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rface for garnet-based high-
performance all-solid-state lithium batteries†
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Anju Vakakuzhiyil Gopinathan,c Sooraj Kunnikuruvan *de

and Manikoth M. Shaijumon *ab

Solid-state batteries present a promising avenue that offers improved safety and energy density, effectively

addressing the limitations of state-of-the-art lithium-ion batteries. Among different solid electrolytes,

composite polymer electrolytes (CPEs) offer versatile multi-component solutions to distinct challenges

posed by inorganic solid and organic polymer electrolytes. However, the polymer–filler interface issues

significantly hamper their performance when higher ceramic (>20%) loading occurs. Here, we

demonstrate an efficient strategy to introduce an in situ-formed fluorine-rich interface for the lithium

anode and the ceramic fillers in the CPE. The rationally designed CPE comprises a high ceramic loading

of 40% and exhibits significantly high Li-ionic conductivity (10−4 S cm−1 @ 55 °C) and compatibility,

along with impressive long cycling performance of the LijLi symmetric cell for over 2000 cycles at 0.1

mA cm−2. We fabricated all-solid-state Li//LFP full cells that delivered a discharge capacity of

140 mA h g−1 at a 0.1C-rate when cycled at 70 °C and showed good cycling stability. The role of

fluorine-containing additives in enhancing conductivity was validated using computations. Furthermore,

we extended the applicability of the optimised CPE as an interface modifier in Li//LFP full cells, resulting

in improved capacity and long-term cycling.
Introduction

The global transition from gasoline to electric vehicles (EVs) is
currently underway,1–3 and there is an urgent need for innova-
tive material design and development leading to performance
breakthroughs in battery technology in terms of rapid charging
and high energy density.4,5 Although lithium-ion battery-
powered technology is ourishing, there is a need for
increased safety and improved performance. Therefore, the
scope and need for further scientic advancements are exten-
sive.6,7 There are dangers associated with the liquid electrolyte
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the Royal Society of Chemistry
in a conventional battery pack due to its ammability, and this
also limits us from exploring high-voltage cathodes and
a metallic lithium anode. Also, graphite is unsuitable for rapid
charging due to its sluggish reaction kinetics and risk of lithium
plating.8–10

Replacing liquid electrolytes with non-ammable superionic
conductive solid electrolytes, and graphite with metallic lithium
will assist in overcoming the above limitations.11–14 However,
the challenges associated with using solid electrolytes with
lithium, particularly interface issues and poor room-
temperature conductivity, have to be addressed.15–18 The two
broad categories of solid electrolytes include inorganic solid
pellets and composite polymer-based membranes. The biggest
challenge with using rapid lithium-conducting conventional
garnet and NASICON-based solid electrolytes is the need for
high-temperature sintering to achieve optimum densication
and additional interface engineering.19–22 Conversely, polymer-
based electrolytes, predominantly poly(ethylene oxide) (PEO)
and Li salt-based electrolytes, are a viable option.23,24

Compared to other polymers, the complex formed between
PEO and the salt imparts high ionic conductivity in the elasto-
meric phase at temperatures above the melting point of PEO
and, hence, has been widely adopted.25 Its drawbacks include
poor strength and low tolerance to high current density.
Although there have been many attempts to include passive
llers, such as Al2O3, SiO2, and MOFs and active llers, such as
Chem. Sci., 2025, 16, 7811–7821 | 7811
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View Article Online
oxides, NASICONS, argyrodites, and suldes,26,27 researchers
tend to use batteries that operate at very low ller concentra-
tions (<10%).

A promising solution is increasing research on composite
electrolytes with high active ller loading to synergistically
benet from the design. However, the maximum limit of the
ller concentration remains debated.28–31 This is presumably
due to the preferential change in the lithium-ion conduction
pathway via the composite electrolyte. There are three possible
ionic pathways: (1) through PEO–LiTFSI, (2) through PEO–
LiTFSI and the active ller interface, or/and (3) through the
ller. NMR studies by Hu et al. to probe the local structural Li
environment reveal that Li-ion prefers the LLZO ceramic phase
over polymer or its interface.32

