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A homogenous solid polymer electrolyte prepared by facile spray
drying method is used for room-temperature solid lithium metal
batteries
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ABSTRACT

The aggregation of inorganic particles with high mass ratio will form a heterogeneous electric field in the solid polymer
electrolytes (SPEs), which is difficult to be compatible with lithium anode, leading to inadequate ionic conductivity. Herein, a facile
spray drying method is adopted to increase the mass ratio of inorganic particles and solve the aggregation problems of fillers
simultaneously. The polyvinylidene fluoride (PVDF) with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) covers the surface of
each Lig,La,Zr,,Ta,s0;, (LLZTO) granules during the nebulization process, then forming flat solid electrolytes via layer-by-layer
deposition. Characterized by the atomic force microscope, the obtained solid electrolytes achieve a homogenous dispersion of
Young’'s modulus and surface electric field. As a result, the as-prepared SPEs present high tensile strength of 7.1 MPa, high
ionic conductivity of 1.86 x 10* S-cm™ at room temperature, and wide electrochemical window up to 5.0 V, demonstrating
increased mechanical strength and uniform lithium-ion migration channels for SPEs. Thanks to the as-prepared SPEs, the lithium-
symmetrical cells show a highly stable Li plating/stripping cycling for over 1,000 h at 0.1 mA-cm™. The corresponding Li/LCoO,
batteries also present good rate capability and excellent cyclic performance with capacity retention of 80% after 100 cycles at
room temperature.
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conductivity, which hinders their practical applications [16].
Compared with SCEs, the SPEs with a combination of polymer
and Li salt show excellent flexibility. But low ionic conductivity of
SPEs induces the formation and growth of Li dendrite and finally
causes the short-circuit of cells. Optimized by adding nano-
ceramic fillers, such as SiO,, ALO,, Li,La,;1i0, (LLTO), and
LiLa,Zr,Al,0,, (LLZAO), the synthesized SPEs have improved
significantly in both mechanical strength and ionic conductivity,
which can block the Li dendrite and delay the fading of the cells
[17-24]. However, the amount of ceramic fillers in polymer is
limited to only ~ 10 wt.%-20 wt% via simple combinations
because of their huge difference in surface energy. Therefore, high

1 Introduction

The capacity limitation and security threats of liquid batteries
hinder the development of electric vehicles (EVs) and the storage
of the new energy in a smart grid [1-4]. The solid lithium metal
batteries (SLBs) exhibit great potential in breaking through the
aforementioned restrictions since the solid-state electrolytes (SSEs)
enable the use of both the Li metal anodes and high-voltage
cathodes [5, 6]. However, it is still a critical challenge to suppress
the formation and growth of dendrite during the repetitive
deposition and stripping processes [7-9].

The solid-state electrolytes include solid ceramic electrolytes
(SCEs) and solid polymer electrolytes (SPEs) [10]. As the vital

component of solid lithium batteries, SSEs receive growing
attention [6, 11, 12]. The SCEs with high modulus and high Li*
transference number are regarded as the promising candidate to
prevent lithium dendrites growth [13-15]. But Han et al. have
proved that lithium dendrites nucleated in the SCEs, including the
most promising LiS-P,S; sulfide electrolyte and LiLa,Zr,0,
(LLZO) oxide electrolyte, because of their relatively high electronic

mass ratio of fillers will promote the particles to aggregate,
especially during the solvent volatilization process [25].
Unfortunately, the formation of Li dendrites resulted from the
uniformity of the electric field and the ionic conductivity is limited
concomitantly [25, 26].

How to avoid the agglomeration of ceramic filler is a key issue
for further improvement of the ionic conductivity and delaying
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the growth of Li dendrite. Lin et al. prepared a solid polymer
electrolyte with in situ hydrolysis of tetraethyl orthosilicate (TEOS)
in the poly(ethyleneoxide) (PEO) solution, which showed
increased electrochemical stability and ionic conductivity due to
the monodispersed SiO, nanospheres. Huang et al. modified the
LLZO by coating dopamine (PDA). The dual wetting capability of
dopamine on both inorganic and organic interfaces facilitates the
uniform distribution of LLZO in SPEs, leading to homogeneous
lithium ion transfer in the composite electrolyte [27]. Another
effective way to avoid the filler agglomeration is to fabricate
nanostructured 3D fillers, such as SiO,, LLZO, and LLTO [25,
28-30]. The 3D-filler modified SPEs showed significant
enhancement in both ionic conductivity and compatibility with
lithium metal anode. Despite these advances, facile synthesis of
SPEs with uniformly dispersed ceramic fillers still remains a severe
challenge.

