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The poly (vinylidene fluoride) (PVDF)-based composite solid-state electrolyte (CSE) has garnered attention
due to its excellent comprehensive performance. However, challenges persist in the structural design and
preparation process of the ceramic-filled CSE, as the PVDF-based matrix is susceptible to alkaline
conditions and dehydrofluorination, leading to its incompatibility with ceramic fillers and hindering the
preparation of solid-state electrolytes. In this study, the mechanism of dehydrofluorination failure of
a PVDF-based polymer in the presence of Li,COsz on the surface of Lig4lasZri4TageOro (LLZTO) is
analyzed, and an effective strategy is proposed to inhibit the dehydrofluorination failure on the basis of
density functional theory (DFT). We introduce a molecule with a small LUMO-HOMO gap as a sacrificial
agent, which is able to remove the Li,COz impurities. Therefore, the approach of polyacrylic acid (PAA)
as a sacrificial agent reduces the degree of dehydrofluorination in the PVDF-based polymer and ensures
slurry fluidity, promoting the homogeneous distribution of ceramic fillers in the electrolyte membrane
and enhancing compatibility with the polymer. Consequently, the prepared electrolyte membranes
exhibit good electrochemical and mechanical properties. The assembled Li-symmetric cell can cycle at
0.1 mA cm~2 for 3500 h. The LiFePOy||Li cell maintains 91.45% of its initial capacity after 650 cycles at
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promising high-voltage performance. This facile modification strategy can effectively improve
DOI: 10.1038/d3scG4710e compatibility issues between the polymer and fillers, which paves the way for the mass production of

rsc.li/chemical-science solid-state electrolytes.

1 Introduction batteries, thereby significantly enhancing battery safety and

(cc)

With the new technological revolution, electric vehicles, elec-
tronic equipment and multi-modal energy storage have become
indispensable in modern society. Therefore, people have put
forward higher safety and energy density requirements for
energy storage devices. Because of the excellent theoretical
specific capacity, the lithium metal anode is under consider-
ation for the next generation of lithium batteries.” In order to
develop a suitable electrolyte, researchers have turned their
attention to solid-state electrolytes (SSEs) as an alternative to
organic liquid electrolytes to make solid-state lithium metal
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energy density.?

The SSEs are categorized into solid-state polymeric electro-
Iytes (SPEs), inorganic solid-state electrolytes (ISEs) and
composite solid-state electrolytes (CSEs), based on the compo-
nents.* CSEs are highly regarded for their combination of the
excellent ionic conductivity and mechanical strength of ISEs,
along with the low interfacial impedance of SPEs. The CSEs
mainly consist of an inorganic filler, polymer matrix and
lithium salt. Common polymer matrices include PEO, PVDF,
PAN and PPC.” Among them, PVDF has been widely studied
because of its good comprehensive performance, especially for
its high dielectric constant (¢).*” As for the inorganic fillers,
they can be divided into inert fillers (e.g. SiO,, Al,O3, TiO,, ZrO,,
etc.) and active fillers (e.g. Lig4LasZry 4Tay 601, (LLZTO), Li; 5-
Aly 5Ti; 5(PO,)s, Li;Ge,PsS10, LizPSy4, efc.) according to their
ability to conduct ions. Among them, garnet-type solid electro-
Iyte LLTZO has excellent conductivity performance, high
chemical stability and a good shear modulus.?

However, LLZTO is prone to reacting with water and CO, in
an air atmosphere to form an alkaline layer of Li,CO; on its
surface, which leads to its lithiophobicity and a decrease in
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conductivity.>'® Moreover, an alkaline environment resulting
from the Li,CO; layer on the LLZTO surface will cause dehy-
drofluorination of PVDF, which can be understood by using the
following equation,*

2(CH,-CF>), + Li,CO3 — 2(CH=CF),, + 2LiF + H,0 + CO, (1)

The generated C=C unsaturated bonds may cross-link and
reduce the fluidity of the slurry or even gelate, resulting in the
components not being homogeneously mixed,"> which blocks
the migration of Li*, weakening the ionic transport and
mechanical properties of CSE."»' In addition, the formation of
C=C bonds reduces the flexibility of the molecular chains,
which increases the interfacial resistance of PVDF and the
fillers.***> Moreover, Yi et al. found that the defluorination of
a PVDF-based polymer impairs the compatibility of the elec-
trolyte membrane with electrodes,' and gelation is an obstacle
to mass production in slurries with PVDF-based polymers.>'>'¢
Various strategies such as rapid acid treatment,'” using high-
temperature decomposition*® and high-speed mechanical pol-
ishing® have been proposed to solve these problems. More
recently, Lee et al. employed dry etching to treat the surface of
LLZO to remove Li,CO;.”° This treatment promoted the forma-
tion of fast Li" conductive pathways along the LLZO fillers. The
composite electrolyte membrane prepared with a PVDF matrix
has good ionic conductivity and electrochemical properties.
However, dry etching may lead to a potential risk of partial
transition of cubic LLZO into the tetragonal phase. In addition,
these methods are too complex and expensive. Therefore, it is
critical to develop a facile design strategy to enhance compati-
bility among components based on CSEs.

