitic side
reactions initiated by the F~ ions. This observation can be
proved by the HOMO-LUMO analysis and the NBO analysis of
TMSP and TMSP-F. From the HOMO-LUMO calculations, it is
evident that the formation of TMSP-F is thermodynamically
more favorable, hence making the interaction of TMSP with F~
stronger, which makes TMSP a potential F~ scavenger. Also, the
NBO analysis further shows a low AE value for the interaction
between F~ and Si atoms in TMSP, agreeing that TMSP can act
as a potential F~ scavenger. Also, an enhancement in capacity
retention can be observed as the TMSP concentration is
increased from 1 to 3 wt% due to an increase in the stability of
the CEI layer, while the slight deterioration in the capacity
retention as the TMSP concentration is increased to 5 wt% is
due to the increase in the thickness of the CEI layer. This
increase in thickness can be explained by the CEI formation
mechanism by TMSP.** In this mechanism, the CEI is formed by
a radical pathway, whereas in the initial step, TMSP undergoes
radical cleavage, forming a TMSP radical, which will react
further with other TMSP molecules forming trimethylsilane,
which is one of the major components of the CEI layer. In the
case of 1 to 3 wt% of TMSP, this reaction forming the trime-
thylsilane will cease within the initial stage of the reaction due
to the limited amount of TMSP. In contrast, for 5 wt% of TMSP,
even after forming the CEI layer by TMSP, its relatively large

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

amount will further initiate a chain reaction, forming a large
amount of trimethyl silane, which eventually increases the
thickness of the CEI layer. In addition, the TMSP radical can
also reduce other organic components within the electrolyte,
particularly unpolymerized EC, DMC, etc., whose reduction
results in the formation of organic by-products that can
increase the thickness of the CEI layer. Groher et al.** proved
this mechanism using the XPS analysis conducted on the
NMC811 electrode cycled in the TMSP electrolyte, where they
observed a P-O functional peak in the XPS spectra at a lower
TMSP concentration, while this peak diminishes as the TMSP
concentration is increased to 5 wt% due to the deposition of
more trimethyl silane and other organic by-products on the
already existing CEI layer formed by TMSP. In addition, they
reported a dramatic decrease in the electrochemical perfor-
mance in NMC811 cycled in 5 wt% TMSP due to a proportional
increase in the thickness of the CEI layer. Hence, this mecha-
nism further depicts the increase in thickness of the CEI layer
with a proportional increase in the wt% of TMSP. The GCD
profile of NMA cycled in G-SPE_TMSP-5 wt% and LE_TMSP-5
wt% further shows that there is an enhancement in the cycle
stability of the former compared to the latter. Also, the capacity
retention of NMA cycled in G-SPE_TMSP-5 wt% is evaluated to
be ~85%, while that cycled in LE_TMSP-5 wt% is ~63% after
100 cycles. This enhancement in the electrochemical perfor-
mance of NMA cycled in the gel electrolyte can be attributed to
the formation of a stable gel with the CEI layer in the case of G-
SPE_TMSP-5 wt%. On the other hand, in LE_TMSP-5 wt%,
a stable CEI layer has been formed; the poor oxidative stability
of the liquid electrolyte components, such as EC and DMC,
causes further electrolyte decomposition, leading to poor elec-
trochemical stability. Hence, this shows that the physical state
of the electrolyte plays a crucial role in determining the elec-
trolyte stability. This observation can be clarified from the linear
sweep voltammetry (LSV) plot of liquid and gel electrolytes,
where the gel exhibits better oxidative stability than the liquid
electrolyte (Fig. S127). In addition, the GCD study of NMA has
been carried out at a higher current density of 100 mA g™ * (Fig.
S131), which exhibits poor discharge capacity and cycle
stability. To optimize the current density for the facile cycling of
the cell, the rate performance study (Fig. 5d) has been per-
formed at current densities from 20 to 200 mA g~ ', which
exhibits capacity retentions of 80, 87, and 82% for G-SPE_TMSP-
1 wt%, G-SPE_TMSP-3 wt%, and G-SPE_TMSP-5 wt%, respec-
tively, which depicts the effectiveness of the as-formed CEI layer
with the gel. Also, the TMSP concentration for effective CEI layer
formation with G-SPE has been optimized to be 3-5 wt%. To
further illustrate the wide applicability of the optimized elec-
trolyte, electrochemical studies of G-SPE_TMSP: 3 wt% have
been carried out with a commercial spinel-based LiNij sMn; 50,
(LNMO) high voltage cathode within a potential window of 3-
5V (vs. Li) at a current density of 50 mA g~ *. The GCD studies
(Fig. S14t) of the cycled LNMO exhibit an initial discharge
capacity of 134 mA h g~* with excellent capacity retention of
90% after 100 cycles. Hence, the use of the above electrolyte
combination in high-voltage cathodes further elaborates its
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Fig.5 (aand b) GCD plots of NMA with G-SPE_TMSP (1-5 wt%), (c) CV of NMA with G-SPE_TMSP (1-5 wt%) at a scan rate of 0.1 mV s, (d) rate
performance profile of NMA with G-SPE_TMSP (1-5 wt%), (e and f) GCD plots of NMA in LE_TMSP-5 wt% and G-SPE_TMSP-5 wt%, (g) LSV profile
of G-SPE_TMSP (1-5 wt%), and (h) temperature study of NMA with G-SPE_TMSP (1-5 wt%) at temperatures from —10 to 70 °C.

