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ABSTRACT

Poly(ethylene oxide) (PEO)-based solid polymer electrolytes (SPEs) are commonly used in lithium metal batteries (LMBs) for
their good Li-salt solvating ability and easy processability. However, the relatively low Li-ion conduction ability hinders their
further development. In this work, a novel hyperbranched-polyether-type composite solid polymer electrolyte (CSPE) is prepared
via a quick cross-linking reaction between aldehyde-terminated polyethylene glycol (PEG) and hyperbranched poly(ethylene
imine) (HPEI) in the presence of lithium salt and fluorine-containing Zr-based metal-organic framework (MOF) UiO-66-(F),. The
hydrogen bonds between the fluorine atoms and amino groups in the electrolyte help to the better dispersion of UiO-66-(F), in
the polymer matrix, which is beneficial to solving the problem of aggregation of nandfillers. Besides, the CSPEs with the
functional MOF fillers show improvements in both electrochemical and mechanical properties. Notably, the Li-ion transference
number (f,;+) is considerably enhanced from 0.23 to 0.54. All-solid-state LMBs based on the CSPE also present good cycling
performances. A high specific discharge capacity of 141.4 mAh-g™" is remained after 200 cycles at 0.2 C. This study not only
provides an effective synthesis method of the cross-linked hyperbranched polymer electrolyte, but also puts forward a new
strategy for uniform dispersion of inorganic fillers in CSPEs.
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limited [17, 18]. As a result, the ionic conduction of linear PEO-
type SPE is as low as 107 S.«cm™ at room temperature [19,20].
Besides, the strong complexions between the EO segments and Li*
lead to a low lithium ion transference number (f+) (< 0.3) in
PEO [21,22]. A low t,;+ not only decreases the energy efficiency,
but also relates to severer ion concentration polarization in the
cell, which is the main cause of lithium dendrite formation
[23-25]. Therefore, many efforts have been devoted to solving the
above drawbacks of PEO-type SPEs. For example, PEO are

1 Introduction

Lithium-ion batteries (LIBs) are important energy-storage devices
that are extensively used in electronic products and electric
vehicles. To satisty the increasing demand for energy storage,
countless attempts have been made to enhance both energy
density and safety of state-of-the-art LIBs [1-7]. Using solid-state
electrolytes (SSEs) is one of the most promising methods because
the underlying risk of leakage or even catching fires arising from
the commercial liquid organic electrolytes can be avoided [8-10].

In general, SSEs contain two types: inorganic solid electrolytes
(ISEs) and solid polymer electrolytes (SPEs) [11,12]. Compared
with ISEs, SPEs are lightweight, soft, stretchable, and easy to
process,andhavelowerinterfacialresistancewithelectrodes, thushave
the potential to apply to high-energy-density and flexible
devices [13, 14].

Among all the polymer matrices for SPEs, polyether, especially
poly(ethylene oxide) (PEO), is the most representative one owing
to its comparatively low glass transition temperature (T,,) (60 °C)
and relatively good Li-salt solvating ability [15, 16]. However, due
to the high crystallinity of PEO, the Li-ion conduction which
mainly takes place in the amorphous phase of the polymer chain is

