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A scaffold membrane of solid polymer electrolytes for
realizing high-stability and dendrite-free lithium-metal
batteries

A PVDF-based scaffold membrane reinforces solid polymer
electrolytes, extends the applicable voltage, suppresses Li
dendrite formation, and enables lithium metal batteries to
exhibit high capacities and cycling stability.

7 ROYAL SOCIETY
PN OF CHEMISTRY

See Hsisheng Teng et al.,
J. Mater. Chem. A, 2021, 9, 25408.

AU

As featured in:

)

rsc.li/materials-a

Registered charity number: 207890



#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

A scaffold membrane of solid polymer electrolytes
et 1 s crem 2 20 TOT F€ALIZING high-stability and dendrite-free
08 lithium-metal batteriest

i '.) Check for updates ‘

Hanh T. T. Nguyen,? Dang H. Nguyen,® Qin-Cheng Zhang,? Yuh-Lang Lee, ©2°
Jeng-Shiung Jan, ©2 Chi-Cheng Chiu®? and Hsisheng Teng & *2°

High stability and uniform Li deposition are essential for realizing applications of Li-metal batteries (LMBs).
Therefore, a scaffold for polymer electrolytes is designed to achieve highly stable operation and dendrite-
free Li deposition. A porous membrane of poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) is
synthesized as a scaffold to host a networked poly(ethylene oxide) (PEO)-based solid polymer electrolyte
(NSPE) and form a scaffold-hosted electrolyte (NSPE@PF) that exhibits a considerably higher ionic
conductivity and Li*-transference number at 30 °C than the reported PEO-based solid polymer
electrolytes do. The PVdF-HFP scaffold renders the NSPE@PF electrochemically stable until 5.4 V (vs. Li/
Li*). The PVdF-HFP membrane facilitates uniform Li deposition on both Cu- and Li-metal anodes with
negligible dendrite growth in both solid-polymer and liquid electrolyte systems. LMBs containing the
NSPE@PF exhibit high capacities and a high cycling stability of up to 1100 cycles. The high-dielectric
feature of the PVdF-HFP scaffold facilitates counter-ion-pair dissociation and extends the stable voltage
range. Its anion-tethering ability minimizes the space-charge zones on the Li-anode surface and
suppresses Li-dendrite growth. Moreover, the high mechanical strength of the scaffold facilitates the
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Introduction

Li-metal batteries (LMBs), in which Li metal is used as the
anode, are considered as high-energy storage systems due to
their relatively high theoretical capacity (3860 mA h g~ ') and
low redox potential (—3.04 V vs. the standard hydrogen elec-
trode) for Li metal."” However, the development of practical
LMBs is hindered by the high reactivity of metallic Li with liquid
electrolytes.> The interaction between liquid electrolytes and
Li metal produces fragile solid electrolyte interface (SEI) mate-
rials that inhibit Li-ion transport and cause nonhomogeneous
plating on the Li anode, which results in dendrite formation.®
The pulverization of the fragile SEI by Li dendrites promotes the
formation of a new SEI, which reduces the Li content.””®
Therefore, the use of solvent-free solid electrolytes has been
proposed as an alternative to liquid electrolytes for producing
LMBs.
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Solid polymer electrolytes (SPEs) are ion-conducting solid
materials comprising a solvent-free polymer framework and
dissociable Li salts.®* SPEs can help overcome solvent-
induced safety issues, including leakage, fire, and explosions.
Poly(ethylene oxide) (PEO)-based SPEs have been investigated
because of their outstanding ability to form complexes with
alkali metal salts.” Unfortunately, most PEO-based SPEs have
a low ionic conductivity at room temperature,* which prevents
their practical application. The ionic conductivity of SPEs
depends on the local segmental motion of the polymer chains
in the amorphous region.” Efforts to increase the room-
temperature ionic conductivity of SPEs include the addition of
nanofillers’®” and plasticizers (organic liquid plasticizers,'®*
low-molecular-weight polymers or oligomers,* plastic crystal
materials,>?* and ionic liquids),>*** the blending or copoly-
merization of SPEs with other polymers,”*?' and the cross-
linking of polymer chains to form a polymeric network.**>* In
addition to the ionic conductivity, the mechanical, thermal, and
chemical stability of PEO-based SPEs must be substantially
increased if they are to be employed in practical applications.**

Studies have demonstrated the synthesis of promising SPEs
by using polyhedral oligomeric silsesquioxane (POSS) to form
a network of PEO-based polymers.*** Modifying PEO with
poly(propylene oxide) (PPO) reduces the crystallization
tendency of PEO.** Our previous study demonstrated the
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advantages of crosslinking linear chains of a triblock copol-
ymer—poly(polypropylene oxide-ethylene oxide-polypropylene
oxide) (P(PO-EO-PO))—by using POSS.*® Fig. S1a and b shows
the structures of P(PO-EO-PO) and POSS, respectively. The
POSS molecule is a Si-O-Si framed cage with Si corners, each of
which has a tentacle with an epoxy end. The epoxy ends interact
with the amino ends of the P(PO-EO-PO) chains to form
a three-dimensional network (Fig. Slcf). Lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) was incorporated into
this network to form a networked PEO-based SPE (NSPE).