Additionally, several ndings demonstrate that the ceramic–
polymer interface offers high resistance due to surface impu-
rities and abrupt changes in the Li-ion concentration.33 The
concepts of space-charge region and phase distribution have
been theoretically established to trace the percolation pathway
and estimate the targeted design, such as ller loading and salt
concentration.34,35 It is well established that moving from
ceramic-in-polymer- to polymer-in-ceramic- based electrolytes
helps in dendrite suppression.36

There are non-uniform nucleation sites in lithiummetal that
cause the growth of lithium dendrites. The phenomenon is
more prominent in liquid and polymer-based electrolytes. Many
interface-directed works have been proposed, including using
organic coatings and electrolyte additives, such as uoro-
ethylene carbonate (FEC), as well as articial solid electrolyte
interfaces (SEI), and metal coatings. For solid-state architec-
tures, although numerous high-prole uorine-based modi-
cations are proposed (Scheme 1),37–51 the homogeneous
distribution of uorine still remains a major challenge to be
addressed.52
Scheme 1 Recent literature reports on various interfacial engineering us
Adapted with permission from [ref. 41] Copyright 2022 Springer Nature

7812 | Chem. Sci., 2025, 16, 7811–7821
Herein, we demonstrate an efficient strategy to introduce an
in situ-formed uorine-rich interface for the lithium anode as
well as the ceramic llers in a composite polymer electrolyte
(CPE). We show that a CPE prepared with a high ceramic
loading of 40% along with a new uorine-based additive,
namely uorostyrene, exhibits a signicantly high Li-ionic
conductivity (10−4 S cm−1 @ 55 °C) and compatibility, with an
impressively long cycling performance of the LijLi symmetric
cell over 2000 cycles at 0.1 mA cm−2. Control experiments and
density functional theory (DFT) calculations were performed to
decipher the role of uorine incorporation, and the predictions
based on binding energy calculations were found to agree with
the experimentally observed trend in ionic conductivities.
Furthermore, we extended the applicability of the optimised
CPE as an interfacemodier in Li//lithium iron phosphate (LFP)
full cells, which was shown to stabilise the lithium metal anode
and the LFP cathode, resulting in improved capacity and long-
term cycling.

We highlight that the uorostyrene additive exhibits supe-
rior properties, is less expensive, and is required in lesser
quantity than the well-explored FEC53,54 additive. Concerning
the requirements of the EV sector, our ndings underscore the
importance of high ceramic loading and a stable interface to
facilitate long-term cycling. Our approach not only eliminates
the issues associated with high garnet loading but also offers an
exceptionally stable interface for a long cycling range.
Results and discussion

We synthesized a ceramic ller, Al-doped Li6.28Al0.24La3Zr2O12

(Al-LLZO), using a conventional solid-state reaction method,
and subsequently characterized the ller as detailed in the ESI
(Fig. S1).† The PEO : LiTFSI weight ratio was xed at 5 : 1, and
the ceramic-loaded composite electrolyte was prepared by
ing fluorine-based modifications for solid-state lithium metal batteries.
and [ref. 42] Copyright 2022 American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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varying the ller concentration (20%, 40%, and 60%), as
detailed in ESI Table S1.† The conductivity plots deduced from
the electrochemical impedance spectroscopy (EIS) measure-
ments (Fig. S2†) revealed that maximum conductivity was ob-
tained for a ller concentration of 40%. In addition, increasing
the ller concentration to 60% and higher resulted in visible
cracks and difficulty in obtaining a mechanically robust
membrane. Moreover, constant current cycling with time limi-
tations revealed that the overpotential characteristics at 40%
ceramic loading were more optimal as compared to the other
two ller concentrations.

The poor performance at 20% ller concentration was
attributed to the ease of dendrite growth in the PEO-dominated
membrane, while that for 60% could have resulted from the
crack/gap-forming nature and agglomeration in the PEOmatrix.
Based on the conductivity results and the robustness of the
membrane (Fig. S3†), a composite electrolyte with 40% ceramic
loading was chosen for further modications via additive
incorporation.