copolymerized or blended with polypropylene oxide (PPO) [26],
poly(methyl ~methacrylate) (PMMA) [27], poly(vinylidene
fluoride) (PVDEF) [28], and polystryene (PS) [29] to increase the
proportion of amorphous phase in the polymer matrix. Specially,
branched or cross-linked polyethers are used to decrease the
crystallinity and reinforce lithium dendrite resistance [30-32]. It is
worth noting that nanofillers, such as ALO; [33], SiO, [34], TiO, [35],
zeolites [36-39], and metal-organic frameworks (MOFs) [40-42],
are added to PEO-Li salt complex and show improved
electrochemical properties. Among all these nanofillers, MOFs
show great advantages due to their porous structures, relatively
high Lewis acidity, and structural adjustability. For example, Huo
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et al. synthesized a cationic MOF (CMOF) by the nucleophilic
substitution of grafted pyridine N based on UiO-66 and applied
this CMOF as filler for PEO-type SPE [43]. As a result, the CMOF
fillers play an important role in anion adsorption, which leads to a
high #;- of 0.72 in the composite electrolyte. However, this kind of
MOF fillers easily occur the problem of uneven dispersion in the
composite blend system. Wang et al. proposed a thiol-branched
SPE which prepared by linking the vinyl functionalized UiO-66
and the polyether matrix via C-S-C covalent bonds [44]. This
thiol-branched  structure offers the SPE surprising ionic
conductivity. However, the fabrication of above MOF-polymer
composite SPEs (CSPEs) involves complicated modification of the
MOF fillers, which is still difficult for practical application. In
order to develop new MOF-polymer composite SPEs with easily
synthesis and excellent performance, a novel CSPE composed of
cross-linked hyperbranched polymer matrix polyethylene glycol
(PEG)-hyperbranched poly(ethylene imine) (HPEI), Li-salt
lithium bis(trifluoromethane sulfonyl)imide (LiTFSI), and fluorine-
containing Zr-based MOF UiO-66-(F), is prepared. The PEG-
HPEI matrix is synthesized via a facile Schiff’s base reaction
between aldehyde-terminated PEG and HPEL In the
hyperbranched cross-linked PEG-HPEI electrolyte matrix, the
hyperbranched structure can provide more EO units which can
conduct Li* compared with linear PEO matrix, which is beneficial
to achieve high ionic conductivity. Moreover, the HPEI segments
can provide cross-linking sites, meanwhile the amino groups in
HPEI can form hydrogen bonds with fluorine atoms on the MOFs’
linkers, which helps to the better dispersion of the MOF fillers and
promotes mechanical strength. Importantly, the MOF fillers with
nano size, porous structure, and ultra-high Lewis acidity not only
can interact with polymer chains and affect their physical or
chemical properties, but also immobilize the TFSI" anions and
impurities, which effectively improves the electrochemical
properties of the CSPEs. As a result, the as-prepared electrolyte
shows higher ionic conductivity after composition (3.01 x
10~ S-em™ vs. 7.53 x 10 S-cm™ at 30 °C) owing to the decrease of
crystallinity of PEG-HPEI caused by addition of the MOF
nanofillers. Additionally, the #,;- is considerably increased from
0.23 to 0.54 due to the strong Lewis acid-base interaction between
MOF particles and TESI" anions. Consequently, all-solid-state
lithium metal batteries (LMBs) assembled with LiFePO, (LFP)
cathodes and the CSPEs also demonstrate good long-cycle
performances at 60 °C. A specific discharge capacity of
141.4 mAh-g” is remained after 200 cycles at 0.2 C. At a higher
current rate of 0.5 C, the cell also exhibits a specific discharge
capacity of 107.6 mAh-g™ after 100 cycles.

2 Experimental

2.1 Materials and methods

2.1.1 Materials

Zirconyl chloride octahydrate (ZrOCL-8H,O, 99.9%, Aladdin),
tetrafluoroterephthalic acid (H,fBDC, 97.0%, Aladdin),
terephthalic acid (H,BDC, 99%, Adamas-beta), acetic acid (99.5%,
Macklin), CHO-PEG-CHO (M,y = 4,000 g:mol™, 95%, 3Achem),
and HPEI (M, = 10,000 g:mol™, 99%, Aladdin) were used directly
after received. LiTFSI (99%, Macklin) was dried at 80 °C under
vacuum for 24 h before use. Methanol (99.5%, Beijing Tongguang
Fine Chemicals) was dried with 4A molecule sieves before use.

2.1.2  Methods

Synthesis of UiO-66-(F), and UiO-66. UiO-66-(F), and UiO-66
were synthesized according to a reported work with some
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modification [45]. In a typical procedure, ZrOCL-8H,0
(5.2 mmol) and H,fBDC (5 mmol) for UiO-66-(F), (or H,BDC
(5 mmol) for UiO-66) were suspended in 50 mL of water/acetate
acid (3:2 in volume) mixed solvent. The solution was stirred at
room temperature for one hour and then heated at 80 °C under
reflux for 24 h. The white powder product UiO-66-(F), or UiO-66
was collected by centrifugation and washed with methanol for
3 days, during which time the solvent was decanted and fresh
methanol was added every 24 h. Finally, the product was dried at
120 °C under vacuum for 24 h.

Preparation of the SPE, CSPE, and PEG-HPEIL For the
preparation of SPE or CSPE, the CHO-PEG-CHO and LiTFSI
(EO:Li = 15:1, mole ratio) were firstly solvated in methanol and
stirred for 20 h. Then appropriate amount of UiO-66-(F), was
added to the solution and stirred to form a uniform suspension.
After that, HPEI (weight ration of HPEI to CHO-PEG-CHO was
1:3) was added into the mixture and stirred at room temperature
for 8 h to form the cross-linked network PEG-HPEL Finally, the
reaction mixture was concentrated by rotary evaporation and
casted on a PTFE plate. Free-standing electrolyte membranes
SPE15-0, CSPE15-9, CSPE15-12, and CSPE15-15 (containing
0 wt.%, 9 wt.%, 12 wt.%, and 15 wt.% UiO-66-(F),, respectively)
were obtained after dried at 50 °C under vacuum for 24 h.