Li-dendrite formation is one of the most critical issues that
must be resolved for using Li-metal anodes in batteries. The
uneven deposition of Li and the subsequent growth of dendrites
during repeated cycling are ascribed to the presence of space-
charge regions near the Li-metal anode.”>** Scheme 1a shows
that the electric field in the space-charge zones governs Li"
transport.**> Nonuniform Li" transport in the space-charge
zones created by expelling anions from the vicinity of the
negatively charged Li anode occurs whenever charge distribu-
tion on the anode is inhomogeneous.**** As displayed in
Scheme 1b, space-charge formation can be suppressed and Li"
transport can be regulated by tethering anions over the elec-
trolyte, which results in the uniform deposition of Li on the Li-
metal surface.**

In this paper, we propose a conceptual electrolyte design
(Scheme 1c) in which the NSPE is incorporated with a porous
poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF-HFP)
scaffold to form a PVAF-HFP-hosted NSPE (i.e., NSPE@PF).
The incorporation of PVAF-HFP increased the mechanical
stability, chemical stability, and ionic conductivity of the
NSPE.**** PVdF-HFP contains polar —~CF,- units on the polymer

Electric field

PEO-based PVdF-HFP
NSPE scaffold

L4 34

Scheme 1 (a) and (b) Transport patterns of Li ions near the Li-metal
anode. (a) Li-dendrite growth due to space-charge zone formation. (b)
Uniform Li deposition due to the use of anion tethering for eliminating
the space-charge zone. (c) Conceptual design of the NSPE@PF, which
consists of a PEO-based NSPE hosted by a poly(vinylidene fluoride-
co-hexafluoropropylene) (PVdF-HFP) scaffold. The PVdF-HFP poly-
mer chains tether the anions to facilitate Li* transport.
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chains and was reported to induce strong ion-dipole interac-
tion between anions and the polymer,* thereby restricting the
motion of anions. As illustrated in Scheme 1c, the PVdF-HFP
chains tethered the anions to facilitate Li" transport. The
localization of the anions suppressed the formation of a space-
charge zone, which led to uniform Li deposition (Scheme 1b).*°
The mechanically strong PVdF-HFP matrix can also suppress
the growth of dendrites that may be formed from some Li-metal
nuclei.***” The Li-dendrite formation was considerably lower
when using the NSPE@PF than when using the NSPE. An
examination of the liquid electrolyte system confirmed the
superior function of porous PVdF-HFP in regulating Li* depo-
sition. During operation at 30 °C, an all-solid-state LMB, namely
Li|NSPE@PF|LiFePO,, exhibited high capacity at a current rate
of 0.1C-3C and retained 52% of its original capacity after 1100
charge-discharge cycles at a current rate of 0.3C.

Results and discussion
Physical characteristics of NSPE@PF

Solution casting was used to prepare the porous PVdF-HFP
membranes. As-purchased PVdF-HFP was dissolved in water-
acetone solvent mixtures with varying water contents (1.5-
3.0 vol%) to form viscous solutions. These solutions were then
coated on a Teflon disk to evaporate the acetone at room
temperature. The acetone-evaporated membranes contained
water, and the amount of water trapped increased with the
water content of the original water-acetone mixture. We placed
the membranes in a vacuum oven at 80 °C to remove the trap-
ped water and obtain porous membranes. The structure of the
porous membranes was dependent on the amount of trapped
water. Fig. S21 displays the top-view scanning electron micros-
copy (SEM) images of the porous PVdF-HFP membranes, which
were denoted as PVAF-HFP-x, where x is the water content
(in vol%) in the water-acetone solvent. The SEM images indi-
cate that pore openings were distributed on the surface of the
PVAF-HFP-x membranes. The pore size was larger with x = 1.5
and 2.5 and smaller with x = 2.0 and 3.0. Fig. S37 presents the
corresponding side-view SEM images of the PVdF-HFP
membranes, showing the x-value dependence of porosity
consistent with the result obtained from the top-view images.
The porosity of the PVdF-HFP-1.5, -2.0, -2.5, and -3.0
membranes was measured to be 40%, 33%, 50%, and 25%,
respectively. Both the top- and side-view SEM images depicted
the high uniformity of pores in PVdF-HFP-2.5, which may be the
reason for the high porosity. The PVdF-HFP-3.0 membrane
exhibited shrunken pores (Fig. S2 and S37) probably because of
the collapse of pores in a vacuum during the removal of a large
amount of water.

Fig. 1a shows the SEM images of the PVdF-HFP-2.5
membrane, on which pore openings of uniform size were
evenly distributed over the surface. Fig. 1b depicts the closeup
of a pore opening; a three-dimensional porous network is
observed throughout the membrane. Such a scaffold of the
PVdF-HFP-2.5 membrane can accommodate the NSPE and
reinforce the mechanical strength of the resulting electrolyte.
Differential scanning calorimetry (DSC) was performed for
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Fig. 1 Surface images of the PVdF-HFP-25 and NSPE@PF
membranes. (a) Top-view SEM image of PVdF-HFP-2.5. (b) SEM image
of a pore opening on the PVdF-HFP-2.5 membrane. (c) Photograph of
the NSPE@PF membrane. (d) Side-view SEM image of the NSPE@PF
membrane.