In this work, we introduce polyacrylic acid (PAA) with
a smaller LUMO-HOMO gap than poly (vinylidene fluoride-co-
chlorotrifluoroethylene) (P(VDF-CTFE)) as a sacrificial agent to
modify the surface of LLZTO by DFT analysis. The CSEs with
ceramic fillers and P(VDF-CTFE) are prepared by the solution
casting method. According to the DFT, the oxygen atom in the
carboxyl group of PAA is the main electrophilic site, leading to
the reaction of PAA with Li,CO; on the surface of LLZTO. The
degree of dehydrofluorination of P(VDF-CTFE) is reduced owing
to the removal of alkaline substances, thus avoiding a decrease
in the fluidity of the slurry that would prevent the coating of the
membrane. The modifications improve the compatibility
between the ceramic and matrix and ensure the homogeneous
distribution of the filler, facilitating fast and uniform Li"
transport. Therefore, the prepared P(VDF-CTFE)@LLZTO-PAA
CSE exhibits an excellent ionic conductivity of 4.53 X
107* S em ™, a Li* transfer number of 0.336 and an enlarged
electrochemical window of 4.5 V (vs. Li'/Li). The as-assembled
Li||P(VDF-CTFE)@LLZTO-PAA CSE||LiFePO, can stably cycle
650 times at 1C with an initial specific discharge capacity of
143.8 mA h g7, and has a capacity retention of 91.45%. This
study presents a facile and effective approach for modifying
alkaline ceramic fillers to be compatible with polymeric
matrices and the large-scale preparation of composite solid-
state electrolytes, which have excellent potential for mass
production in the industry.
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2 Results and discussion

2.1. Modification process of the ceramic filler surface

To study the mechanism of LLZTO modification by using a PAA
sacrificial agent, Fig. 1(a) shows the schematic synthesis process
of LLZTO-PAA filler particles. As shown in Fig. 1(a), PAA is
introduced onto the surface of LLZTO. To further understand
the reactions during the modification process, the LLZTO
particles, PAA powder and LLZTO-PAA particles are character-
ized by using FTIR (Fig. 1(b)). The characteristic peak at
864 cm ! corresponding to CO;>~ appears in the FTIR spectrum
of LLZTO,"** which is attributable to the reaction among water,
CO, and the Li* of LLZTO.** Hence, it is inevitable to observe
Li,CO; on the surface of LLZTO. As for the PAA powder, the
peaks at 2961 and 1172 cm™ " are attributed to the asymmetric
stretching vibration mode of ~-CH, and the stretching vibration
of C-0, respectively; the absorption peak at 1716 cm ' is related
to the stretching vibration mode of C=0 in the -COOH group.*
When LLZTO is modified by PAA, the peak at 864 cm ™" disap-
pears, and the intensity of the peak at 1716 cm™ " decreases.
Meanwhile, two new peaks appear at 1567 and 1416 cm ',
attributed to the symmetric and asymmetric stretching vibra-
tional modes in -COO™, respectively.**** The peak located at
2942 cm™ ' is related to the characteristic peak of the -CH,
group of PAA.

It is generally considered that the vibration modes of the
organic functional group are very sensitive to the Raman
spectra, and Fig. 1(c) displays the characterization results for
LLZTO, PAA and LLZTO-PAA. As depicted in Fig. 1(c), similar
phenomena are observed in the Raman spectra. First, the peak
belonging to the carboxyl group at 1670 cm ™" can be found in
the spectrum of PAA, and the characteristic peaks correspond-
ing to the vibration mode of -CH, and the stretching mode of -
CH, or -CH can be found at 1100 and 2936 cm™ ', respec-
tively.>>** As for the spectrum of LLZTO, the peaks at 294, 370,
684 and 771 cm ™" are attributed to the garnet phase, which can
also be found in the spectrum of LLZTO-PAA, indicating that the
modulation of the PAA sacrificial agent does not change the
cubic structure of the ceramics.”” In particular, the peak at
1086 cm ™' associated with carbonate vibration which further
demonstrates the presence of Li,CO;. In contrast, after PAA
modification, the vibrational peak of Li,CO; disappears from
the LLZTO-PAA spectra, indicating that the alkaline contami-
nated layer is removed from the surface of LLZTO. The peak at
1670 cm ™! associated with the carboxyl group disappears, but
a new peak corresponding to the symmetric vibration of -COO™
appears at 1423 cm ™' and a peak belonging to -CH, or —-CH is
present at 2926 cm ™ '.>° Both FTIR and Raman spectra indicate
that the surface treatment of LLZTO can effectively remove
Li,CO; content. Specifically, the carbonate group on the surface
of LLZTO will react with the carboxyl group of PAA, which is
represented by the following equation,

CO;>" +2 — COOH — 2CO0~ + H,0 + CO, 2)

The strategy of surficial modification by a sacrificial agent is
effective to remove the alkaline and low-conducting Li,CO;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic of the synthesis of the LLZTO-PAA filler. (b) FTIR spectra and (c) Raman spectra of the LLZTO particle, PAA powder and

LLZTO-PAA filler particle. (d) LUMO and HOMO calculations for the PVDF fragment and PAA, where PVDF is the selected fragment from P(VDF-
CTFE) that participates in the reaction. (e) The visualization images of electrostatic potential and (f) the electrophilic Fukui functions of the PVDF
fragment and PAA. TEM images of (g) LLZTO-PAA and (j) LLZTO. HR-TEM images of (h) LLZTO-PAA and (k) LLZTO. SAED patterns of (i) LLZTO-

PAA and () LLZTO. The [-110] in (h) and (i) is the zone axis.

from the ceramic surface, which is beneficial to ensure the ionic
conductivity of LLZTO. The results of exploring suitable pH
values by using different weight ratios of LLZTO/PAA are shown
in Fig. S1.7 The initial solution of LLZTO has a pH of 10.10,
which gradually decreases with the addition of PAA. When the
weight ratio is 3 : 1, the pH of the mixture decreases to 7.28, and
PAA essentially neutralizes the alkalinity of LLZTO.