2.2 Characterization

2.2.1 Structural characterization

Fourier transform infrared (FTIR) spectra were recorded on a
Bruker Vertex 70 infrared instrument using the attenuated total
reflectance (ATR) technique from 4,000 to 400 cm™. X-ray
diffraction (XRD) measurements were implemented on an
Automated Multipurpose X-ray Diffractometer Smartlab 9 kW
which was operated at 45 kV and 200 mA with a copper target (A
=154 A, the scanning rate was 10>min™). A Hitachi SU8010 field
emission scanning electron microscope (SEM) with energy
dispersive spectrometry (EDS) was used to acquire the
microstructures and morphologies of UiO-66-(F),, SPE15-0, and
CSPE15-12 electrolyte membranes (sputtered with Au for 30 s).
The N, adsorption-desorption isotherm was acquired by ASAP
2460 (Micrometrics) at 77 K. The specific surface area was
calculated based on the Brunauer-Emmett-Teller (BET) equation.
The pore size distribution was determined by the density
functional theory (DFT) models. Zeta potential of UiO-66-(F),
particles was tested by a ZETASIZER NANO (Malvern
Panalytical) laser particle size/potential analyzer, using deionized
water as solvent. Thermal gravimetric analysis (TGA) was
obtained on a PerkineElmer TGA 1 series instrument featuring
thermal gravimetric analysis at the heating rate of 20 °C-min™
from 30 to 600 °C. Differential scanning calorimetry (DSC)
methods were implemented by a Q2000 calorimeter outfitted with
TA Instruments running under the protection of nitrogen (the
samples were sealed in aluminum pans and the cooling/heating
rate was 5 °C-min™). A tensile testing machine (Instron 5957, the
tensile speed was 2 mm-min™') was used to obtain the stress—strain
curve of the SPE15-0 and CSPE15-12.

2.2.2  Electrochemical measurements

The ionic conductivities of electrolyte membranes which were
sealed in a stainless-steel (SS) mold were determined by a
ModuLab XM  electrochemical ~ workstation  through
electrochemical impedance spectroscopy (EIS) with a method of
two-probes. The block electrodes used in the method were SS. The
frequency ranged from 1 MHz to 1 Hz, the alternating current
(AC) amplitude was 5 mV, and the temperatures ranged from 30
to 80 °C with a step size of 10 °C.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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The ionic conductivity was obtained via Eq. (1)

L

- (1)

o
where L, S, and R are the thickness of the electrolytes, the contact
area of electrodes and electrolytes, and the bulk resistance of the
electrolytes, respectively.

The lithium ion transference number (t,-) tests of electrolyte
membranes were tested in symmetric Li/electrolyte membrane/Li
cells at 60 °C. The cells were polarized with a direct current (DC)
voltage of 20 mV. AC impedance spectroscopy was tested before
and after the polarization (the frequency ranged from 1 MHz to
10 mHz and the oscillation voltage was set as 5 mV).

The t,;. is evaluated by Eq. (2)

L (AV—1LR,)

fyr = I, (AV— IsRs) (2)

where R, and I, are the initial resistance (the passivating layers of
electrolyte  membrane and Li metal) and current before
polarization, respectively. R; and I are the steady-state resistance
and current after polarization, respectively.

The electrochemical windows of electrolyte membranes were
obtained on the ModuLab XM electrochemical workstation using
fabricated Li/electrolyte membrane/SS coin cells, the linear sweep
voltammogram (LSV) was recorded at 60 °C with a scan rate of
3mV-s" from2to 6V (vs. Li*/Li).

Galvanostatic cycling of the Li/Li symmetrical cells were
conducted at a current density of 0.1 mA-cm™ and a cycle capacity
of 0.1 mAh-cm™ (cycled at 60 °C).

The interfacial stability of electrolyte membranes against
lithium metal electrodes was obtained by measuring the interfacial
resistance of the symmetric Li/electrolyte membrane/Li cells at
room temperature (the frequency ranged from 1 MHz to 1 mHz).

Battery performances of the LFP/electrolyte membrane/Li cells
were performed using LANHE CT2001A battery testing system at
60 °C with charge—discharge voltage between 2.5 and 4 V. The
cathode was composed of LFP (70 wt.%), super P (20 wt.%), and
PVDF (10 wt.%).