analyzing the thermal properties of the PVdF-HFP-2.5
membrane. The range of temperatures scanned was between
—100 and 200 °C. Fig. S4at shows a melting peak appearing at
ca. 145 °C with a glass transition temperature (Ty) of —20 °C,
indicating that the segmental motion of polymer chains would
be restricted at low temperatures. Fig. S5f presents the
mechanical strength analysis results of the PVdF-HFP-2.5
membrane, which exhibited a high tensile strength. In this
study, we used the PVdF-HFP-2.5 membrane as the scaffold for
NSPE@PF synthesis because this membrane is highly compat-
ible with the NSPE. Fig. 1c shows that the NSPE@PF membrane
was flexible and highly transparent, which reflected the amor-
phous and homogeneous structure of the membrane. As
a comparison, Fig. S67 presents the opaque membrane with the
NSPE infiltrated into the PVdAF-HFP-1.5 scaffold, which also had
high porosity but with an uneven pore distribution (Fig. S2t) to
scatter light. The result indicates that this combination did not
produce a homogeneous membrane. PVdF-HFP-2.5, with its
high porosity and homogeneity, can act as a scaffold to effec-
tively and uniformly accommodate the NSPE.

Fig. 1d displays the side-view SEM image of the NSPE@PF
membrane. This membrane was approximately 26 pm thick and
had a dense and uniform structure that is favorable for battery
assembly. Fig. S7f shows the top-view SEM image of the
NSPE@PF membrane, which exhibits a uniform texture
distributed with wrinkles resulting from the solvent removal
during membrane synthesis.

DSC analysis of the NSPE@PF membrane (Fig. S4at) shows
no melting peaks in the DSC profile, which indicates that the
NSPE@PF membrane had low crystallinity. The NSPE@PF
membrane exhibited a low glass transition temperature (Ty) of
approximately —48 °C, which indicates the high segmental
mobility of the polymer chains. Fig. S4af indicates that the DSC
profiles of the NSPE@PF and NSPE membranes were similar,
which suggests that the NSPE@PF membrane inherited the

25410 | J Mater. Chem. A, 2021, 9, 25408-25417

View Article Online

Paper

thermal properties and behavior of the NSPE. Fig. S81 presents
the X-ray diffraction patterns of the NSPE and its precursor
P(PO-EO-PO). The pattern of the P(PO-EO-PO) precursor
exhibited strong diffraction peaks whereas the peaks of the
NSPE were substantially eliminated due to the polymer-
networking with the POSS crosslinker, reflecting the low crys-
tallinity of the NSPE. Fig. S4at depicts a small melting peak at
around 20 °C for the NSPE. The incorporation of the PVdF-HFP
scaffold further suppressed the formation of -crystalline
domains in the NSPE, resulting in the absence of a melting
signal in the DSC profile of NSPE@PF. The glass-transition and
melting peaks of the PVAF-HFP scaffold did not appear in the
NSPE@PF profile, indicating that the polymer chains of the
NSPE interpenetrated into the PVdF-HFP framework to elimi-
nate the occurrence of both glass-transition and melting in the
scaffold. However, a low T, is detrimental to the mechanical
properties of a polymer. The tensile strength of the NSPE@PF
membrane was 13 times that of the NSPE because of the rein-
forcement by the PVdF-HFP scaffold (Fig. S57), which facilitates
facile assembly. We subjected the NSPE@PF, NSPE and PVdF-
HFP scaffold membranes to thermogravimetric analysis. The
results of this analysis (Fig. S4bt) indicated the high thermal
stability of the PVAF-HFP scaffold. The thermal stability of
NSPE@PF was retained until approximately 310 °C, which was
lower than that of the NSPE (350 °C). The lowered decomposi-
tion temperature of NSPE@PF can be attributed to the loss of
crystalline domains in the polymer incorporation. Nevertheless,
a decomposition temperature of 310 °C is still high for practical
applications.

The ion-ion and ion-polymer interactions in the
membranes were investigated using Raman spectroscopy in the
spectral range of 725-760 cm ', in which the expansion-
contraction mode of the TFSI™ anions was observed.”® Fig. 2
shows a comparison between the TFSI™ bands observed for the
NSPE@PF and NSPE membranes. The TFSI™ band for the
NSPE@PF membrane shifted toward a lower wavenumber than
that for the NSPE membrane (from 741 to 739 cm ™). This shift
can be ascribed to the release of TFSI~ anions from the Li'-
TFSI™ ion pairs, in which paired TFSI™ exhibits a higher

NSPE@PF
NSPE@PF NSPE trans-TFSI
- (60%)
1z
H
-~ |2
3|
s
27 To e e 7
B Wavenumber (')
g
cis-TFSI" trans-TFSI
720 730 740 750 760

Wavenumber (cm-1)

Fig.2 Raman spectra of the TFSI™ vibration in the NSPE@PF and NSPE
at 725-760 cm™L. In the insets, the bands are deconvoluted into three
conformers: one free TFSI™ state in the cis conformation (738 cm™3),
one free TFSI™ state in the trans conformation (742 cm™), and one Li*-
associated TFSI™ state (748 cm™?).
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wavenumber of 748 cm™'.* As displayed in the insets of Fig. 2,
the Raman bands were deconvoluted into three conformer
peaks by using Gaussian/Lorentzian functions: one free TFSI ™
state in the cis conformation (738 cm™"), one free TFSI™ state in
the trans conformation (742 cm™"), and one Li*-associated
TFSI state (748 cm ™ ").%*%* The fractions of Li*-associated TFSI~
in the entire TFSI™ population were 3.3% and 8.3% for the
NSPE@PF and NSPE, respectively, which indicates that the
degree of TFSI~ anion association with Li" cations decreased
due to the presence of the PVAF-HFP scaffold. The electron-
withdrawing POSS cages facilitate Li salt dissociation,**** and
the degree of Li salt dissociation in the NSPE was high. The
porous PVAF-HFP, which had a high dielectric constant of
8.4,°%% might have further dissociated the counterion pairs.
With regard to the composition of free TFSI", the NSPE@PF
membrane displayed a high contribution of the cis-TFSI™
conformation, which has a smaller size than the ¢rans confor-
mation and was the favored conformation under immobiliza-
tion.®® This result suggested that TFSI™ anions may have been
immobilized on the scaffold through their interaction with
fluorine-containing functional groups on the PVdF-HFP chains.