In order to further investigate the rationality of PAA as
a sacrificial agent, the properties of PVDF fragments and PAA
are studied, and the energy values of the LUMO and HOMO of
the PVDF fragment and PAA are calculated by using DFT,
respectively (Fig. 1(d)). PAA exhibits a smaller LUMO-HOMO
gap of 0.1841 Ha than the PVDF fragment (0.2717 Ha),

© 2023 The Author(s). Published by the Royal Society of Chemistry

indicating that it is more susceptible to redox reactions and
electron gain/loss. Meanwhile, combining the results of FTIR
and Raman experiments, PAA is considered suitable to be used
as a sacrificial agent to remove Li,COj3, and can inhibit the
dehydrofluorination of the matrix. To further determine the
electrophilic and nucleophilic sites, the electrostatic potentials
(EPS) of the PVDF fragment and PAA are calculated and the
distribution results of EPS on the molecular surfaces are visu-
alized (Fig. 1(e)). It can be observed that the oxygen atoms in the
carboxyl groups of PAA exhibit significantly negative electro-
static potential, primarily due to the strong contribution of its
lone pair of electrons to the electrostatic potential. The calcu-
lated results of the electrophilic Fukui functions of the PVDF

Chem. Sci., 2023, 14, 13067-13079 | 13069
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fragment and PAA shown in Fig. 1(f) also indicate that the
oxygen atom in the carboxyl group is the main electrophilic site.
The results showed that the PAA sacrificial agent is more prone
to excitation, and its carboxyl group can effectively react with
Li,CO; and reduce its initiated dehydrofluorination reactions,
inhibiting the cross-linking of the matrix, which facilitates
uniform dispersion of the components in the CSE membrane
and enhances ionic conductivity and mechanical properties.

The microstructure of the LLZTO-PAA particles is analyzed
by TEM. The LLZTO-PAA particle has a core-shell structure with
a 10-20 nm polymer shell layer attached to the surface of the
LLZTO ceramic core (Fig. S2t). As shown in Fig. 1(g and h),
a dense amorphous shell layer can be clearly observed, which
clings to the ceramic surface (as marked by the green dash
lines). The lattice fringe with a spacing of 0.541 nm is measured
and displayed in Fig. 1(h), which is well matched to the (112)
lattice plane of LLZTO.®*' However, as for LLZTO without
surficial treatment, the floccules are distributed on the surface
of LLZTO particles (Fig. 1(j)), which may be correlated with the
dislodged Li,CO; during stirring. The lattice fringes are not
uniformly arranged, and the lattice plane of (—202) with a lattice
spacing of 0.295 nm belonging to Li,CO; can be identified
(Fig. 1(k)).*” The selected-area electron diffraction (SAED)
patterns are also different between LLZTO-PAA and LLZTO. The
SAED pattern of LLZTO-PAA exhibits the diffraction spots of the
(112), (220), (332), and (004) crystalline planes that are related to
the cubic phase of LLZTO (Fig. 1(i)). In contrast, the SAED
pattern of LLZTO exhibits a series of diffraction rings, and in
particular the (—202) lattice plane attributed to Li,COj; is again
observed (Fig. 1(1)). To investigate the distribution of PAA on the
LLZTO surface, EDS mapping of LLZTO-PAA particles is per-
formed (Fig. S31), where it is observed that PAA can coat LLZTO
particles.

2.2. Morphology of SSE membranes and distribution of
fillers

The prepared SSEs membranes are exhibited in Fig. 2(a—c), and
the inset images of SSEs show that the membranes can be bent
at large angles, which demonstrates their good flexibility. The
P(VDF-CTFE) SPE membrane is translucent, but the color of the
P(VDF-CTFE)@LLZTO CSE membrane turns brown with the
addition of LLZTO, which is attributable to the fact that P(VDF-
CTFE) undergoes the dehydrofluorination process. The fast
dehydrofluorination process will reduce the fluidity of the
solution of P(VDF-CTFE) with a LLZTO filler soon, and irre-
versibly transforms it into a gel state (Fig. S4t), making the
coating process uncontrollable and leading to inhomogeneous
dispersion of the fillers."**® However, the color of the P(VDF-
CTFE)@LLZTO-PAA CSE membrane is white and consistent
with that of the LLZTO particles. This finding indicates that the
alkalinity of LLZTO is suppressed (Fig. S11). SEM images of the
top view and cross section of the various electrolyte membranes
are shown in Fig. 2(d-i). The appearance of small pores on the
surface of the P(VDF-CTFE) SPE membrane may be attributable
to the phase separation of the components as a result of solvent
evaporation during the preparation of the membrane
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(Fig. S51).” In contrast, an inhomogeneous and porous
morphology of the internal CSE membrane with the direct
addition of pure LLZTO ceramic particles is observed, which is
attributable to the decrease in the fluidity of the slurry caused by
the dehydrofluorination of P(VDF-CTFE). A homogeneous and
dense morphology of LLZTO interconnected with the polymer
matrix is observed on the surface of the P(VDF-CTFE)@LLZTO-
PAA CSE membrane. This finding indicates that the
morphology of membranes with PAA-modified ceramics is
improved and becomes dense, facilitating the construction of
a continuous Li' transport pathway based on the polymer
matrix and increasing the ionic conductivity of CSE.**°

To investigate the distribution of LLZTO in the SSE
membrane, EDS mappings are performed on the cross section
of the membrane, as shown in Fig. S6.1 The distribution of the
La element from LLZTO in the P(VDF-CTFE)@LLZTO-PAA CSE
membrane is more uniform than that of the P(VDF-CTFE)
@LLZTO CSE membrane, confirming the improvement of the
distribution of ceramic fillers in the polymer matrix after PAA
sacrificial agent modification. This result is probably related to
the high compatibility of LLZTO-PAA with the polymer matrix
and a lower degree of dehydrofluorination of P(VDF-CTFE),
which allows for the homogeneous distribution of LLZTO in
PVDF and facilitates the fluidity of the slurry to be maintained.