3 Results and discussion

As illustrated in Fig. 1, the composite hyperbranched polymer
electrolyte consists of polymer matrix PEG-HPEI, Li salt LiTFSI,

NH, N""NH,
(\ (\H H

HN N\/\”/\/N\/\N/\/N

-

:UiO-66-(F),  #4: TFSI-

?g‘, : PEl segment
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and nanofillers UiO-66-(F),. The cross-linked hyperbranched
copolymer PEG-HPEI is synthesized via the quick Schiff’s base
reaction between CHO-PEG-CHO and HPEI The EO units in
PEG segments can serve as Li* conductor. While the amino
groups in HPEI segments on the one hand provide cross-linking
sites, on the other hand form hydrogen bonds with the fluorine
atoms of UiO-66-(F),, which helps to the better dispersion of the
MOF fillers in the polymer matrix. As shown in Fig.S1 in the
Electronic ~ Supplementary Material (ESM), no obvious
precipitation can be observed after resting the precursor
suspension of CSPE15-12 for 12 h. Besides, the incorporated UiO-
66-(F), nanoparticles with abundant unsaturated Zr sites can
immobilize the TESI" anions via the Lewis acid-base interaction
and thus facilitate the lithium ion transport in the polymer
electrolyte.

The crystal structure of as-synthesized UiO-66-(F), was
confirmed by XRD (Fig. S2 in the ESM), the characteristic peaks
of UiO-66-(F), fit well with the simulated pattern of UiO-66.
Figure S3(a) in the ESM shows the FTIR spectrum of the as-
synthesized UiO-66-(F),. The asymmetrical and symmetrical
stretching vibration of carbonyl in fBDC linkers locate at 1,619
and 1,404 cm’, respectively [46,47]. The adsorption band at
654 cm' is ascribed to the metal cluster Zr-p;-O [46].
Furthermore, the characteristic adsorption bands of y;-OH linked
with Zr atoms in both UiO-66-(F), and UiO-66 are compared in
the high frequency region of FTIR spectra (Fig. S3(b) in the ESM).
The adsorption bands of Zr;(p;-OH) in UiO-66-(F), and UiO-66
appear at 3,615 and 3,672 cm”, respectively, which suggests a
stronger acidity of the p;-OH in UiO-66-(F), due to the electron-
deficient property of fBDC linkers [47]. The higher Lewis acidity
of UiO-66-(F), fillers is critical for the enhancement of ionic
conductivity and #;.. Additionally, the N, adsorption-desorption
isotherm test is used for determining the porous structure of UiO-
66-(F),. The result shows that the specific surface area of UiO-66-
(F)4 particles is as high as 653.9612 m*g™' (Fig. S4(a) in the ESM)
and pore diameters are less than 1 nm (Fig. S4(b) in the ESM).

The structures of the as-prepared polymer matrix PEG-HPEI
and electrolyte membranes were also confirmed by FTIR spectra.
As shown in Fig. 2, the adsorption bands of -NH,, -C-O-C-,
and -C=N- locate at 3,400-3,100, 1,096, and 1,634 cm™ in the
spectrum of PEG-HPEI, respectively. The adsorption band of
—-C=O0 of aldehyde group in the spectrum of CHO-PEG-CHO at
1,731 cm™ (Fig.S5 in the ESM) cannot be seen in the as-

o
NH2+0HC'{'\/ }CHO — PEGW C=Nw PEjnae
CHO-PEG-CHO

PEG-PEI

LiTFSI,

Ui0-66-(F), | Solution cast

sk .
s ot PEIl segment

o:Li*t <>:TFSI-

= PEG segment
< Ui0-66-(F),

Figure1 Structure and schematic Li-ion transport model of UiO-66-(F), composite solid cross-linked polymer electrolyte.
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Figure2 FTIR spectra of PEG-HPEI, SPE15-0, and CSPE15-12.

synthesized PEG-HPEI, while the adsorption band of -C=N is
observed, implying successful Schiff’s base reaction between CHO-
PEG-CHO and HPEL And it is worth mentioning that the
adsorption band at around 1,634 cm™ in the spectrum of CSPE15-
12 is stronger and wider than that of CSPE15-0, which may be
attributed to common contribution of vibration adsorption of
—C=N- and -C=0 of -COO in BDC linkers.