wide stability range, making it applicable to both low- and high-
voltage cathodes.

To understand the practical suitability at different climatic
conditions, the electrochemical performance of NMA/G-
SPE_TMSP (1-5 wt%)/Li has been performed at different
temperatures ranging from —10 to 75 °C. The GCD plot (Fig. 5h)
shows that at moderate and high temperatures, the NMA/G-
SPE_TMSP (1-5 wt%)/Li exhibits excellent electrochemical
performance, which can be attributed to the fast Li-ion kinetics
due to thermal agitation. In contrast, a deterioration in the
electrochemical performance can be observed as the tempera-
ture is lowered to 0 and —10 °C due to sluggish Li-ion kinetics.
Apart from the sluggish Li-ion kinetics, the increase in viscosity
at low temperatures leads to the solidification of the gel-

13270 | J. Mater. Chem. A, 2025, 13, 13262-13275

polymer interface due to the presence of a high freezing point of
EC forming the PEC (freezing point of EC is 36.4 °C), causing
poor electrochemical performance and battery failure.®*
Furthermore, the increase in polarization at low temperatures
can also contribute to poor electrochemical performance. Also,
the interaction between the Li-ions and the electrolyte solvents
becomes more pronounced at low temperatures, which also
leads to poor Li-ion kinetics. However, the structural stability of
the electrodes is still maintained at low temperatures, showing
that no phase change has happened in this condition.

The cyclic voltammetry (CV) analysis (Fig. 5¢) of NMA with G-
SPE_TMSP (1-5 wt%) has been carried out at a scan rate of
0.1 mV s~ '. The CV curves show an oxidation and a reduction
peak corresponding to Mn redox couples at 4 and 3.6 V vs. Li,

This journal is © The Royal Society of Chemistry 2025
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respectively. Also, a fall in the oxidation and reduction peak
current can be observed as the TMSP concentration is increased
from 1 to 5 wt% due to an increase in the thickness of the CEI
layer. Moreover, the redox peaks become less prominent as the
amount of TMSP increases. LSV has been performed to analyze
the stability of the electrolytes (Fig. 52). The LSV plot exhibits an
increase in oxidation stability as the TMSP concentration is
increased from 1 to 5 wt%. This can be attributed to the increase
in the stability of the as-formed CEI layer, preventing electrolyte
decomposition. In addition, LSV analysis of G-SPE_B-EL and LE
(Fig. S10t) shows better oxidation stability for the G-SPE_B-EL,
hence showing that the state of the electrolyte, whether gel or
liquid, also contributes to the enhancement in the electrolyte
stability.

The Li-ion kinetics for the G-SPE_TMSP (1-5 wt%) has been
investigated using the electrochemical impedance spectroscopy

View Article Online
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(EIS) (Fig. 6) technique performed within a frequency range of
10 kHz to 0.1 Hz. The EIS profile of G-SPE_TMSP (1-5 wt%)
exhibits an initial rise in the Rqr value, which can be attributed
to the formation of the CEI layer by TMSP. However, a decrease
in the Rcr value can be observed as the cycling progresses to the
10th cycle due to the formation of a stable CEI layer. Also, as the
cycling advances towards the 50th and 100th cycles, the Rqr
remains stable and does not show any rise, which further
depicts that the as-formed CEI-gel interface is stable and
prevents the electrolyte decomposition. In addition, the equiv-
alent circuit corresponding to the EIS plot exhibits circuit
elements corresponding to solution resistance (R;), resistance
due to the CEI layer and gel interface (Rcr), capacitive parts
exhibiting the double-layer capacitance offered by the CEI and
gel at the high-frequency region (Q; and Q,, respectively) and
a rising Warburg (Zw) tail indicating that the mass-transfer
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resistance can be observed in the low-frequency region. The
fitting parameters of the Nyquist plot for the 1st cycle are given
in Table T4.t