Herein, we report a simple spray drying method to avoid
agglomeration and increase the mass ratio of fillers for SPEs to
adopt polyvinylidene fluoride (PVDF) polymer matrix and garnet
Lig,La,Zr , Ta,,O, (LLZTO) filler. It should be noted that the
PVDEF-based SPEs deliver high ionic conductivity with a small
amount of solvent, due to the strong chemical interaction between
the polymer matrix and the active filler. In addition, compared
with the soft PEO with the narrow electrochemical window, the
combination of PVDF and LLZTO achieves compatibility with
high voltage electrodes [31-33]. The spray drying method is
usually used to synthesize materials with core-shell or
interconnected structures [34, 35]. Using this method, the PVDF
with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) covers
the surface of each LLZTO granules during the nebulization
process, which can avoid the filler aggregation during the solvent
volatilization process and form a well-arranged organic/inorganic
dispersion, therefore ensuring the uniformity of the Young’s
modulus and surface electric field, further increasing the
mechanical strength and establishing orderly arranged lithium-ion
transport channels [36,37]. The as-prepared SPEs present high
mechanical strength of 7.1 MPa, high ionic conductivity of 1.86 x
10* S-cm™ at room temperature, and excellent ability for dendrite
anti-growth. The LiCoO,/Li cells assembled with the as-prepared
SPEs also display excellent cyclic performance and good rate
capability. This study proposes a novel and simple method to
avoid the filler aggregation for SPEs, which is an important
guidance for the facile and large-scale synthesis of high-
performance SPEs.

2 Experiment

2.1 Materials

Dimethyl formamide (DMEF), ZrO, (99.99%), and Ta,O; (99.99%)
were purchased from Aladdin reagent. LIOH (99.995%) and
La(OH), (99.95%) were supported by Alfa Aesar reagent. Lithium
(bis trifluoromethyl) sulfate (99.95%) and polyvinylidene fluoride
were bought from Sigma-Aldrich.

2.2 Preparation of the solid polymer electrolytes

The LLZTO powder was synthesized through a solid reaction,
whose detailed description was referred to the previous work [38,
39]. The average size of the LLZTO was 200 nm. The PVDF,
LTFSI, and LLZTO at a weight ratio of 1:0.5:0.2, 0.4 to 1.0 were
added into the DMF solvent (500 mL) and dispersed by ball
milling. After that, the as-prepared solution was used for
preparing the SPEs via spray drying in a N, atmosphere (Yamato
Spray Dryer ADL311S). The material inlet temperature was
controlled at 80 °C and the flow rate of the solution was set at 5
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mL-min™. For comparison, PVDF, LTFS], and LLZTO with the
same mass ratio were added into the DMF solvent and coated the
Teflon plate. We recorded the SPEs prepared by the spray drying
method and flow coating method as PVDF/LLZTO-S and
PVDF/LLZTO-C, respectively. All the SPEs were stored in a
vacuum oven at 80 °C for 24 h to evaporate the solvent, then they
were used for the rest experiments. The thickness of the SPEs was
25+ 2 um.

2.3 Electrode preparation and cell assembly

The LiCoO, (LCO), super-P, and PVDF were mixed at a mass
ratio of 80:10:10 for the preparation of cathode. The loading of
LCoO, was set at 3.5-4.0 mg-cm™. The lithium metal was used as
anode. The cathode/electrolyte interfaces were wetted by 1 uL-cm™
ionic liquid (0.1 mol-L™ LiTFSI dissolved in 1-butyl-1-methylpyrro-
lidinium bis (trifluoromethylsulfonyl) imide) for better contact.

24 Characterization of the electrolytes

The crystal structure of LLZTO was examined via X-ray
diffraction (XRD) (Bruker D2 Phaser, Cu Ka radiation in 26
ranging from 10° to 80°). The morphologies of the SPEs were
investigated by a field emission scanning electron microscope (FE-
SU4800, Hitachi, Japan). The surface flatness of the membranes,
Young’s modulus, and surface electric field were characterized by
an atomic force microscope (AFM) (PF-KPEM, Bruker, German)
with a probe of MESP-V2. The mechanical strength of SPEs was
measured by a tensile machine (UTM-4000, SUNS, Shenzhen).

The alternating current (AC) impedance data of electrolytes
were measured by an electrochemical workstation (Solartron, SI-
1260, England) over a frequency range from 100 kHz to 1 Hz with
sandwiching the electrolytes (wetted by 1 pL-cm™ ionic liquid)
between two stainless electrodes. The measurement was carried
out for every 10 °C rise in a temperature range from 90 to 30 °C.
Thermogravimetric analysis (TGA) (SDT-650, TA Instruments,
Milford, USA) was used to measure the solvent proportion of
membrane from 30 to 200 °C at a heating rate of 5 °C-min™". The
electrolytes were clamped between a lithium metal counter
electrode and a stainless-steel electrode for the linear sweep
voltammetry (LSV) measurement within a voltage range of 0-6 V
at 0.5 mV-s™. X-ray photoelectron spectroscopy (XPS) analysis was
characterized by an ESCALAB250 electron spectrometer (Thermo
Fisher Scientific, USA).