SEM was applied to characterize the morphologies of the MOF
fillers and electrolyte membranes. As presented in Figs. S6(a) and
S6(b) in the ESM, the particle size of UiO-66-(F), is around
400 nm, which helps the fillers to penetrate into the polymer
matrix. Figures S7(a)-S7(c) in the ESM and Figs. 3(a)-3(c) show
the surface SEM images of SPE15-0 and CSPE15-12, respectively.
The electrolyte membranes are flat in micro-level, which
contributes to achieve good interfacial contact with electrodes.
Furthermore, the CSPE15-12 membrane is self-standing and
flexible (inset in Fig. 3(a)), and thus has the potential to be used in
flexible devices. Moreover, the cross-linked structure of the
polymer matrix can be clearly seen in Fig. S7(c) in the ESM and
Fig. 3(c), which is conducive to providing ion transport path. The
side-view SEM and corresponding EDS mapping images of
CSPE15-12 are shown in Fig. 3(d). The thickness of CSPE15-12 is
around 90 pum. And the EDS mapping image of Zr element
suggests that the MOF fillers can distribute uniformly in the
composite electrolyte.

High thermal stability and mechanical strength are critical for
SPEs with high safety. Figure 4(a) shows the TGA curves of SPE15-
0 and CSPE15-12. Both SPE15-0 and CSPE15-12 maintain steady
up to 340 °C, which proves a good thermal stability of the
electrolytes and thus can guarantee the wide-temperature range
safety of the cells. As exhibited in the tensile stress—strain curves in
Fig. 4(b), the tensile stress of CSPE15-12 is 1.477 MPa, while the
value of SPE15-0 is only 0.211 MPa. What is more, the elongation
at break is elevated from 28% to 58% after composition. These
results indicate that the UiO-66-(F), fillers can not only enhance

(a)_ 100 382.8 °C
2
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o 80
£
£ 6o}
o
£
o a0l
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=
o 20f
® | — sPE15-0
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Figure3 (a)-(c) Surface SEM images and (d) side-view SEM image of
CSPE15-12 (insets of (a) are digital pictures of CSPE15-12 membranes at flat
and bended states; inset of (d) is the corresponding Zr element EDS mapping
image).

the rigidity of the membranes, but also improve the extensibility,
which may result from the existence of the hydrogen bond
between the fillers and polymer chains. To demonstrate the
existence of hydrogen-bond interactions between the fillers and
polymer chains, we conducted the related tests of FTIR and 'H
nuclear magnetic resonance (NMR). As shown in Fig. S8(a) in the
ESM, the 'H NMR was employed to study the hydrogen-bonds
interactions between CHO-PEG-CHO, HPEL and the MOF
fillers. A characteristic peak locating at around 3.60-3.65 ppm is
attributable to ether-oxygen bond (-CH,-CH,-O-) of CHO-
PEG-CHO. The 'H NMR signal of HPEI-PEG after Schiff base
reaction shows an upshifting of about 9.6 x 10 ppm, which is
assigned to the hydrogen-bonds interactions between -NH,-
from HPEI and -CH,-CH,-O- from CHO-PEG-CHO. In
contrast, the relatively stronger chemical shift variation for HPEI-
PEG-MOF can be observed in the 'H NMR after introducing the
UiO-66-(F), fillers into the polymer matrix. This result verified the
existence of the hydrogen-bond interactions between the fillers
and polymer chains. Furthermore, Fig. S8(b) in the ESM presents
the FTIR spectra of CHO-PEG-CHO, HPEI-PEG, and HPEI-PEG-
MOF in the range from 1,250-750 cm™. The characteristic
adsorption peaks at 1,057 and 1,021 cm™ can be clearly observed
in pure CHO-PEG-CHO, which are related to the vibration of the
ether—oxygen bond (C—O-C). Compared to the pure CHO-PEG-
CHO, the C-O-C stretching-resulted peak positions of HPEI-
PEG-MOF shifted from 1,057 to 1,059 cm™ and from 1,021 to
1,040 cm”, while the shape of the absorbance peaks of
ether-oxygen bond also changed. These results also indicated the
hydrogen-bond interactions between the fillers and polymer
chains.

For electrochemical study, the Li salt content in CSPEs was set
to a fixed mole ratio of EO:Li = 15:1. To achieve high ionic