The in operando XRD analysis has been carried out to
understand the phase transition accompanying the charge-
discharge of NMA within a potential window of 2-4.4 V (Fig. 7).
From the XRD spectra, the diffraction peaks corresponding to
(333), (101), (006), (104), (015), (018), and (110) crystal planes
can be observed at 26 values of 19.8°, 38.7°, 39.2°, 45.3°, 45.7°,
65.5°, and 65.9°, respectively. Among the XRD spectra of
different crystal planes, the (101), (006), (104), (015), (018), and
(110) crystal planes show a slight peak shift, while the (003)
crystal plane exhibits a significant peak shift. As the charging
progresses to 4.15 V vs. Li, a significant positive shift in the (003)
diffraction peak by ~0.02° (26: 19.5 to 19.52) can be observed,
which can be attributed to a monoclinic (M) to hexagonal (H)
phase shift. At 4.3 V vs. Li, a peak shift of ~0.08° can be
observed, which signifies a phase change from the monoclinic
(M) to the hexagonal (H,) phase. Furthermore, as the charging
progresses to a higher potential of 4.4 V, a more significant peak
shift of ~0.1° can be observed due to a phase change from the
hexagonal (H,) to the hexagonal (H;) phase. On the other hand,
a negative shift peak shift can be observed in the case of
discharge, and the shift becomes more negative at low oper-
ating potentials. The shift in the (003) crystal planes is closely
correlated with the layered cathode materials, particularly NMC
and NCA. In comparison with the previous reports on NMA
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based on liquid electrolytes, the in operando XRD imaging of the
same exhibits a relatively large phase transition among the (003)
and (104) crystal planes, while the phase transition has been
confined within the (003) crystal plane on using the G-SPE as an
electrolyte.®® Although the phase transition of NMA is its
intrinsic property, here, the study shows that the gel-polymer
electrode-electrolyte interface, due to its relatively elastic
nature, highly lowers the extent of phase transition in NMA,
thereby improving its structural stability.>**® Also, the SEI layer
formed by TMSP remains intact on the surface of the electrode
due to the strong interaction between the NMA and the Si and P
atoms present in TMSP, hence mitigating the phase change in
the electrode to an extent. Furthermore, the Lewis acidic nature
of the Si atom in the SEI layer prevents any nucleophilic attack
by the F~ ions, thereby preventing electrode degradation and
transition metal dissolution. Here, the TMSP alone is not
effective in suppressing the phase change, but the synergetic
effect of both the TMSP-derived SEI and gel-polymer interface
has acted together to mitigate the phase change. The same is
evident from the GCD study of NMA in the G-SPE and LE,
wherein NMA cycled in the LE shows relatively poor cycle
stability compared to that cycled in the G-SPE. In the future, this
relatively new electrolyte configuration can be employed for
various other layered cathode materials, particularly NMC and
NCA.