We modied the composite electrolyte using 4-uorostyrene
(FS) as the additive. First, 10 ml g−1 (solid mass) of FS was added
to a polymeric slurry with 40% Al-LLZO loading (see the
Fig. 1 Physicochemical characterisation of the composite polymer elec
CPE(40)FS flexible composite membrane. (b) Cross-sectional SEM image
Enlarged view of the fractured region, and (d) a top-down view in the SEM
in the membrane (inset: magnified view of the SEM image and the SEM-E
filler, CPE (40), and CPE(40)FS. Comparison of (f) TG curves and (g) DSC c
composite membranes. (h) SEM-EDS elemental mapping of a CPE(40)FS
spectra of CPE(0) and CPE(0)FS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Experimental section, ESI,† for details) to obtain the modied
composite polymer electrolyte, CPE(40)FS. It is to be noted that
the CPE comprises PEO : LiTFSI in a 5 : 1 weight ratio unless
mentioned otherwise. Upon incorporating the additive, the
membrane retained good exibility, with no visible colour
change in the electrolyte lm (Fig. 1a). Fig. 1b shows a cross-
sectional scanning electron microscopy (SEM) image of the
membrane, which reveals a thickness of 110 mm. A magnied
SEM image of the lm is displayed in Fig. 1c, which clearly
depicts the distribution of the ller particles throughout the
bulk of the electrolyte. In addition, the homogenous distribu-
tion of the llers across a larger landscape of the polymer matrix
is shown in the SEM image in Fig. 1d.

The XRD patterns of the composite electrolyte with and
without FS is compared with that of bulk Al-LLZO in Fig. 1e. As
the garnet loading is high, the membranes show sharp peaks
that were ascribed to Al-LLZO. We conducted thermogravi-
metric analysis (TGA) to substantiate the ller loading, and the
weight loss recorded from the TG curves revealed that CPE(40)
and CPE(40)FS stabilize at approximately 40%, reconrming the
fraction of Al-LLZO in the composite (Fig. 1f). The glass tran-
sition temperature, Tg, indicates the temperature where the
trolyte. (a) Digital photograph showing the physical appearance of the
of the membrane, revealing a thickness of approximately 110 mm. (c)
image of the membrane depicting the distribution of ceramic particles
DX spectra of the sample). (e) X-Ray diffraction patterns of the Al-LLZO
urves (swept from −80 °C to 80 °C at a scan rate of 10 °C min−1) of the
membrane to trace the distribution of fluorine. (i) Representative FT-IR

Chem. Sci., 2025, 16, 7811–7821 | 7813
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onset of polymeric motions in the amorphous phase is
observed, causing a transition from the crystalline to the elastic
state.

Plasticisers such as succinonitrile and ionic liquids have
been used to alter the Tg of the PEO matrix and enhance the
conductivity.55,56 The Tg values of CPE(40)FS and CPE(40) with
Al-LLZO-LiTFSI–PEO are−53.8 °C and−49.9 °C, respectively, as
seen from Fig. 1g. The lower Tg for the composite electrolyte
upon incorporating FS indicates that the FS also introduces
a strong plasticising effect and further reduces the crystallinity
of the LiTFSI–PEO matrix, which is benecial for enhancing the
conductivity of composite electrolytes. With the addition of FS,
the melting point of the polymer (Tm) decreased from 56 °C to
51 °C because of the potential uorination/interaction of PEO
segments by FSmoieties. On comparing CPE(0) and CPE(40), no
noticeable shi was seen in the Tg and Tm values with garnet
loading.57 Aer additive incorporation, it has been a vital chal-
lenge to obtain a homogeneous distribution of uorine in the
polymer matrix.

Owing to the high garnet loading, the membrane also
demonstrated appreciable thermal stability up to 120 °C, as
seen in ESI Video VS1.†

To validate the same, SEM-energy dispersive X-ray spectros-
copy (EDS) elemental mapping was carried out, which revealed
the presence of carbon, oxygen, and uorine elements(Fig. 1h).
The mapping revealed a signicant distribution of F over the
entire scan region. To further understand the nature of
bonding, we carried out Fourier transform infrared (FT-IR)
spectroscopy studies. The FT-IR spectra of CPE(0) and CPE(0)FS
were measured and are depicted in Fig. 1i. To avoid ambiguity
with Al-LLZO interference, the membranes were prepared
without llers. A signicant decrease in the peak intensity at
3400 cm−1 was noted. This peak was ascribed to the charac-
teristic OH vibration of PEO, and the decrease in the peak
intensity was attributed to the interaction of FS with PEO.41