——CSPE15-12
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e
»
T
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Figure4 (a) TGA curves of SPE15-0 and CSPE15-12. (b) Stress—strain curves of SPE15-0 and CSPE15-12 membranes.
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conductivity, the content of UiO-66-(F), was optimized. As shown
in Fig. 5(a), the ionic conductivities of the prepared electrolytes
increase with the increase of the temperature. This is due to the
conduction of lithium-ions in the electrolytes mainly depends on
the polymer chains movement and the interactions between the
Li* and -CH,-CH,-O- segments. When the temperature rises,
the mobility of polymer segments and dissociation of lithium salt
are both promoted. Consequently, the ionic conductivities of the
prepared electrolytes increase with the increase of the temperature.
Besides, the ionic conductivities of the electrolyte membranes first
increase with the increase of content of the UiO-66-(F), and then
decrease. A lower ionic conductivity of CSPE15-15 may be caused
by the aggregation of excessive nanofillers. The highest ionic
conductivity (3.01 x 10® S-cm™ at 30 °C, the corresponding EIS
see Fig. S9 in the ESM) is obtained when 12 wt.% UiO-66-(F), is
added. Therefore, the CSPE15-12 membranes are chosen to
conduct the following tests. By contrast, the ionic conductivity of
SPE15-0 was only 7.53 x 10 S-cm™ at 30 °C. The enhancement of
ionic conductivity after composition can be mainly attributed to
the following two reasons. First, it is well-known that the polyether-
based SPEs often suffer from low Li* conductivities due to high
crystallinity of the polymer matrix. However, the nanofillers, with
large specific surface area and porous structure (Figs. S4(a) and
S4(b) in the ESM), can decrease the crystallinity of the polymer
matrix by destructing its ordered arrangement, which is beneficial
to a fast Li-ion conduction in amorphous area. In addition, the
interaction between Zr open sites and TFSI" anions promotes the
dissociation of Li salt, which leads to a higher free ion content. The
former reason can be verified by XRD and DSC characterization.
As presented in Fig. 5(b), for CSPE15-12, the two characteristic
peaks ascribed to the PEG-HPEI polymer at 18.8° and 23.1° are
reduced significantly compared with those of SPE15-0. The result
suggests that the nano-sized MOF fillers can reduce the
crystallinity of the polymer. DSC tests were also used to study the
effect of MOF fillers on the crystallinity of PEG-HPEI (Fig. 5(c)).
Apparently, the melting enthalpy of CSPE15-12 (34.92 J-g') was
much less than SPE15-0 (54.72 J-g™), indicating the important role

Nano Res. 2022, 15(10): 8946-8954

of UiO-66-(F), fillers in decreasing the crystallinity of the polymer
matrix. These results are in accordance with the XRD results. The
latter reason can be verified by the FTIR and Raman results.
Figure 5(d) shows the magnified FTIR spectra of the electrolyte
membranes in the range of 1,400-1,150 cm™. The two strongest
adsorption bands at 1,350 and 1,183 cm™ are ascribed to the
asymmetrical stretching vibration of -SO, and ~CF; groups in free
TFSI” anions. While those low-intensity shoulder bands between
these two bands belong to ion pairs (Li'TFSI'). For CSPE15-12,
the shoulder bands of —-SO, and —CF; groups in ion pairs locate at
1,333 and 1,227 cm™, respectively. But for SPE15-0, the stretching
vibration band of -SO, groups in ion pairs at 1,330 cm™ presents a
lower-wavenumber shift, meanwhile an additional adsorption
band of -CF; group in ion pairs appears at 1,250 cm™ [48].
Importantly, the relative intensity of the band at 1,350 cm™
belonging to the absorption of TFSI™ free ion increased after the
addition of UiO-66-(F),. And as shown in Fig. S10 in the ESM, the
Raman signals consist of two peaks located at 740 and around
743 cm™, which are assigned to the dissociated ions and ion pairs.
In contrast, the content of the dissociated ions increases from 69%
for SPE15-0 to 84% for CSPE15-12, suggesting that the
introduction of UiO-66-(F), fillers is surely conducive to the
dissociation of LiTFSL. Therefore, these results imply that there are
more free ions in CSPE15-12, which indicates the UiO-66-(F),
fillers with strong Lewis acidity do play an important role in
restraining the TFSI™ anions and thus help to the dissociation of
LiTFSL

The lithium-ion transference number (f;:) value is another
critical factor for electrolytes. As presented in Figs. 6(a) and 6(b),
the t,;+ value of the obtained electrolyte is improved from 0.23 to
0.54 after composition. The reason for the significant
enhancement of f;+ was further explored by a zeta potential
analysis, the result is shown in Fig. S11 in the ESM. The zeta
potential of UiO-66-(F), fillers dispersed in water is 24.9 mV. So, it
is obvious that the MOF fillers possess positive surface charge
center in the CSPE and thus immobilize the TFSI" anions, which
contributes to an efficient Li-ion migration.
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Electrochemical stability of the electrolyte membranes is
evaluated by LSV using asymmetrical cells. As shown in Fig.7,
after the addition of the MOF fillers, the electrochemical window
of the electrolyte becomes broaden from 4.0 to 4.3 V. Compared
to SPE15-0, the complexation between UiO-66-(F),’s Zr sites and
the EO segments may change the chemical environment of the
polymer chains, thus delays the oxidation of EO segments [49].
On the other side, the pore size distribution of UiO-66-(F), fillers
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centered at 0.64 and 1.25 nm. The nano-sized pores of the fillers
can immobilize some moisture in the electrolyte (such as H,O and
CH;0H), which is beneficial to promoting the electrochemical
stability (Fig. S4(b) in the ESM).