The Li/LCoO, cells with PVDF/LLZTO-S and PVDF/LLZTO-
C were charged/discharged between 3.0 and 42 V at ambient
temperature of 60 °C by the battery test equipment (LAND-V34,
Land Electronic, China) to investigate their cyclic and rate
performances. The C-rate measurements of Li/LCoO, cells were
carried out between 3.0 and 4.2 V at varied currents at 60 °C.

3 Result and discussions

3.1 Physical characterizations of SPEs

The LLZTO particles synthesized through solid-state reactions
were pulverized by dry ball milling in an Ar atmosphere. The
morphology and structure of the as-prepared LLZTO were
indicted by scanning electron microscopy (SEM) and XRD
measurements respectively. As shown in Fig. S1 in the Electronic
Supplementary Material (ESM), the LLZTO presents a pure cubic
structure, which is beneficial for high ionic conductivity for SPEs
[40, 41]. Figures 1(a)-1(c) display the synthetic route and surface
morphology of PVDF/LLZTO-C, presenting the significant
agglomeration of the LLZTO particles. According to the previous
work, the huge surface energy difference between LLZTO and
PVDF solution makes the LLZTO particles tend to aggregate,
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Figure1 (a) The synthetic route and ((b) and (c)) morphology of SPEs prepared by the flow coating method. Obvious agglomeration of LLZTO particles can be seen.
(d) The surface and three-dimensional AFM images of PVDF/LLZTO-C. The scan direction is from bottom to top, and the scan area is 3.0 ym x 3.0 ym. (e) The
synthetic route and ((f) and (g)) morphology of SPEs prepared via a simple spray drying method. The homogenous dispersion of LLZTO particles can be found. (h)

The surface and three-dimensional AFM images of PVDF/LLZTO-S.

especially during the solvent evaporation process. Compared with
the PVDF/LLZTO-C membranes, a more homogeneous
dispersion of LLZTO particles can be achieved in the
PVDF/LLZTO-S membranes, as shown in Figs. 1(e)-1(g). The
topography map was confirmed by AFM. As illustrated in Fig.
1(d), the PVDF/LLZTO-C with the LLZTO weight ratio of 35%
shows a height above 500 nm, while the PVDF/LLZTO-S presents
a much flatter surface at the height of approximately 103.1 nm
(Fig. 1(h)). The homogenous dispersion and flat surface are very
important for further improvement in mechanical strength and
electrochemical performance for SPEs [27, 42].

Mechanical properties of SPEs are of great importance for
practical application especially for the assembling process of
lithium metal batteries [22]. To evaluate the effect of LLZTO
dispersion on the mechanical strength of the SPEs, the Young’s
modulus dispersion and stress-strain curves of the SPEs were
measured. The modulus dispersion is inhomogenous for the
PVDF/LLZTO-C as shown in Fig.2(a), and the bright area is
where the LLZTO agglomeration comes. By contrast, the modulus
becomes much more homogeneous for the PVDF/LLZTO-S, as
shown in Fig. 2(b), indicating that the PVDF/LLZTO-S has a
uniform mechanical field. Consequently, the PVDF/LLZTO-C
presents a mechanical strength of 5.2 MPa, while it increases to as
high as 7.1 MPa for PVDF/LLZTO-S, as shown in Fig. 2(c). In
addition, the local strain % of PVDF/LLZTO-C is reduced due to
the agglomeration of LLZTO, resulting in the strain % of
PVDF/LLZTO-C approximately 180 is much lower than the 330
for PVDF/LLZTO-S.