An important property of the FS-added CPE is the signi-
cantly enhanced ionic conductivity58 (Fig. 2a). The Nyquist plot
of both membranes obtained at 55 °C is provided in Fig. 2b. The
ionic conductivities of the CPE(40) and CPE(40)FS membranes
estimated from the plot were 3.3 × 10−5 and 1.0 × 10−4 S cm−1,
respectively. Although the structure–property relationship of
ion transport in the composite electrolytes remains unclear,
activation energy is an assertive indicator.59

The activation energies for CPE(40) and CPE(40)FS estimated
from the slope of the Arrhenius plot are 1.23 eV and 0.77 eV,
respectively. Also, the transference number estimated from
chronoamperometry and EIS measurements (Fig. 2c), following
the Bruce–Vincent method, is 0.67, which is appreciable for
PEO-based polymeric electrolytes. The PEO and salt pathway
might contribute to anion migration (typically giving tLi

+ <0.5),
and hence, we see a slightly lower transport number compared
to typical single ion-conducting electrolytes.

As FS is a new electrolyte additive, testing its stable operation
window vs. the alkali metal anode is vital for rechargeable metal
battery applications. It can be seen from Fig. 2d that the
membrane has a safe operation limit of 5 V vs. Li/Li+. Fluorine
addition modies the EO groups, thereby turning them into
7814 | Chem. Sci., 2025, 16, 7811–7821
a more stable host for Li+cations.60 Because these membranes
exhibit superior oxidative stability under high-voltage condi-
tions resulting from the F-rich domains,61 they are viable for
potential application in full cells with high-voltage cathodes.
The inclusion of any additive may cause alteration in the SEI
due to the strong oxidising ability of the lithiummetal. Hence, it
is vital to conrm the compatibility of the modied electrolyte
with lithium by monitoring the impedance evolution of the
electrolyte sandwiched between lithium electrodes. It is evident
from Fig. 2e that the symmetric cell with the FS-added electro-
lyte membrane traces a very stable and low Rct (approximately
1600 U on day 15) compared to the unmodied electrolyte, for
which the Rct value was approximately 6000 U during the same
time interval, as seen from Fig. 2f and g.

As mentioned earlier, there were irregularities in the over-
potential vs. time curve for the 40% ller composition (Fig. S3†).
However, when the CCD curves of CPE(40) and CPE(40)FS were
overlaid one over the other, the modied counterparts exhibited
improved stability, atter curve, and reduced overpotential,
reecting the improvements facilitated by the addition of FS
(Fig. 2h). We hence put forth that the FS forms a stable uorine-
rich layer on lithium and ceramic llers, possibly regulating the
lithium-ion conduction pathway and subsequent lithium
deposition even at high currents up to 0.5 mA cm−2. Upon
reversing the current density to the initial value of 0.1 mA cm−2,
the cell preserves its overpotential, indicating good reversibility
and regulated lithium deposition.

So far, researchers all over the world explored design strat-
egies to develop reversible and stable deposition and stripping
of Li metal to achieve long-term cycling. Given that the current
tolerance is appreciable, this facile strategy also enabled
exceptionally stable cycling for 2000 cycles at 0.1 mA cm−2

(Fig. 2i). The plating overpotentials at the 10th and 2000th cycles
are 92 mV and 104 mV, respectively (Fig. 2j). The CPE thus
combines the merits of high garnet loading along with effective
modication of the interface. The EIS of the cells was performed
before and aer the cycling studies (Fig. S4†) with an equivalent
circuit reecting good interface stability.

To decipher the role of uorine incorporation, we carried out
a series of experiments and validated them with DFT studies.
The Al-LLZO collected by washing the polymeric membrane in
acetonitrile was subjected to TEM and EDS mapping (Fig. 3). A
very thin protective layer is seen on the surface of Al-LLZO
(Fig. 3a and b). Furthermore, the surface of a particle was
mapped to determine the composition of the coating. As pre-
dicted, the surface of the Al-LLZO particle was wrapped in a thin
uorine-rich layer as evidenced by the EDSmapping (Fig. 3c and
d).