The interfacial compatibilities of the electrolyte membranes
against Li anodes are studied by EIS of the Li/electrolyte
membrane/Li cells after different aging times at room
temperature. As can be seen in Figs. 8(a) and 8(b), the interfacial
resistance of the electrolyte membranes can be approximately
obtained from the diameter of the semicircle in the medium
frequency range. It is obvious that the interfacial resistance of
CSPE15-12 is much smaller and steadier than that of SPE15-0
during the 14 days. This may be because the UiO-66-(F), fillers
with porous structure can provide faster and continuous Li-ion
transport path for the composite electrolyte. Furthermore, the
MOF particles with high porosity can adsorb some impurities,
which contributes to the long-range stability of the electrolyte/Li
interface. Additionally, the Li plating/stripping tests were
conducted at 60 °C and a current density of 0.1 mA-.cm™
(Fig. 8(c)). Both the symmetric cells assembled with SPE15-0 and
CSPE15-12 show a lower overpotential of around 80 mV.
Although the Li/SPE15-0/Li cell show a little smaller polarization,
for the softer contact between the pure polymer and Li foils, the
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Li/SPE15-0/Li cell encountered short-cut after cycled for only
396 h. In contrast, the Li/CSPE15-12/Li cell stably cycled for more
than 1,000 h under the same condition, which contributed to the
porous structure of MOF provided faster and continuous Li-ion
transport path for the composite electrolyte, realizing the high Li-
ion transference number. And the high Li-ion transference
number ensures efficient Li-ion migration, which significantly
suppressed concentration polarization and lithium dendrite
formation. More importantly, the fluorine element doped in UiO-
66-(F), is conducive to forming a stable interfacial layer during cell
cycling. This result suggests the as-obtained CSPE has the
potential to inhibit the pierce of lithium dendrites.

CR2025 coin cells were assembled with LFP cathodes,
electrolyte membranes (CSPE15-12 or SPE15-0), and Li anodes.
Figure 9(a) shows the long-cycle performances of the all-solid-
state cells at a current rate of 0.2 C. The LFP/CSPE15-12/Li cell
remained a high capacity of 1414 mAh-g' after 200 cycles.
However, the cell based on SPE15-0 fails after only 26 cycles. As
can be seen in the corresponding voltage—capacity curves (Figs.
S12(a) and S12(b) in the ESM), the polarization of LFP/CSPE15-
12/Li after 200 cycles is even much less than that of LFP/SPE15-
0/Li after 20 cycles, which is mainly due to the more efficient Li*
transfer and higher interfacial stability between CSPE15-12 and
the cathode. When charged/discharged at a higher current rate of
0.5Cthel FP/CSPE15-12/Licelldeliversaspecificcapacityofl 07.6mAh-g™
after 100 cycles (Fig. 9(b), corresponding charge—discharge curves
see Fig.S13 in the ESM), which suggests the all-solid-state cell
possesses a fast charging/discharging ability. Rate performances of
the LFP/CSPE15-12/Li cell were also tested and the results are
shown in Fig. 9(c) (corresponding charge-discharge curves see
Fig.S14 in the ESM). Specific capacities of 136.9, 134.3, 125.8,
116.5, and 72.9 mAh-g" are obtained at current densities of 0.1,
0.2, 0.3, 0.5, and 1 C, respectively. Besides, when the rate turns
back to 0.1 C, the capacity recovers to 139.4 mAh-g™. Figure 9(d)
presents the CV curves of the LFP/CSPE15-12/Li cell. The
oxidation and reduction peaks of the Fe**/Fe** redox couple locate
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at 3.7 and 3.2 V, respectively. And it can be found that the peak
intensity increases along with the cycle numbers, which indicates
that the cell can be activated during the cycling, thus the interfacial
contact is improved and the materials utilization is also increased.
Additionally, the shape and position of the peaks remain stable in
the first 3 cycles, which proves the CSPE15-12 membrane exhibits
good redox reversibility against the LFP cathodes.

The good cycling performances suggest that the LFP/CSPE15-
12/Li all-solid-state batteries have the potential to be applied in
high-energy-density or even flexible devices. As shown in Fig. 9(e),
the assembled all-solid-state coin cells can power 3 light emitting
dioxide (LED) bulbs in parallel with different colors. Furthermore,
pouch cell assembled with the same electrolyte and electrode
materials can power a LED bulb at flat, folded, needle-pierced, and
cut states (Figs. 9(f)-9(1)).