2.3. Interaction of components in SSE membranes

XRD curves of the prepared electrolyte membranes and fillers
are shown in Fig. 3(a). First, the spectrum of the LLZTO particles
is well matched to the standard card #45-0109, indicating that
a pure cubic phase is observed, and PAA modification does not
change the cubic phase of LLZTO.®> The corresponding spec-
trum of P(VDF-CTFE) SPE exhibits two weak peaks at about
36.4° and 39.2°, as well as a broad characteristic peak at about
20.1° and a small peak at 22.1°, which are attributed to P(VDF-
CTFE), which could verify the semi-crystalline phase of the
polymer matrix.*® With the addition of LLZTO-PAA, the
diffraction peak positions of the P(VDF-CTFE) matrix and
LLZTO in P(VDF-CTFE)@LLZTO-PAA CSE do not change.
Moreover, in the spectra of the CSE, it is notable that the
intensity of the diffraction peaks in the crystalline region of the
P(VDF-CTFE) matrix decreases, and its peak located at 22.1°
disappears, which may be attributable to the fillers disrupting
the ordered arrangement of the polymer matrix.**

FTIR is used to explore the chemical structure and bonding
transitions of the SSEs, as exhibited in Fig. 3(b). As for P(VDF-
CTFE) SPE, peaks related to the vibration of the a-phase at
746 and 878 cm ' are observed, and the peaks at 831, 1071,
1175, 1254 and 1379 cm ' are correlated with the vibration of
the B-phase.*> Among them, the absorption peaks located at
1175 ecm™ " originated from the -CF, vibration, which corre-
sponds to 1166 cm™ " in the pure P(VDF-CTFE) membrane,***
due to the interaction of the polymer with the lithium salt.>*
Meanwhile, the dissociation of LiFSI in P(VDF-CTFE) leads to
new peaks at 1653 and 570 cm™'. Meanwhile, the B-phase
content is calculated from the absorption intensities located at
746 and 831 cm™ ' by using the equation (ESIT), and the results

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 P(VDF-CTFE) SPE: (a) opticalimage, (d) morphologies of the surface and (g) cross section; P(VDF-CTFE)@LLZTO CSE: (b) opticalimage, (e)
morphologies of the surface and (h) cross section; P(VDF-CTFE)@LLZTO-PAA CSE: (c) optical image, (f) morphologies of the surface and (i) cross
section. The insets of (a)—(c) show the bent SSE membranes. The insets of (g)-(i) show the entire cross section.

are shown in Table 1. When LLZTO-PAA is added, the B-phase
content increases, which means the interaction between the
fillers and P(VDF-CTFE).*> Moreover, the B-phase has high
polarity (e, = 10-13), which facilitates the dissociation of the
lithium salt.** In addition, the Lewis acid-base interactions
between the LLZTO fillers and the lithium salt also affect the
dissociation of LiFSL.?*® The changes in the B-phase content are
also observed in P(VDF-CTFE)@LLZTO CSE and P(VDF-CTFE)
@PAA SPE. The increase of the B-phase in P(VDF-CTFE)@PAA
SPE is probably caused by the effect of carboxylic acid groups
in PAA on the solidification process of the polymer matrix.
However, the B-phase content in P(VDF-CTFE)@LLZTO CSE
does not change significantly compared to that of the P(VDF-
CTFE) SPE, which is related to the reason that the fillers do
not fully come into contact with the polymer due to its inho-
mogeneous distribution and agglomeration.

The DSC measurements are carried out to explore the
melting temperature (T},) and other thermodynamic parame-
ters of the prepared SSE membranes. As shown in Fig. 3(c), the
T is marked above the DSC curve of the corresponding SSE
membranes. In comparison to the P(VDF-CTFE) SPE (161.70 °©
C), the Ty, of the other three SSEs with additives decreases.

© 2023 The Author(s). Published by the Royal Society of Chemistry

P(VDF-CTFE)@LLZTO-PAA CSE has the lowest Ty, (152.56 °C).
According to equations (ESIT), the crystallinity (x.) of the cor-
responding SSE membranes is calculated (Table 1). The crys-
tallinity of P(VDF-CTFE)@LLZTO CSE (21.30%) is higher than
that of P(VDF-CTFE)@LLZTO-PAA CSE (14.94%). This finding is
attributable to the non-uniform distribution of LLZTO fillers
without surficial treatment in the polymer matrix, and its per-
turbing effect on the polymer chain segments is not signifi-
cant*® The x. of P(VDF-CTFE)@LLZTO CSE is not much
different from that of the SSE membrane without a filler
(21.34%), which could not contribute significantly to the
transport of Li'. Furthermore, this finding suggests that the
addition of LLZTO-PAA can effectively decrease the crystallinity
of P(VDF-CTFE), which means an increase in the amorphous
regions and enhanced chain segment movement within the
matrix, leading to improvement of the transport of Li" and an
increase in ionic conductivity.**