Having conrmed the nature of the species covering the Al-
LLZO ller, we present a schematic in Fig. 3e of the possible
modication introduced in the CPE(40)FS membrane. An F-rich
layer is formed on the surface of Li and also on the particle
surface (given in green colour), thereby providing a solution to
the PEO/ceramic interface resistance. For underpinning the
mechanisms that govern the ceramic–polymer interface, DFT
studies were carried out to examine the interaction of FS with
PEO (Fig. 3f–h). For comparison, uoroethylene carbonate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterisation of the ceramic-loaded CPEwith andwithout fluorine incorporation. (a) Arrhenius plots of ionic conductivity as a function
of temperature. The solid line is the Arrhenius fit applied to the data. The activation energy is determined from the slope of the fit. (b) Nyquist plot
of CPE(40) and CPE(40)FS measured at 55 °C. (c) Transference number (tLi

+) estimation using chronoamperometry. (d) CV profile recorded at
0.5 mV s−1 to estimate the potential stability window. (e) Interfacial resistance of the LijLi symmetric cells and the Rct of each CPE. Snippets of
a Nyquist plot for the LijLi symmetric cell comprising (f) CPE(40) and (g) CPE(40)FS. (h) The CCD test curves for CPE(40) (dotted line) and CPE(40)
FS in lithium symmetric cells with increasing current densities ranging from 0.1 to 0.5 mA cm−2 at a step size of 0.1 mA cm−2. (i) Galvanostatic
cycling stability of CPE(40)FS at a current density of 0.1 mA cm−2 for 0.5 h in a lithium symmetric cell at 55 °C, and (j) enlarged regions of the
cycling profile from three regions of the stability curve.
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(FEC), which is the most common F-based additive, was inves-
tigated using computations and experiments. The computed
binding energy, (DGBE) (eqn (S1), ESI†) of Li with PEO (Li-PEO),
PEO in the presence of FS (Li-FS-PEO), and PEO in the presence
of FEC (Li-FEC-PEO) follows the trend for (DGBE) values:

Li-PEO (−4.32 eV) < Li-FEC-PEO (−3.83 eV) < Li-FS-PEO

(−3.38 eV).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The more positive Li-ion binding energy upon the intro-
duction of FS/FEC to the PEO polymer matrix suggests that Li-
ion-hopping through the PEO chain will be more facile in the
presence of these additives. The comparatively more positive
(DGBE) for PEO-FS as compared to PEO-FEC is also in agreement
with the experimentally observed trend in ionic conductivity.
Moreover, we noted more positive binding energy for the Li
Chem. Sci., 2025, 16, 7811–7821 | 7815
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Fig. 3 The surface of Al-LLZO formed by coupling in situ-formed lithiophilic fluorine species on the surface. (a) HR-TEM image of the Al-LLZO
surface with a height profile of the surface coating. (b) Magnified HR-TEM image showing the fringes at the surface. TEM-EDS mapping of (c) Al-
LLZO represented in (d) with F, La, and O, mapped in green, red, and yellow, respectively. (e) Schematic illustration of the possible distribution of
Al-LLZO particles in pristine andmodified CPEs. Optimised structures of the (f) Li-PEO, (g) Li-FS-PEO, and (h) Li-FEC-PEO complexes with crucial
distances (in Å) labelled. Atom color codes: C (black), O (red), H (white), F (green), and Li (pink).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

25
69

 1
9:

22
:0

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
complexes of FS and FEC molecules (−1.11 eV and −1.64 eV,
respectively) as compared to the Li complexes of a single PEO
chain (−3.03 eV) (Table S2†). The introduction of the additives
between the polymer chains thus weakens the interchain
interactions, which is evident from the decrease in free
hydrogen bonds of PEO as substantiated earlier41 by FT-IR
studies (Fig. 1i), and could result in improved Li-ion-hopping
kinetics.