Electrochemical analysis

The ionic conductivity (¢) of the NSPE@PF and NSPE
membranes was determined by performing electrochemical
impedance spectroscopy (EIS) on a sample inserted between
stainless-steel (SS) foils at temperatures of 20-90 °C. Fig. S9t
presents the EIS data and the method employed to calculate the
ionic conductivities. Fig. 3a shows the temperature (7)
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Fig. 3 Electrochemical characteristics of the NSPE@PF and NSPE
membranes. (a) Temperature (T) dependence of ionic conductivity (o)
at temperatures of 20-90 °C in a plot of log(a) versus the reciprocal of
T. (b) Dependence of ionic conductivity on temperature (T) for
NSPE@PF in a plot drawn according to the VTF model. (c) Variations in
the current and impedance with time for the symmetric LiNSPE@PF|Li
and Li|NSPE|Li cells under polarization at 10 mV and 30 °C. (d) Linear
sweep voltammograms of the NSPE@PF and NSPE assembled in Li||SS
cells starting from the open circuit potential (~2.5 V) at a sweep rate of
05mVs™
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dependence of ¢ in a plot of log(c) versus the reciprocal of T. At
30 °C, the NSPE@PF had a ¢ value of 1.1 x 10™* S ecm™*, which
was higher than the ¢ value of the NSPE (9.3 x 10> S ¢cm ') and
those reported for PEO-based SPEs (~10°to 10" S cm ™) (see
Table S17}). The high ionic conductivity of the NSPE@PF can be
attributed to the incorporation of the PEO-based backbone
(P(PO-EO-PO) here) with POSS and PVdF-HFP, which increased
the proportion of amorphous domains and facilitated salt
dissociation. The ionic conductivity of the NSPE@PF increased
with temperature, reaching a high value of 1.0 x 107> Scm ™" at
90 °C, which indicates that the membrane is suitable for use at
high temperatures. The relationship between ¢ and tempera-
ture was not linear (Fig. 3a), which indicates that the ion-
hopping-associated Arrhenius equation is inadequate for
describing the ion transport behavior in the electrolytes. Fig. 3b
displays the fitting of the ¢ values to the Vogel-Tamman-
Fulcher (VTF) model, which is expressed as follows:*”*°

-1

g=A,T2 exp{— ﬁ}
where A, is a constant proportional to the number of carrier
ions, E, is the pseudo-activation energy related to the motion of
the polymer segmental mobility, T, is the ideal glass transition
temperature, and R is the gas constant. The VTF model relates
the ion transport to the segmental motion of polymer chains in
the amorphous zones.”®”* Fig. 3b displays a linear fit, which
indicates that the segmental motion of the polymer chains
influenced the ion transport through hopping and/or diffusion.
The E, value for the NSPE@PF was calculated to be 2.9 k] mol™*
(or 0.03 eV), which is lower than the values reported for PEO-
based SPEs (~0.5 e€V).” The low E, value of the NSPE@PF was
ascribed to the high degree of ion-pair dissociation in the
electrolyte, which results in low energy barriers to ion transport.

The Li-ion transference number (¢;") is an indicator of the
Li'-transport contribution to the ionic conductivity of electro-
lytes.” The ¢;;" values of the NSPE@PF and NSPE were deter-
mined by substituting the currents and resistances measured
during the polarization (AV, 10 mV) of a symmetric Li|NS-
PE@PF|Li cell in the following equation:”™

A L(AV — IyRy)
Li L(AV — LR,)

where I, and I are the initial and stabilized currents, respec-
tively, under polarization and R, and Ry are the corresponding
interfacial resistances measured using EIS. Fig. 3¢ shows the
variations in current under polarization and the initial and
stabilized EIS impedance spectra (inset) of the Li|NSPE@PF|Li
and Li|NSPE|Li cells at 30 °C. The ¢,;" value of the NSPE@PF was
calculated to be 0.45, which is significantly higher than the
values reported for PEO-based SPEs (0.2-0.3) and carbonate-
based LEs (0.3-0.4) (Table S17). The ¢;;" value of the NSPE was
determined to be 0.32, which was lower than that of NSPE@PF.
The high t.;* value of NSPE@PF supports the interpretation
obtained from the Raman analysis, which suggests that the
NSPE@PF may have restricted the motion of TFSI™ anions.
The electrochemical window of the NSPE@PF and NSPE
membranes was tested by performing linear sweep voltammetry
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on Li||SS cells at a sweep rate of 0.5 mV s~ '. We did not apply
any contact-improving modification on the SS because of the
excellent contact between the polymer electrolytes and SS.”®
Fig. 3d indicates that the oxidation potentials of the NSPE@PF
and NSPE remained stable until 5.4 and 4.9 V (vs. Li/Li"),
respectively. The anodic decomposition potential of most
oligoether-based SPEs is within the lithiation-delithiation
range of most cathode materials, which suggests that the
oxidation of SPEs on cathode surfaces is a cause for concern.””*°
The high decomposition potential of the NSPE@PF can be
attributed to the affinity of the high-polarity and high-stability
PVAF-HFP toward the electrode and the immobilization of
TFSI™ (as indicated by the Raman results and high value of #.;"),
which inhibited the oxidation reactions of the polymer chains
and anions. In addition, the NSPE did not contain reactive
terminal -OH groups, which were commonly present in PEO
materials,* and other terminal groups were minimized through
crosslinking (see Fig. S17). The backbone of the NSPE was P(PO-
EO-PO), rather than PEO, and the high stability and low surface
energy of the -CH; pendants on the PO segments would be
exploited to form stable contact with the electrodes. The high
electrochemical stability of the NSPE@PF demonstrates its
feasibility for use in practical applications.