Post-analysis of the G-SPE_TMSP (1-5 wt%) was performed
using XRD, while FE-SEM was used to analyze the elemental
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distribution of the cycled NMA electrode (Fig. S15t) and G-
SPE_TMSP (1-5 wt%) (Fig. S161). The XRD spectra of both fresh
and cycled G-SPE_TMSP (Fig. S171) exhibit peaks at (002) and
(100), corresponding to BN and PVDF-HFP of the SPE film.
However, for the cycled G-SPE_TMSP, the peak at (002) becomes
more prominent, which is attributed to the phase transition due
to gelation. Moreover, the cycled G-SPE_TMSP exhibits addi-
tional diffraction peaks, indicating that the CEI layer formed
along with the gel. The elemental distribution of the cycled G-
SPE_TMSP and electrode has been analyzed using energy
dispersion X-ray spectroscopy (EDS) analysis. The EDS analysis
of the electrodes shows a slight decrease in the elemental
distribution of Al, Mn, and Ni in cycled electrodes due to some
sort of parasitic side reaction causing metal-ion dissolution. In
addition, the EDS mapping of the G-SPE_TMSP electrolyte
shows a low F content in the cycled electrolyte compared to the
uncycled electrolyte. This can be ascribed to the strong coor-
dination of the P and Si atoms in TMSP with the F~ anions,
hence limiting the parasitic side reactions initiated by the F~
anions, leading to metal dissolution. In addition, the high O
and P contents in the cycled G-SPE_TMSP compared to the
uncycled one is due to the formation of the stable CEI film by
TMSP with the gel. The surface elemental distribution of the
cycled NMA electrode has been further evaluated using X-ray
photoelectron spectroscopy (XPS) analysis. The XPS analysis
(Fig. S18t) indicates the distribution of elements, such as Si, C,
O, F, and Ni, in the electrode. The presence of Si on the elec-
trode surface agrees with the formation of a CEI layer by TMSP
along with the gel. Also, the F 1s spectra further indicate that
the majority of the F~ ions are present on the electrode surface,
which supports the F~-ion scavenging nature of the Si-rich CEI
layer formed by the decomposition of TMSP at the electrode-
electrolyte interface. In addition, Si binds with the F~ ions in the
electrolyte, forming Me;SiF, which has been observed in
previous reports. The Ni 2p spectra corresponding to Ni 2p,,
and Ni 2p;, show that the as-formed CEI layer with the gel
prevents the dissolution of transition metals by mitigating the
parasitic side reactions initiated by the F~ ions. Also, O 1s
spectra corresponding to Ni-O (529 eV), C-O (531.5 eV), and
C=0 (532.8 eV) support the fact that the compound does not
undergo any distortion or phase change even after cycling. In
previous studies elucidating the mechanism of the TMSP elec-
trolyte additive, the formation of Me;SiF has been proved by
various methods.*® Similarly, here, from the XPS analysis, the
decrease in the F~ ion composition and the presence of Si on
the electrode surface further show the formation of Me;SiF
upon cycling. Also, the post-analysis study indicates the as-
formed gel interface's stability and confirms the absence of
any phase transition with the NMA. Moreover, using G-
SPE_TMSP overcomes the electrolyte decomposition, which
improves the cycle stability and coulombic efficiency and miti-
gates the parasitic side-reaction between the electrode and the
electrolyte. In addition, on comparison of different electro-
chemical parameters such as ionic conductivity, transference
number, and stability window, the present electrolyte system, G-
SPE_TMSP, outperforms the previously reported gel-polymer
electrolytes, the data of which are elaborated in Table T5.7

This journal is © The Royal Society of Chemistry 2025
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Conclusion

This study reveals the influence of a film-forming electrolyte
additive, TMSP, in enhancing the electrochemical stability of
a gel-solid polymer electrolyte (G-SPE) by varying its concentra-
tion from 1 to 5 wt%. The electrochemical stability of the elec-
trolyte was analyzed using a symmetric cell arrangement, which
indicates an enhancement in the electrolyte stability as the
concentration of TMSP was increased from 1 to 5 wt% due to the
formation of a stable SEI layer along with the gel. Also, the ionic
conductivity of the electrolyte exhibits magnitude in the order of
~107% S em™?, while it exhibits an increase in magnitude as the
TMSP concentration was increased from 1 to 5 wt%. Similarly, the
¢+ exhibits a similar trend with magnitudes ranging from 0.70 to
0.83 for TMSP within 1 to 5 wt%. In addition, the E, calculated
from the Arrhenius plot exhibits an increase in their magnitude
for TMSP from 1 to 5 wt%, which is in close correlation with the
as-determined magnitudes of ionic conductivity and ¢~ Also, the
practical utility of the G-SPE_TMSP was analyzed from the GCD
studies with the NMA cathode and Li metal anode. The GCD
profile indicates an enhancement in the electrochemical perfor-
mance of NMA in G-SPE_TMSP (1-5 wt%) compared to that in G-
SPE_B-EL. In addition, capacity retention exhibits an increase in
magnitude as the TMSP concentration increases from 1 to 5 wt%
due to the increase in stability of the formed CEI layer. The in
operando analysis shows the absence of any phase transition
during charge-discharge. In addition, the post-analysis of the G-
SPE_TMSP and NMA electrode further reveals the absence of any
parasitic side reactions between the electrode and the electrolyte.
Future research on LIBs is mainly focused on the development of
SPEs. The research on gel SPEs has to be focused on developing
novel polymer matrices based on PEO, PMMA, PAN, etc., and also
on developing novel polymer fillers such as BN, SiO,, Al,O3, etc.
Moreover, strategies must be employed to improve the interfacial
electrode-electrolyte contact and mitigate the interfacial resis-
tance, which should be prioritized.
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