To further evaluate the potential and feasibility of CPE(40)FS
for practical applications, full-cell studies were conducted. A Li
anode was paired with a LiFePO4(LFP) cathode to assemble an
all-solid-state lithium metal battery (ASLMB), as schematically
depicted in Fig. 4a. Electrochemical studies to understand the
kinetics of charge transport and evaluation of the cycling
performance are discussed below. Fig. 4b shows the cyclic vol-
tammograms of the ASLMB with CPE(40)FS electrolyte recorded
at different scan rates ranging from 0.2 to 1 mV s−1. The prole
shows distinct peaks congruent to the Li//LFP redox couple at
their respective potentials. As enhancement in the ionic
conductivity should be reected in the diffusion kinetics of the
lithium-ion, we attempted to highlight the improvement by
estimating the b-values from CV using the relation i = nb.62
7816 | Chem. Sci., 2025, 16, 7811–7821
The relationship reliably allows one to capture the b-value,
which determines two well-dened conditions: for b = 0.5, the
current is controlled by semi-innite linear diffusion, which
could indicate a faradaic intercalation process, and b = 1 is
attributed to a surface-controlled capacitive response.63 From
Fig. 4c, the b-value was estimated to be approximately 0.69 and
0.58 in the anodic and cathodic regions, respectively, indicating
a more diffusion-limited reaction process.64,65 The galvanostatic
intermittent titration technique (GITT) was used to estimate the
diffusion coefficient of Li ions in the LFP cathode. A GITT
intermittent cycling curve and the corresponding regions of the
prole used for the calculation of the diffusion coefficient are
presented in Fig. 4d and e, respectively. The D-value was
calculated using eqn (S5), as detailed in the ESI.†

Although we predicted a low D-value because of the PEO-
based solid-state conguration, here, the D-value was esti-
mated to range in the order of 10−12 to 10−13 cm2 s−1 during
charging and discharging (Fig. 4f and g), which is well in
accordance with recent reports.66 Concomitant to the b-values
obtained through CV, the GITT results also show that the
addition of FS to the composite electrolyte (CPE(40)FS)
improved the overall cell performance. This can be attributed to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance of all-solid-state Li//LFP cells. (a) Schematic of a full cell fabricated for the electrochemical studies where
the individual components are labelled alongside. (b) Cyclic voltammograms recorded at various scan rates. (c) ln v vs. ln Ip plot to deduce the b-
value from the slope of the fitted anodic and cathodic regions. (d) GITT curves of the full cell during discharge and charge obtained with a current
flux of 35 mA for 40 min, followed by relaxation for 10 min. (e) Magnified GITT curve marking the parameters required for the estimation of the
diffusion coefficient. Variation of diffusion coefficient values as a function of cell potential during (f) discharge and (g) charge. Galvanostatic
charge–discharge studies of a Li//LFP full cell with the CPE(40)FSmembrane as the electrolyte at (h) 55 °C and (i) 70 °C. (j) Long cycling studies of
the full cell cycled at different current rates performed at 70 °C. (k) Digital photograph of the fabricated all-solid-state full cell in pouch format
with proof-of-concept demonstration.
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the ion-conducting inorganic coating on the lithium anode and
the surface of garnet particles with LiF-containing species,
whose bulk and interfacial ionic conductivities span the range
10−6–10−2 S cm−1 at ambient temperature.67

To gather additional data, galvanostatic cycling studies were
carried out at 55 °C for coin-type full cells, and the results are
presented in Fig. 4h. Unlike conventional polymer electrolytes,
a relatively at cycling prole was obtained with a polarization
gap less than 200 mV at 0.1C (Fig. 4h). The cell delivered
a discharge capacity of 126, 122, 97, and 73mA h g−1 at 0.05, 0.1,
0.2, and 0.5C, respectively, with appreciable reversibility of
138 mA h g−1 when cycled back at 0.05C at 55 °C (Fig. 4h, S5a
and b†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
A post-cycling cross-sectional SEM image (Fig. S5c†) of the
cell shows the thickness of individual components, and there
was good adhesion between the electrode and electrolyte
without any void formation. As a reection of cycling stability,
long cycling of the full cell was carried out. Analogous to our
previous ndings, the cells exhibited superior cycling stability
when cycled at 0.5C for 500 cycles at 55 °C (Fig. S5d†). The FS
addition not only introduced a stable anode electrolyte inter-
face, but also facilitated a stable cathode electrolyte interface
(CEI), eliminating the need for additional interface
modications.68,69