Regulated Li deposition with PVdF-HFP

Fig. 4a displays the galvanostatic Li plating/stripping profiles of
symmetric Li||Li cells with the NSPE and NSPE@PF at different
current densities. The electrodes of the cells were alternately
plated and stripped with Li, with each plating and stripping step
being performed for 1 h. The Li|NSPE@PF|Li cell exhibited
lower Li plating/stripping polarization than the Li|NSPE|Li cell
did. Fig. S10at presents the complex-plane impedance spectra
of the LiNSPE@PF|Li and Li|NSPE|Li cells. The high-frequency
semicircle shown in the spectra characterizes the motion of Li"
ions across the Li-SPE interface. The diameter of the semicircle
corresponds to the interfacial charge transfer resistance, which
was much smaller for the Li|]NSPE@PF|Li cell. This impedance
analysis demonstrated that the PVdF-HFP scaffold effectively
regulated the Li*-ion motion for fluent Li plating/stripping.
Following varying-current cycling analysis, the cells were
further cycled at 100 uA cm™ > for 400 h (Fig. 4b). The Li|NS-
PE@PF|Li cell exhibited a stable cycling profile, whereas the
Li|NSPE|Li cell exhibited considerable voltage fluctuation
during cycling and a decline in the polarization overpotential.
This result of the Li|NSPE|Li cell indicates that the formation of
Li dendrites and dead Li reduced the overpotential. Fig. S10b¥
presents the Li plating/stripping profiles of the Li|NSPE@PF|Li
and Li|NSPE|Li cells obtained at 200 pA cm ™2, The Li|NSPE|Li
cell exhibited profile fluctuation at this high current and was
short-circuited in 4 h, whereas the Li[NSPE@PF|Li cell
remained stable at this current, reflecting again the ability of
the scaffold in stabilizing Li deposition to prevent cell failure.
Fig. 4c and d shows the top-view SEM images of the Li
electrodes of the Li|NSPE|Li and Li|[NSPE@PF|Li cells after
cycling. Extensive Li-dendrite formation was observed on the
electrode of the Li|NSPE|Li cell, whereas smooth and
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Fig. 4 Cyclic Li plating/stripping profiles of the Li|NSPE@PF|Li and
LiINSPE|Li cells. (a) Voltage profiles at different current densities
(0.013-0.1 mA cm™2). (b) Voltage profiles at 0.1 mA cm ™2 for 400 h. (c)
and (d) Top-view SEM images of Li electrodes of the Li|NSPE|Li and
Li|NSPE@PF|Li cells after cycling. (e) and (f) Optical images of the Li
electrodes of the Li|NSPE|Li and Li|NSPE@PF|Li cells. (g) and (h) Side-
view SEM images of the Li electrodes of the Li|NSPE|Li and Li|NS-
PE@PF|Li cells. The cells were alternately subjected to Li plating and
stripping, with each plating and stripping step being performed for 1 h.

homogenous Li deposition was observed on the electrode of the
Li|NSPE@PF|Li cell. The optical image of the Li electrode of the
Li|NSPE|Li cell (Fig. 4e) exhibits a dark color, which indicates
the rupture of the deposited Li and the formation of dead Li. By
contrast, the Li electrode of the Li[NSPE@PF|Li cell exhibits
a silver color similar to that of pristine Li metal (Fig. 4f), which
indicates stable and uniform Li deposition in the NSPE@PF
cell. Fig. 4¢ and h depicts the side-view SEM images of the Li
electrodes. A thick dendritic-Li/dead-Li layer was observed at
the electrode interface of the Li|NSPE|Li cell (Fig. 4g), whereas
a dense, uniform layer was observed at the interface of the
Li|NSPE@PF|Li cell (Fig. 4h). Porous PVdF-HFP may have played
a crucial role in suppressing Li-dendrite formation.