4 Conclusions

In this work, a novel composite all-solid-state polymer electrolyte
containing MOF fillers UiO-66-(F), and hyperbranched polyether-
based polymer matrix is prepared. Thanks to the hydrogen bond
interaction between the nanofillers and the PEG-HPEI matrix, the
dispersibility of the MOF particles in the hybrid system can be
effectively improved, thus our newly-prepared CSPE possesses
good electrochemical, thermal, and mechanical properties as well
as a high filler load of 12 wt.%. The electrolyte with MOF fillers
exhibits an ionic conductivity of 3.01 x 10° S.«cm™ at 30 °C and a
high ¢ of 0.54. These values are much higher than those of the
electrolyte without MOF fillers, indicating a more effective Li*
conduction after composition of the MOF fillers. Besides, the
CSPE also shows broader electrochemical window, better
compatibility with Li anodes, good thermal stability, and excellent
mechanical properties. Moreover, the fabricated all-solid-state Li
metal batteries based on the electrolyte with MOF fillers present
better cycle performances. Concretely, the LFP/CSPE15-12/Li cell
maintains stable and delivered a specific capacity of 141.4 mAh-g™
after 200 cycles, while the LFP/SPE15-0/Li cell without MOF fillers

@ CSPE15-12 (Charge)
2 CSPE15-12 (Discharge)
@ SPE15-0 (Charge)

2 SPE15-0 (Discharge)

[} N S T R NI R T S

—~(h)7 160 100
= (0)5 ] L
= £140f z
5 80 ¢
= 120} @
2 ;10(){ 8
[%]
2 80 £
g 5 P o
o g 8o 2
— e}
4035 8 eof 40 £
E ¢ S
- 20 ° & 40r 20 E
g S 20 @ CSPE15-12 (Charge) 8
02¢ 4+ 8 2 [ o CSPE15-12 (Discharge) ~ 0.5C
1 0 0 0
180 200 0 10 20 30 40 50 60 70 80 90 100

Cycle number

0 20 40 60 80 100 120 140 160
Cycle number
180

(C) g - agggnauana,uoaovwao\ 09930003100 (d) 40
g > ~ 30}
S 140}9928830,50 C T S-S SN |
£ 01¢ 3000 o1c[ 2 =
< 12010. 0.2C 30000 ) 2
> o 03C = = 10}
= 05C {60 G ]
= 100 - 1] [
2 80 og 2 3 oF
B 290 Ja0 B -10
fa TR
£ a0 2 3 g
2 @ CSPE15-12 (Charge) 14 & g -30
& 20F » CSPE15-12 (Discharge) a0l

0 0

(e)

——Cycle 1
——Cycle 2
——Cycle 3

0 5 10 15 20 25 30
Cycle number

(9)

26 28 30 3.2 34 36 3.8 40 42
Potential (V vs. Li/Li*)

Figure9 Long cycle performances at 60 °C of (a) LFP/CSPE15-12/Li (solid balls) and LFP/SPE15-0/Li (hollow balls) all-solid state coin cells at 0.2 C and (b)
LFP/CSPE15-12/Li at 0.5 C. (c) Rate performance of LFP/SPE15-12/Li. (d) Cyclic voltammetry curves of the LFP/CSPE15-12/Li cell at a scan rate of 0.1 mV-s". Images
of (e) the LFP/CSPE15-12/Li cell powering 3 LED bulbs in parallel and the LEP/CSPE15-12/Li pouch cell powering a LED bulb at (f) flat, (g) folded, (h) needle-pierced,

and (i) cut states.

¥N§v£1|§sﬁvlg|}éé§ @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(10): 8946-8954

fails at the 26" cycle with a lower capacity. At a higher current rate
of 05 C, the LFP/CSPE15-12/Li cell shows a capacity of
107.6 mAh-g" and a Coulombic efficiency close to 100% after
100 cycles. Specific capacities of 136.9, 134.3, 125.8, 116.5, and
72.9 mAh-g" are obtained when the LFP/CSPE15-12/Li cell is
cycled at 0.1, 0.2, 0.3, 0.5, and 1 C, respectively. In addition, the
coin and pouch cell based on CSPE15-12 can power LED bulbs
with different colors. This work not only can provide some new
strategies for the synthesis of the cross-linked polymer electrolyte
and the dispersion of the fillers, but also exhibits a great potential
application of this type of all-solid-state MOF composite
hyperbranched polymer electrolyte in the high-energy-density
solid lithium batteries.
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