Although the cell delivered a stable capacity for 500 cycles at
the 0.5C-rate during long cycling, we noted that increased
Chem. Sci., 2025, 16, 7811–7821 | 7817
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Fig. 5 (a) Schematic representation of the individual layers of the full
cell comprising CPE(40)FS as a cathode interface modifier. (b) Cross-
sectional SEM image of the cathode side of the full cell showing the
individual layers of the cathode, polymeric interface, and the dense Al-
LLZO pellet. (c) CVs recorded at different scan rates, and (d) galva-
nostatic cycling profiles of the full cell tested at a 0.1C-rate at 70 °C.
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capacity was attainable. We attempted to cycle the cell at
a slightly elevated temperature of 70 °C, resulting in an
improved CEI with a higher discharge capacity of 140 mA h g−1

at the 0.1C-rate (Fig. 4i). Similarly, long cycling studies at
different rates shown in Fig. 4j further reect the enhanced
cathode interface, which facilitated easier access to the active
material and, in turn, offered a higher discharge capacity. The
introduction of the FS additive presumably reduced the energy
barrier for Li-ion transport and enabled good rate perfor-
mance.70 A demonstration of the exibility of a pouch cell
shown to light a light-emitting diode (LED) device (Fig. 4k) is
presented in ESI Video VS2.†

To further conrm and ascribe the origin of the F-rich layer
to FS additive, we carried out a number of control experiments
following in-depth XPS analyses (Fig. S6–S10†). The spectra
were corrected to C–C/C–H bonds at 284.5 eV throughout the
study. As a benchmark, the XPS plots of PEO and FS are pre-
sented in Fig. S6.† For FS, the C 1s and F 1s peaks at 289.3 eV
and 686.2 eV were ascribed to C–F bonds of the FS molecule,
respectively. For the PEO–FS composite, a signicant redshi
was seen for the C–F bond in F 1s that was possibly attributed to
the interaction of PEO with the FS molecule, in accordance with
the DFT studies.71 Moving to the XPS analysis of the electrolyte
membrane, three samples, namely, CPE(40), CPE(40)FS, and
CPE(40)FS membrane post-cycling, were initially studied, and
the deconvoluted spectra are labelled with the representative
species (Fig. S7†).

It is worth mentioning that, although the XPS plots for
CPE(40) and CPE(40)FS are similar, the intensity of the peak
ascribed to Li–F is more signicant in the FS-added membrane.
The same peak is evident in the cycled CPE(40)FS as well. This
substantiates our claim that F-rich species are present in the
sample. However, to further support our claim that the Al-LLZO
llers are wrapped with an F-rich interface, Al-LLZO particles
were washed, recovered from the composite electrolyte, and
analysed. To achieve this, a piece of CPE(40)FS was dissolved in
acetonitrile to wash off the salt and polymer matrix. Aer three
washes (with the last wash in iso-propanol), the sample was
subjected to mild centrifugation to collect the Al-LLZO. The XPS
spectra of the thus-obtained sample are presented in Fig. S8.†

As validation, Li–F peaks were found in the F 1s and Li 1s
spectra.72 Again, there might be a possibility that the Li–F is
a repercussion due to LiTFSI. Hence, another reference
composite electrolyte was prepared as a test membrane by
replacing LiTFSI with LiClO4. The membrane is denoted as
CPE'(40)FS. The F 1s spectra of the pristine CPE'(40)FS show
only one peak attributed to C–F (Fig. S9†). To substantiate our
claim, the emergence of a Li–F peak was evident for the LiClO4

membrane aer cycling. Similar observations were also seen in
the Li 1s spectrum.

As FEC is one of the commonly studied F-based additives,
the same set of experiments was performed and FS was replaced
with FEC, and LiTFSI with LiClO4. The composite membrane
thus prepared was coined CPE'(40)FEC. The deconvoluted XPS
spectra of CPE'(40)FEC before and aer cycling are shown in
Fig. S10.† Not only was the Li–F signal weak, but an additional
peak at 689 eV, attributed to decomposed FEC–PEO products,
7818 | Chem. Sci., 2025, 16, 7811–7821
was seen. Nevertheless, a very weak signal of Li–F was present
on the surface of the washed Al-LLZO, unlike the FS counter-
part, thereby establishing that FS is a more optimal additive
than FEC.