To further elucidate the role of the porous PVAF-HFP
membrane in hindering Li-dendrite growth, we tested the
membrane in an asymmetric Li||Cu cell with a conventional
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liquid electrolyte of 1 M LiPFs carbonate solution (LE). For
comparison, both LE-soaked PVdF-HFP and commercial Cel-
gard membranes (LE@PF and LE@Celgard, respectively) were
inserted in the Li||Cu cell to investigate the Li-plating pattern on
the Cu electrode. The Cu electrode was plated with Li at 1 mA in
both cells. Fig. 5a and b displays the top-view and side-view
images of 1 mA h cm™? Li deposited on the Cu electrode in
the Li|LE@Celgard|Cu cell. The top-view image (Fig. 5a) exhibits
a fragile structure comprising needle-like dendrites, which may
further grow and penetrate the Celgard membrane or crack
during stripping to form dead Li. The corresponding side-view
image (Fig. 5b) indicates the presence of a thick, loose layer of
deposited Li. By contrast, the top-view image of the Li deposit in
the Li|LE@PF|Cu cell (Fig. 5c) reveals that Li metal was depos-
ited as granules that grew horizontally and had rounded
corners. The corresponding side-view image (Fig. 5d) indicates
the existence of a compact layer of deposited Li metal. Fig. S117
presents the plating/stripping test results of LE@PF and
LE@Celgard in symmetric Li||Li cells, showing that the
Li|LE@PF]|Li cell exhibited stable cycling performance for 700 h
whereas the Li|LE@Celgard|Li cell short-circuited after 240 h.
The comparison between the PVAF-HFP and Celgard
membranes indicated that PVdF-HFP effectively regulated Li-
ion transport for achieving homogeneous Li deposition on the
Cu electrode. This function of porous PVAF-HFP renders it
suitable for use in practical LMBs.

Li|LE@PF|LiFePO, and Li|LE@Celgard|LiFePO, batteries
were assembled to investigate the effectiveness of the PVdF-HFP
membrane as a separator in LMBs. These batteries were sub-
jected to charge-discharge cycles at a current rate of 1C at room
temperature. As shown in Fig. 6, the Li| LE@PF|LiFePO, battery
exhibited remarkably high cycling stability. It exhibited
a discharge capacity of 143 mA h g~ during the first cycle and

Li| LE@Celgard|Cu

Li| LE@PF| Cu

Fig.5 SEMimages of the 1 mA h cm~2 Li deposit on the Cu electrodes
of Li|LE@PF|Cu and Li|LE@Celgard|Cu cells. (a) Top-view image of the
deposited Li in the LiLE@Celgard|Cu cell. (b) Side-view image of the
deposited Li in the Li|lLE@Celgard|Cu cell. (c) Top-view image of the
deposited Li in the Li|LE@QPF|Cu cell. (d) Side-view image of the
deposited Li in the Li|LE@PF|Cu cell. The current density was 1.0 mA
cm~2, and the deposition time was 1 h.
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Fig. 6 Cycling performance of the Li|lLE@PF|LiFePO, and
Li|LE@Celgard|LiFePO, batteries under 1C charge-discharge at room
temperature.

maintained 91% of its original capacity after 500 cycles with
a coulombic efficiency close to 100%. By contrast, the
Li|LE@Celgard|LiFePO, battery exhibited a considerable
decrease in discharge capacity and retained only 73% of its
original capacity after 500 cycles with a coulombic efficiency of
approximately 95%. Thus, the PVdF-HFP membrane is an effi-
cient polymer membrane to minimize the SEI formation, which
consumes Li and lowers the coulombic efficiency, and to
increase the capacity retention.

Performance of solid-state LMBs

The NSPE@PF membrane was incorporated into a Li||LiFePO,
battery to investigate its performance in LMBs. Fig. 7a shows
the charge-discharge profiles of the Li|NSPE@PF|LiFePO,
battery, which was charged at a current rate of 0.1C and dis-
charged at different C-rates in the voltage range of 2.5-4.0 V.
The battery delivered a high capacity of 164 mA h g~ ' at a low
discharge rate of 0.1C and can be operated at a high rate of 3C.

The polarization of the LiNSPE@PF|LiFePO, battery during
discharging, the voltage difference between the charge and
discharge profiles, is lower than the corresponding values pre-
sented in the literature.***>** The polarization resistance is
governed by the ionic conductivity of the electrolyte bulk and
the interfacial resistance between the electrode and the elec-
trolyte.** This resistance plays a crucial role in maintaining cell
stability during charge-discharge cycles.*

We subjected the Li|NSPE@PF|LiFePO, battery to a long-
term cycling test between 2.5 and 4.0 V at a current rate of
0.3C. Fig. 7b displays the performance of the
Li|NSPE@PF|LiFePO, battery during cycling. This battery
retained 52% of its capacity after 1100 cycles, with the
coulombic efficiency remaining approximately 100%
throughout the entire cycling duration. Fig. 7c illustrates the
charge-discharge profiles of the Li|NSPE@PF|LiFePO, battery
for different numbers of cycles. Only a small increase in
polarization was observed during cycling because of stable Li
deposition. By contrast, the Li|NSPE|LiFePO, battery exhibited
a high capacity decay after 100 cycles, with a large fluctuation in
the coulombic efficiency (Fig. 7b). Fig. S12+ shows the charge-
discharge profiles of the Li|NSPE|LiFePO, battery for different
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Fig. 7 Electrochemical performance of the Li||LiFePO4 battery at
30 °C. (a) Charge-discharge profiles of the Li|NSPE@PF|LiIFePO,4
battery, which was charged at 0.1C and discharged at different C-rates
within 2.5-4.0 V. (b) Cycling performance of the Li|NSPE@PF|LiIFePO4
and Li|NSPE|LiFePO, batteries charged and discharged at 0.3C within
2.5-4.0 V. (c) Charge—-discharge profiles of the Li|NSPE@PF|LiIFePO,4
battery for different numbers of cycles at 0.3C.

numbers of cycles. A substantial increase in polarization was
observed during cycling for this battery. Li dendrites may have
formed in the NSPE battery and increased the thickness of the
deposited Li layer during cycling, thereby increasing polariza-
tion and dead-Li formation and causing substantial capacity
decay.