Raman spectroscopy is an effective technique for studying
structures containing conjugate C=C double bonds, which are
a sign of dehydrofluorination.’” As shown in Fig. 3(d), there are
two main changes in the spectra of P(VDF-CTFE)@LLZTO CSE
without PAA modulation compared to those of P(VDF-CTFE)

Chem. Sci., 2023, 14, 13067-13079 | 13071
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Table 1 Thermal and crystalline properties of SSE membranes

SSE membrane F(B) (%) Tm(°C) AHL (g X (%)
P(VDF-CTFE) 45.37 161.70  20.86 21.34
P(VDF-CTFE)@LLZTO 44.93 158.49  20.79 21.30
P(VDF-CTFE)@PAA 46.38 154.06  19.78 20.22
P(VDF-CTFE)@LLZTO-PAA  47.17 152.56  14.63 14.94

SPE. The first change is the appearance of two new spectral
bands at 1507 and 1117 cm ™', which are signatures of the
polyene C=C stretching vibrational mode. This phenomenon
indicates that the polymer P(VDF-CTFE) has undergone
a dehydrofluorination process to generate a conjugate C=C
double bond structure under the influence of alkaline LLZTO.*®
In order to investigate the interaction between the PVDF frag-
ment and Li,COj3, theoretical calculations are carried out for the
system using DFT (Fig. S71), and a strong interaction is
observed between the PVDF fragment and Li,CO; with an
interaction energy of —1.24 eV. As displayed by the results in
Fig. S7(b),T the length of the C-F bond (Log) of the PVDF
fragment after adsorption is elongated to about 1.53 A from 1.36
A, indicating the obvious trend of defluorination, which is
consistent with the Raman test results. The second change is
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(a) XRD curves of SSE membranes and ceramic fillers. (b) DSC heating curves, (c) FTIR spectra and (d) Raman spectra of SSE membranes.

a substantial decrease in intensity located at 1432 and
2977 em™ ", corresponding to the ~CH tension vibrational and -
CH, bending modes, respectively.** This finding indicates
a decrease in -CH, groups in an alkaline environment. In
contrast, the above two changes are not found in P(VDF-CTFE)
@ LLZTO-PAA CSE after the addition of a PAA sacrificial agent,
and its Raman spectrum is almost identical to that of the P(VDF-
CTFE) SPE and P(VDF-CTFE)@PAA SPE. This result indicates
that surficial modification of LLZTO with PAA can inhibit the
dehydrofluorination of the P(VDF-CTFE) matrix, which could
improve the fabrication process of the electrolyte membrane.**

2.4. Performance of SSEs

Studies have shown that the concentration of ceramic fillers
significantly affects the ionic conductivity (o) of SSEs. At a given
LLZTO/PAA ratio of 3:1.2, different concentrations of LLZTO-
PAA fillers are added to P(VDF-CTFE). The ionic conductivity
of P(VDF-CTFE)@LLZTO-PAA CSEs with varying ceramic
contents is shown in Fig. S8.1 In the CSEs, the weight ratios of
the P(VDF-CTFE) matrix and LLZTO-PAA fillers are 10:1, 5:1,
10:3 and 5:2, and the corresponding room temperature o is
measured to be 4.53 x 107%,1.21 x 10™%,9.25 x 10~°, and 6.40
x 107° S ecm™, respectively. Moreover, all of these CSEs have an
electrochemical window of about 4.5 V, and exhibit good

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrochemical stability (Fig. S9t). However, when excess
amounts of ceramic fillers are added, agglomeration of LLZTO
will occur, and this will inevitably deteriorate the capability of
ion transportation. Therefore, the optimal weight ratio of
P(VDF-CTFE) to LLZTO is 10: 1.

To study the ion transport in CSE membranes, the ¢ of the
various membranes is shown in Fig. 4(a). The weight ratios of
P(VDF-CTFE) to LLZTO and LiFSI are identified to be 10:1 and
3:2 (Fig. S10%), respectively. The ¢ of P(VDF-CTFE)@PAA SPE is
2.73 x 107" S em ™, slightly surpassing that of P(VDF-CTFE)
SPE (2.53 x 10~* S ecm %), owing to the reduced crystallinity of
the polymer matrix and the contribution of the carboxyl group
to Li* transport.* Moreover, the ¢ of P(VDF-CTFE)@LLZTO-PAA
CSE (4.53 x 107* S cm™") is significantly higher compared to
that of P(VDF-CTFE)@LLZTO CSE (1.93 x 107*s Cmfl). This
difference can be attributed to the uniform distribution of
LLZTO-PAA, leading to a decrease in the crystallinity of P(VDF-
CTFE) and the formation of a fast Li' transport pathway
dominated by the polymer matrix.*®** Based on the above
analysis and characterization results, the increase in conduc-
tivity of P(VDF-CTFE)@LLZTO CSE is mainly related to the
following factors: (1) the dense structure of the membrane and
the homogeneous distribution of the fillers facilitate the
continuous transport of Li"; (2) the addition of LLZTO-PAA
effectively reduces the crystallinity of P(VDF-CTFE), which
promotes the migration of Li".*® In addition, Fig. 4(b) shows the
Arrhenius curves for different electrolyte membranes, where the
o of all the SSE membranes increases with increasing temper-
ature due to the increased ability of the chain segments of the
polymer matrix to move. It is observed that P(VDF-CTFE)
@LLZTO-PAA CSE exhibits a minimum E, of 0.206 eV, indi-
cating that the Li" can migrate through it with a lower migration
barrier. In contrast, the E, of P(VDF-CTFE)@LLZTO CSE is
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0.256 eV, which may be related to the agglomeration and
inhomogeneous distribution of the ceramic fillers in the CSE.*