Finally, to compare the performance of the CPE(40)FS elec-
trolyte with the commonly used FEC, a composite electrolyte
with the same ratio of FEC was prepared instead of FS under the
same experimental conditions, and the performance was eval-
uated. The membrane, CPE(40)FEC, exhibited lower ionic
conductivity compared to the FS counterpart (Fig. S11†), and an
activation energy of 1.1 eV was obtained, which lies between
that of CPE(40) and CPE(40)FS. Furthermore, the improved
ionic conductivity observed in the presence of FS compared to
FEC is in accordance with the DFT-based binding energy
calculations (Fig. 3f–h). Also, a change in colour to pale yellow
was noted for the CPE(40)FEC membrane (Fig. S12†), which
could be attributed to some reaction intermediates.

Hence, we propose that FS is an economical and more effi-
cient replacement for the FEC additive, and it can enhance the
kinetics and offer higher compatibility with a metal anode. The
cycling performance of our additive-incorporated composite
electrolyte was compared with that from recent reports and is
consolidated and presented in Tables S3 and S4.†

In the case of solid-state batteries with ceramic solid elec-
trolytes, the abrupt change in electrical potential, the interface
instability, and contact issues between the cathode and elec-
trolyte remain signicant challenges. Many strategies, such as
co-sintering, interface soening, and buffer layer incorporation,
have been implemented as solutions to these challenges.73–75

We further explored the potential application of our opti-
mized composite electrolyte as an interface modier in the
studied Li//LFP full cells.76–78 A proof-of-concept study of
CPE(40)FS as an interface layer for the cathode side was per-
formed by fabricating an all-solid-state battery with the Al-LLZO
pellet (Fig. 5a). On the anode side, graphite was coated on Al-
LLZO to improve the ion conduction and prevent dendrite
© 2025 The Author(s). Published by the Royal Society of Chemistry
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growth across the Li and Al-LLZO interface.79 The CPE(40)FS
membrane was used as an interface layer at the cathode side
with the LFP cathode.

Unlike many reports showing full-cell cycling studies of all-
solid-state batteries by wetting the cathode side with a few
drops of liquid electrolyte, our full cells are fabricated without
liquid electrolyte wetting. The cross-sectional SEM image in
Fig. 5b explicitly shows the polymer layer between the cathode
and Al-LLZO with well-dened boundaries. The electrochemical
studies were carried out at an elevated temperature of 70 °C.
The cyclic voltammograms recorded at different scan rates from
0.2 to 1 mV s−1 show clear and well-dened redox peaks
ascribed to the oxidation/reduction signals from the LFP
cathode (Fig. 5c). Furthermore, cycling studies were carried out
at a 0.1C-rate, and the cell delivered an initial capacity of
120 mA h g−1 with minimum polarization (Fig. 5d).

Post-mortem cross-sectional SEM imaging was carried out
on the cycled cells, and is presented in Fig. S13.† The polymer
acts as a cushioning layer between the LFP cathode and the Al-
LLZO electrolyte, thereby improving the ion transport kinetics.
The results presented here are preliminary, and we are in the
process of optimizing the pellet thickness, preparing composite
electrolytes,80 cathodes,81 and tuning the stack pressure82 or
temperature to achieve improved rate capability. This work
extends to the larger narrative of a universal interface modier
for various alkali metal anodes with different halide-
incorporated styrenes as additives.
Conclusions

Herein, we introduced a new strategy to create a uorine-rich
interface for lithium anodes and the ceramic llers in the
composite polymer electrolyte, enabling the development of
dendrite-free lithium metal anodes and thus promoting the
practical application of exible all-solid-state lithium batteries.
We showed that a CPE prepared with a high ceramic loading of
40%, and incorporating a new uorine-based additive, namely
uorostyrene, exhibited high Li-ionic conductivity (10−4 S cm−1

at 55 °C), and good cycling stability when tested in LijLi
symmetric cells and Li//LFP full cells.

The uorine-rich lithiophilic layer favours rapid Li-ion
transport at the interface and was shown to effectively
suppress the dendritic growth at the anode/solid electrolyte
interface. The FS-incorporated high ceramic-loaded
membranes were further studied as cathode interface modi-
ers in Li//LFP full cells. Theoretical and control experimental
studies provided further insights into the mechanism, thus
validating the performance enhancement. Future research will
envisage the prospects of similar halide-functionalized styrene
for alkali metal batteries.
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