Fig. S13at presents the impedance spectra of the
Li|NSPE@PF|LiFePO, and Li|NSPE|LiFePO, batteries to eluci-
date the interfacial charge transfer resistances. The
Li[NSPE@PF|LiFePO, battery exhibited a smaller high-
frequency semicircle than did the Li|NSPE|LiFePO, battery,
corroborating that the scaffold lowered the interfacial resis-
tance. Fig. S13bf presents the impedance spectra of the
symmetric LiFePO,||LiFePO, cells assembled using the
NSPE@PF and NSPE. The NSPE@PF resulted in a low resistance
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(i.e., a small semicircle), indicating that the scaffold facilitated
Li'-ion transfer at the cathode-electrolyte interface. The
comparison of the spectra of the symmetric LiFePO,||LiFePO,
(Fig. S13bt) and Li||Li (Fig. S10at) cells reveals a higher resis-
tance at the Li-SPE interface relative to that at the cathode-SPE.
The interfacial resistance of the batteries (Fig. S13at), which
exhibited resistance values between those of the symmetric
cells, supported this finding. Further studies to improve the
charge transfer resistance between Li and the NSPE@PF are
needed for realizing the application of SPEs in LMBs.

As to the elimination of a space-charge zone, we have con-
ducted AC impedance analysis of the Li|NSPE@PF|SS and
Li|NSPE|SS cells at different potentials to analyze the interfacial
capacitive behavior. Fig. S14at presents the impedance spectra
of the Li|NSPE|SS cell. The spectra exhibited an incomplete
semicircle contour at high frequencies and then transformed
into a sloping line. A semicircle is characteristic of a pair of
parallel capacitance and resistance elements and the sloping
line corresponds to a capacitance element for double layer
formation on the fractal surface. The inset of Fig. S14af pres-
ents the corresponding equivalent circuit, where R; is the elec-
trolyte resistance, C; and R; are the interfacial capacitance and
resistance, and Cy is the double layer capacitance. If the semi-
circle was simply contributed by the contact between the elec-
trolyte and metal electrodes, the variation of the semicircle
shape with the applied potential, as observed in Fig. S14a,f
would not occur. The result shown in Fig. S14at indicated the
presence of space-charge zones at the interfaces of the Li|NS-
PE|SS cell. As can be seen in Fig. S14b+t, with the introduction of
the PVAF-HFP scaffold, the Li|NSPE@PF|SS cell prevented the
semicircle counter to appear in the impedance spectra, indi-
cating that the scaffold prevented the formation of the interfa-
cial space-charge zone.

The developed NSPE@PF membrane effectively expedited
and regulated Li* transport and allowed Li to be plated
uniformly on the Li-metal anodes. This phenomenon occurred
because of the combination of the networked polymeric
framework and interpenetration with PVdF-HFP, which disso-
ciated ion pairs and tethered TFSI™ anions. This combination
increased the mechanical strength, expedited ion transport,
and regulated Li" flow in the NSPE. The interpenetration
between P(PO-EO-PO) and PVAF-HFP chains strengthened the
framework and suppressed the crystallization tendency of the
polymer. TFSI™ -tethered PVdF-HFP eliminated the space-charge
zone on the anode surface (Scheme 1a) and regulated the Li"
flux, thus inhibiting the growth of Li dendrites (Scheme 1b).
Fig. 5 indicates that a considerable difference existed between
the highly stable Li layer deposited on the Cu anode in the LE
entrapped in PVAF-HFP (Fig. 5a) and the thick and fractured
deposition layer comprising needle-like Li dendrites in the LE
entrapped in a commercial Celgard separator (Fig. 5b).

Conclusions

In this study, we synthesized an all-solid-state electrolyte,
NSPE@PF, by using a PVdF-HFP scaffold membrane to
accommodate the NSPE, which is an electrolyte with POSS-
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networked P(PO-EO-PO). The scaffold membrane exhibited
high mechanical integrity and reinforced the NSPE to partition
firmly the electrodes of an LMB. The PVdF-HFP scaffold facili-
tated ion-pair dissociation and tethered TFSI™ anions in the
NSPE@PF, which resulted in a high ionic conductivity and #;"
value. The NSPE@PF was electrochemically stable until
a voltage of 5.4 V (vs. Li/Li") due to the TFSI -tethering char-
acteristics and high-dielectric characteristics of PVdF-HFP. The
PVdF-HFP membrane minimized the space-charge zone near
the electrolyte-anode interface, which resulted in uniform and
dendrite-free Li deposition in both SPE- and LE-based LMBs.
The resulting all-solid-state Li|NSPE@PF|LiFePO, battery had
a discharge capacity of 164 mA h g~ at 30 °C and retained 52%
of its initial capacity after 1100 cycles of charge and discharge at
a current rate of 0.3C. This paper presents a promising scaffold
design for SPEs and LEs to realize the high-voltage and
dendrite-free operation of LMBs.