The electrochemical window is a crucial parameter for
assessing the electrochemical stability of an electrolyte. Fig. 4(c)
shows the results of linear scanning voltammetry (LSV)
measurements on electrolyte membranes. P(VDF-CTFE)
@LLZTO CSE has an electrochemical window of 4.3 V (vs. Li'/
Li). The electrochemical window for P(VDF-CTFE) SPE and
P(VDF-CTFE)@PAA SPE is 4.1 V, which is less than that reported
in other literature studies,*® attributed to the effect of residual
solvent (Fig. S1171).** Significantly, the P(VDF-CTFE)@LLZTO-
PAA CSE exhibits a higher oxidation decomposition voltage of
4.5 V, which may be attributable to a more homogeneous
distribution of ceramics and restrain activity of DMF.****** The
enhanced electrochemical stability enables the electrolyte to
effectively match with a high-voltage cathode to provide high
energy density.

Good mechanical properties are essential for the safe use of
SSE-based lithium batteries in practice, and are related to the
ability of the electrolyte membrane to inhibit lithium dendrites.
The mechanical performances of SSE membranes are evaluated
by using stress-strain curves (Fig. 4(d)). The tensile strength
(TS) of P(VDF-CTFE) SPE is 2.79 MPa and the maximum strain is
27.24%. The TS of P(VDF-CTFE)@LLZTO CSE is only 0.554 MPa
after adding pure LLZTO due to the agglomeration of ceramics
and poor film formation. However, with the addition of LLZTO-
PAA, P(VDF-CTFE)@LLZTO-PAA CSE possesses a TS of 5.22 MPa
and a maximum strain of 79.93%. These improved mechanical
properties are due to the adhesion between the P(VDF-CTFE)
matrix and the ceramic filler. Thus, the addition of LLZTO-
PAA endows the electrolyte membrane with better mechanical
stability to support the safety of the battery.**
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(a) The EIS curves of SSE membranes. (b) Arrhenius plots of ionic conductivities of SSE membranes. (c) LSV curves, (d) stress—strain curves

and (e) TGA curves of SSE membranes. (f) Flammability tests of P(VDF-CTFE)@LLZTO-PAA CSE.
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Thermogravimetric analysis (TGA) conducted from 30 °C to
600 °C is performed to assess the thermal stability of the elec-
trolyte membrane (Fig. 4(e)), which is also an essential factor
regarding battery safety. The weight loss trend is consistent for
all SSEs. The weight losses observed within the temperature
ranges of 310 °C to 450 °C and 200 °C to 310 °C are caused by
the decomposition of P(VDF-CTFE) and lithium salt, respec-
tively.*® Trace amounts of water retention contribute to weight
loss before 55 °C. Moreover, the weight loss between 55 °C and
195 °C can be attributed to the residual solvent DMF.® There-
fore, the amount of DMF can be roughly calculated to be
approximately 12.3%, 9.2%, 8.9% and 8.3% in P(VDF-CTFE)
SPE, P(VDF-CTFE)@LLZTO CSE, P(VDF-CTFE)@PAA SPE and
P(VDF-CTFE)@LLZTO-PAA CSE, respectively. The flammability
test is used to assess the safety of electrolyte films further. As
depicted in Fig. 4(f), P(VDF-CTFE)@LLZTO-PAA CSE does not
continue to burn after being heated by a heat source, which
demonstrates its good thermal safety.

2.5. Performance and characterization of Li||SSEs||Li cells

The Li* transference number (¢.;+) is an essential parameter for
evaluating the Li" transport capacity of the electrolyte. Fig. 5(a)
and S12t show the constant potential polarization process and
the corresponding impedance spectrum of the lithium
symmetric cell assembled from SSEs. The ¢;;+ values for P(VDF-
CTFE) SPE and P(VDF-CTFE)@PAA SPE are calculated to be
0.176, 0.172, respectively, according to the equation (ESIT).
Moreover, the ¢+ values for P(VDF-CTFE)@LLZTO CSE and
P(VDF-CTFE)@LLZTO-PAA CSE are 0.167 and 0.336, respec-
tively. The agglomerated ceramics could not form fast Li'
channels, and their contact area with the anion is reduced,
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which results in a lower #;;-.*” In contrast, as for the P(VDF-
CTFE)@LLZTO-PAA CSE, the enhanced t; is attributed to the
high ionic conductivity of LLZTO and its immobilization of the
FSI" anion.”® A high ¢, facilitates the reduction of the
concentration polarization during charging/discharging, and
enables the diffusion and uniform precipitation of Li".