Experimental

Materials

PVAF-HFP (M,, = 400 000 g mol~*), ((PO-EO-PO) (M,, = 2000 g
mol 1), the LiTFSI salt for the synthesis of the SPE, the PVdF
binder (M, = 534 000 g mol '), and the acetonitrile (ACN)
solvent were purchased from Sigma-Aldrich, USA. The POSS
crosslinking agent (EP0409M,,; 1337.88 g mol ') was purchased
from Hydrid, USA. The LiFePO, cathode material was
purchased from BTR New Energy Materials, China. The con-
ducting agents (Super-P and KS4) were purchased from Taiwan
Maxwave Co., Taiwan. N,N-Dimethylacetamide (DMAc) and
acetone were purchased from Alfa Aesar, USA. Commercial
Celgard 2325 with a thickness of 15 um was purchased from
Ubiq, Taiwan. P(PO-EO-PO) and LiTFSI were stored in an Ar-
filled glovebox.

Material synthesis

The PVAF-HFP membranes were prepared through solution
casting. First, as-received PVdF-HFP was dissolved in water-
containing acetone solvents. The concentration of PVdF-HFP
was fixed at 4.0 wt% in acetone, with the water content of the
solutions ranging from 1.5 to 3.0 vol%. Subsequently, 0.6 mL of
the solution was coated on a Teflon disk, which allowed the
acetone to evaporate slowly at room temperature. After evapo-
ration of acetone, the films were peeled off and placed in
a vacuum oven at 80 °C for 12 h to remove the water and obtain
PVAF-HFP membranes.

For NSPE synthesis, P(PO-EO-PO) and POSS (at a molar ratio
of 12 : 1) were dissolved in ACN in a glovebox at 50 °C for 4 h to
form a crosslinked network. After the reaction, LiTFSI was
added to the solution at a Li" : EO ratio of 1 : 15. The solution
was stirred until complete dissolution of the salt to obtain an
NSPE-containing solution. Then, the solution was cast on
a Teflon disk and kept at 90 °C for 4 h under vacuum to
completely remove ACN. The NSPE with a thickness of 50-70
pum was used for the battery tests.

This journal is © The Royal Society of Chemistry 2021
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For NSPE@PF synthesis, the PVdF-HFP membranes were
immersed in the NSPE-containing solution. The NSPE-
containing PVdF-HFP membranes were dried under vacuum
at 90 °C for 4 h to completely remove the solvent and obtain the
PVdF-HFP-infiltrated NSPE, namely NSPE@PF, which had
a thickness of 26 um.

To fabricate the LiFePO, cathode, we prepared a mixture of
70 wt% LiFePOy,, 15 wt% binder, and 15 wt% conducting agent
(Super-P and KS4). This mixture was stirred in DMAc to form
a homogeneous slurry. The binder and conducting agent
comprised PVdF and NSPE in a weight ratio of 1 : 2, respec-
tively, and Super-P and KS4 in a weight ratio of 2 : 1, respec-
tively. The prepared slurry was coated on Al foil by using
a doctor blade. The coated LiFePO, was dried at 90 °C for 24 h
under vacuum. The LiFePO, loading of the cathodes was

approximately 1.7 mg em™>.

Material characterization

The porosity (p) of the PVAF-HFP scaffold was determined
according to the following equation:

_ A Vwater - AVethanol

1009
A Vwaler . A)

p
where AViyater aNd AVeihanol are the volume increases of the de-
ionized water and ethanol, respectively, after the PVdF-HFP
scaffold was immersed in the two liquids.

The morphology of the SPEs was investigated using a SEM
(JEOL JSM-6700F, Japan). The thermal properties were charac-
terized using a DSC (Shimadzu, DSC-60, Japan) and a thermog-
ravimetric analyzer (PerkinElmer, TGA-7, USA). DSC was
conducted at a constant heating rate of 10 °C min~' under
a continuous N, purge. Thermogravimetric analysis was con-
ducted under an N, atmosphere from 50 to 800 °C at a heating
rate of 10 °C min~'. The mechanical strength of materials was
measured using a dynamic mechanical analyzer (TA Instru-
ments, RSA-G2, USA). The Raman spectra of the SPEs were
recorded using a BaySpec Raman spectrometer (USA) with
a laser line of 780 nm and a resolution of 4 cm ™" at room
temperature. Gaussian or Lorentzian functions were used to
deconvolute the bands of the Raman spectra.

Electrochemical analysis

The ionic conductivities of the SPEs were determined using EIS
with a perturbation amplitude of 10 mV and alternating current
frequency ranging from 1 MHz to 1 Hz over a temperature range
of 20-90 °C. The SPEs were inserted between a pair of SS elec-
trodes in the analysis. Chronoamperometry and EIS analyses
were performed using symmetric Li||Li cells to test the Li" ion
transference number (¢.;') of the SPEs. The electrochemical
stability window of the SPEs was determined using linear sweep
voltammetry, in which scans were conducted for Li||SS cells
from the open circuit potential to 6 V (vs. Li/Li*) at 0.5 mV s~ .
Symmetric Li||Li cells were used to investigate the performance
of Li plating/stripping on the Li anode. Li||LiFePO, coin cells
were assembled to analyze the performance of the SPEs in
LMBs. The interfacial capacitive behavior of the SPEs was
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analyzed using AC impedance spectroscopy on the Li||SS cells,
which were analyzed at different potentials (1.6-2.4 V (Li/Li"))
with an AC amplitude of 10 mV and a frequency range of 100
kHz to 0.1 Hz.
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