The Li||SSEs||Li symmetric cells are assembled and tested for
constant current cycling to investigate the ability of SSEs to
inhibit lithium dendrite growth. Fig. 5(b) shows the lithium
plating and stripping behavior of the cells under the conditions
of 25 °C and 0.1 mA cm ™. The cycle life of the cells with P(VDF-
CTFE) SPE and P(VDF-CTFE)@PAA SPE is 1600 h and 2050 h,
respectively. It is reported that the Li polyacrylic acid (LiPAA)
formed by the PAA™ anion and Li" could improve the electro-
Iyte's ability to resist volume changes in the lithium anode.*"*
The Li||P(VDF-CTFE)@LLZTO CSE||Li cell produces a huge
polarization voltage after 850 h of cycling and the cell eventually
fails in an open circuit mode. The failure here could be attrib-
utable to the lower ¢;;, which causes anions to accumulate at
the interface and form a space charge layer, resulting in
a greater interfacial impedance.” Interestingly, the Li||P(VDF-
CTFE)@LLZTO-PAA CSE||Li cell maintains a stable polariza-
tion voltage over a 3500 h cycle, indicating its enhanced stability
towards lithium metal and effective inhibition of lithium
dendrite growth. As depicted in Fig. 5(c), the critical current
density of Li||P(VDF-CTFE)@LLZTO-PAA CSE||Li is 0.6 mA cm 2,
which exceeds that of Li||P(VDF-CTFE)@LLZTO CSE||Li (0.4 mA
ecm ?). The microscopic morphology of the lithium metal
surface after cycling Li||SSEs||Li for 200h is observed by using
SEM (Fig. 5(d and e)). The lithium surface of Li||P(VDF-CTFE)
SPE||Li exhibits roughness and non-uniformity, while Li||P(VDF-
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(a) Chronoamperometry profile of the Li/Li symmetric cell for P(VDF-CTFE)@LLZTO-PAA CSE. The inset shows the EIS curves before and

after polarization. (b) Cycling performance of Li||SSEs\|Li cells plating/stripping. (c) The critical current density test of Li||SSEs||Li cells. The surface

morphologies of lithium metal after 200 h: (
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d) Li||P(VDF-CTFE) @LLZTO CSE||Li and (e

e) Li||[P(VDF-CTFE)@LLZTO-PAA CSE]||Li.
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CTFE)@LLZTO-PAA CSE ||Li has a flat surface and uniform
lithium deposition. Due to the uneven deposition of lithium,
the volume of the interface between the SSE membrane and
lithium may change, eventually leading to cell failure.*** These
results suggest that adding LLZTO-PAA fillers effectively
promotes the uniform diffusion of Li* and inhibits lithium
dendrite growth between the electrolyte membrane and lithium
metal electrode.

2.6. Performance of full cells and Li anode interface stability

To evaluate the practical application of SSEs in lithium metal
batteries, LFP||SSEs||Li cells are tested for the electrochemical
performance at room temperature. The rate performance of the
LFP||SSEs||Li cells is tested across a range of rates, and the
corresponding results are presented in Fig. 6(a). The
LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li battery exhibits 164.2,
160.4, 155.2, 147.1, 138.3, 131.3, and 118.8 mA h g~ at rates of
0.1, 0.3, 0.5, 1, 2, 3 and 5C, respectively. After the rate returns to
0.3C, the cell can maintain a reversible capacity of 159.7 mA h
g . In contrast, the LFP||P(VDF-CTFE)@LLZTO CSE||Li cell
exhibits only 154.8, 151.2, 147.5, 139.3, 127.8, 117.1, and 99.2
mA h g, respectively, and the discharge capacity is 149.7 mA h
g~ ' after returning to 0.3C. The excellent rate performance of
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the P(VDF-CTFE)@LLZTO-PAA CSE can be mainly attributed to
the high ionic conductivity and ¢+, and its excellent reversibility
indicates that the high rate charging and discharging process
does not cause severe damage to the CSE.*

Fig. 6(b) demonstrates the cycle performance of the
LFP||SSEs||Li cells at a rate of 1C. The initial discharge capacity
of the LFP||P(VDF-CTFE)@LLZTO CSE||Li cell is 134.8 mAh g™ .
After 250 cycles, the cell exhibits a specific capacity of only 120.5
mA h g™, retaining 89.4% of its initial capacity. The fluctua-
tions in charge/discharge efficiency in the middle stage prob-
ably originate from the breakage and formation of the unstable
solid electrolyte interphase (SEI) layer.” Notably, the initial
specific capacity of the LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li
cell at 1C is 143.8 mA h g '. Subsequently, the capacity
increases to 146.5 mA h g~ '. This finding can be attributed to
a decrease in interface resistance with further activation of the
cell and the homogenization process of the Li" in the CSE
membrane.*® Fig. 6(c) exhibits the charge/discharge curves for
the LFP||SSEs||Li cells at the 1st cycle and the 250th cycle. More
importantly, the LLZTO-PAA-based cell maintains a specific
capacity of 131.5 mA h g~ ' and a capacity retention rate of
91.45% after 650 steady cycles. Furthermore, Fig. S131 shows
that the LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li battery exhibits
good cycling performance at 0.3C. It has an initial capacity of
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(a) Rate capacity and (b) long-term cycling performance at 1C of LFP||SSEs||Li cells. (c) The charge/discharge curves of LFP||SSEs]||Li cells.

(d) Long-term cycling performance at 1C of the LCO||P(VDF-CTFE)@LLZTO-PAA CSE||Li cell. (e) CV curves of the first four cycles of LFP||SSEs||Li
cells. XPS spectra of lithium metal anodes from LFP||SSEs||Li after cycling: (f) C 1s and (g) O 1s.
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159.4 mA h g7, and after 505 cycles, the cell also has a capacity
of 148.7 mA h g and a charge/discharge efficiency of 99.5%.
The 4.5V electrochemical window of the P(VDF-CTFE)@LLZTO-
PAA CSE also predicts its ability to match with the high voltage
cathode; thus we assemble the electrolyte membrane with LCO
to form an LCO|P(VDF-CTFE) SPE||Li cell. Fig. 6(d) demon-
strates the cycle performance of the LCO||Li cell at 1C, where the
cell has an initial specific capacity of 124.1 mA h g~ %, and can
cycle for 160 cycles with a capacity retention of 84.9%. These
findings demonstrate that the P(VDF-CTFE)@LLZTO-PAA CSE
has high reversibility and good electrochemical stability due to
the excellent ionic conductivity and homogeneous LLZTO-PAA
fillers ensuring uniform Li" flux.

To further investigate the changes that occur in the electro-
lyte membrane during charge and discharge, the LFP||SSEs||Li
cells are tested using cyclic voltammetry (CV) from 2.5 to 4 V. As
shown in Fig. 6(e), the haphazard and non-overlapping curves
of the LFP||P(VDF-CTFE)@LLZTO CSE||Li cell show the presence
of some side reactions in the cell. In contrast, the LFP|/P(VDF-
CTFE)@LLZTO-PAA CSE||Li cell shows good reproducibility in
the CV curves of the first four cycles, indicating the improve-
ment of electrochemical stability of the ceramic filler for the
electrolyte membrane.*> The other difference is the voltage
difference between the oxidation and reduction peaks in the
first cycle, which is 0.33 V for the LFP||P(VDF-CTFE)@LLZTO
CSE]||Li cell and 0.31 V for the LFP||P(VDF-CTFE)@LLZTO-PAA
CSE||Li cell. This finding suggests that the P(VDF-CTFE)
@LLZTO-PAA CSE has better kinetic performance for Li"
transport.

The LFP||SSEs||Li cells are cycled 100 times before testing the
lithium anode electrode using XPS to explore the chemistry on
the interfacial phase layer (Fig. 6(f and g)). As for the C 1S
spectrum of LFP||P(VDF-CTFE)@LLZTO CSE||Li, the peaks of C-
C (284.77 eV), C-H (285.99 eV), N-C=0 (288.60 eV), and C-F
(289.99 eV) are observed, which is mainly attributed to the
residue and decomposition of the polymer matrix and DMF.>
N-C=0 is mainly derived from the amide group in the residual
DMF." But for LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li (N-C=
0O/-COO: 288.65 eV), the N-C=0 of residual DMF solvent and
the carboxylate groups (-COO) of polyacrylic acid both produce
peaks which overlap at ~288 eV.>** In addition, a new peak is
observed at 287.46 eV, which is attributed to the C-C=0 of
polyacrylic acid.>® Another difference is found in the O 1S
spectra for Li,O, Li,CO3/LiOH and FSI", which mainly comes
from the reaction of the polymer matrix with lithium and the
LiFSI residue.**® Evidently, the peak area of Li,CO;/LiOH in
LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li is reduced (Fig. $147)
due to the removal of trace amounts of water from the
membrane by the absorption effect of the homogeneously
dispersed LLZTO-PAA fillers, which mitigates the reaction of the
impurities with lithium.*® In the O 1S spectrum of LFP|P(VDF-
CTFE)@LLZTO-PAA CSE||Li, the small bump at 354.16 €V is
related to the COO™ of polyacrylic acid and its reactants.” The
areas of peaks of C 1S and O 1S spectra using P(VDF-CTFE)
@LLZTO CSE are larger than those using P(VDF-CTFE)
@LLZTO-PAA CSE (Fig. S147), indicating that LLZTO-PAA is
more beneficial to inhibit electrolyte decomposition.** These
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results indicate the disparity in the structure and chemical
distribution of the SEI of P(VDF-CTFE)@LLZTO-PAA CSE and
P(VDF-CTFE)@LLZTO CSE, leading to different cell
performances.

3 Conclusion

We found that PAA is more susceptible to redox reactions than
P(VDF-CTFE), which is supported by the DFT analysis. Thus,
a composite solid-state electrolyte composed of a P(VDF-CTFE)
polymer matrix and PAA-modified LLZTO fillers is prepared
using the solution casting method. The surficial modification of
LLZTO using the PAA sacrificial agent forms a core-shell
structure and removes alkaline impurities with low conductivity
from the ceramic surface. Therefore, this approach facilitates
the reduction of defluorination in P(VDF-CTFE), and ensures
the fluidity of the slurry, thus improving the distribution of the
fillers in the electrolyte membrane and reducing the degree of
agglomeration of LLZTO. As a result, P(VDF-CTFE)@LLZTO-PAA
CSE exhibits a high ionic conductivity of 4.53 x 10™* S cm™*
and enhanced electrochemical stability with a window of 4.5 V
(vs. Li"/Li) and mechanical properties (5.22 MPa). This trans-
formation can be attributed to the enhancement of the ion
transport performance in the CSE membrane by LLZTO-PAA
fillers, and the dense structure formed by the filler and poly-
mer matrix, which constructs a continuous Li’ transport
pathway. The homogeneously distributed LLZTO-PAA fillers
endow the Li||P(VDF-CTFE)@LLZTO-PAA CSE||Li cell with
uniform lithium plating/stripping and enhanced suppression of
lithium dendrites, enabling stable cycling for up to 3500 h. The
LFP||P(VDF-CTFE)@LLZTO-PAA CSE||Li cell demonstrates
excellent rate performance and enhanced cycling stability. In
addition, the LCO||P(VDF-CTFE)@LLZTO-PAA CSE||Li cell also
shows the potential of CSE to match with the high voltage
cathode. This study provides a facile strategy for improving the
distribution of ceramic fillers in the polymeric matrix, while
contributing to the large-scale industrial fabrication of organic/
inorganic composite solid-state electrolytes.
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