3.2 Electrochemical performances

Surface electric field maps of the electrolyte membranes can be
obtained through Kelvin probe force microscopy (KPEM), which
measures the strength of the electrostatic forces between the
membrane and a conductive probe [43-45]. The difference in
space charge accumulation on the surfaces of the SPEs results in
the dispersion of electric field. The PVDF/LLZTO-S with a
potential field of 0-67.5 mV is more uniform than the

PVDF/LLZTO-C with a potential field of 0-333.7 mV, as shown
in Figs. 2(d) and 2(e). To evaluate the effect of LLZTO dispersion
on the Li* conduction, the ionic conductivities (o,,) were
measured. The ¢, of electrolytes is calculated by o = L/RS (R, L,
and S are the resistance, thickness, and area of the electrolytes,
respectively). The o, of SPEs at different weight percent of
LLZTO is displayed in Fig.2(f). The PVDF/LLZTO-S with the
LLZTO weight ratio of 35% exhibits a much higher g, of 1.25 x
10* S-cm™ at 30 °C than that of PVDF/LLZTO-C with just 12
wt.% LLZTO (the maximum 0.98 x 10* S-<cm™). The electrolytes
used in the rest texts are all with the LLZTO weight ratio of 35%.
It should be noted that a small amount of bound solvent left in the
electrolyte matrix plays an important role in achieving high ionic
conductivity for SPEs [46]. Therefore, we measured the weight of
the residual solvent with the TGA and displayed the results in
Fig. 2(g). The electrolytes suffer less than 10% weight loss below
200 °C, which stands for only less than 10% in weight of DMF left
for the PVDF/LLZTO-C and PVDF/LLZTO-S. The PVDEF/
LLZTO-S shows a higher ionic conductivity than the
PVDF/LLZTO-C at the same weight ratio of solvent. The above
improvement of PVDF/LLZTO-S can be attributed to the high
fraction and homogeneous distribution of LLZTO, which provides
a high concentration of orderly arranged lithium-ion transfer
channels [47]. Figure 2(h) depicts the LSV scans of the electrolytes.
An oxidation current at approximately 5.0 V can be seen from the
PVDF/LLZTO-S. In the case of PVDF/LLZTO-C, the
electrochemical stable window reduces to 4.8 V. It is possibly
owing to the heterogeneous surface electric field which leads to the
occurrence of some over-potential areas, further resulting in the
premature occurrence of local electrolyte decomposition [48].
Besides, compared with the PVDF/LLZTO-C, the PVDF/LLZTO-
S has a much flatter surface which can avoid the pitting initiation
and development [49].

3.3 Battery performances

From the above analysis, the homogeneous distribution of LLZTO
enhances the mechanical strength and ensures the uniformity of
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Figure2 The AFM images of Young' s modulus mapping of (a) PVDF/LLZTO-C and (b) PVDF/LLZTO-S. (c) Tensile strength curves of PVDF/LLZTO-C and
PVDF-LLZTO-S. The AFM images of surface electric field of (d) PVDF/LLZTO-C and (e) PVDF/LLZTO-S. (f) The ionic conductivity of PVDF/LLZTO-C and
PVDF/LLZTO-S at different weight percent of LLZTO at 30, 60, and 90 °C. (g) TGA curves of PVDF/LLZTO-S and PVDF/LLZTO-C. (h) LSV scans at the scanning

rate of 1.0 mVs™ for the electrolytes.

the electric field, which is critical for the depression of dendrite
growth. To demonstrate the compatibility of electrolytes with Li
anode, we assembled the Li symmetric cells. As shown in Figs. 3(a)
and 3(b), the Li symmetric cells with the PVDF/LLZTO-C
electrolytes present significantly increased voltage at a current of
0.1 mA-cm™ at 60 °C, but they fail after about 60 h when the
voltage increases to the cutoff score (5.0 V) of the battery test
equipment (LAND-V34). Using the PVDF/LLZTO-S, the Li
symmetric cells exhibit stable cycles over 1,000 h. The interface
resistance of the Li symmetric cells before and after Galvanostatic
cycling is shown in Figs. 3(c) and 3(d). Compared with the cells
assembled with PVDF/LLZTO-C in the significant resistance
increasing from 450 Q to nearly 85 kQ, the cells with
PVDF/LLZTO-S present the resistance increasing from 150 to less
than 300 Q. To investigate the effect of the surface electric field on
change in the chemical components, the SPEs and Li metal after
cycling were detected and analyzed by XPS. Two peaks at 688.6
and 685 eV in the F 1s spectrum for SPEs (Figs. 3(e) and 3(h), and
Fig. S2 in the ESM) can be assigned to —CF; and LiF, respectively
[50]. LiF is mainly originated from the defluorination of the PVDEF-
HEP electrolyte and degradation of LiTFSI components. The LiF
peak of PVDF/LLZTO-C after 50 h is much higher than the
PVDF/LLZTO-S after 50 h and on a similar magnitude with
PVDF/LLZTO-S after 1,000 h, which indicates PVDF/LLZTO-S
shows better electrochemical stability than PVDF/LLZTO-C. To
investigate the effect of the surface electric field on the formation
of Li dendrite, the cells were disassembled after cycling. As shown

in Figs. 3(f) and 3(i), rough surface with massive Li dendrite is
observed on the Li anode for the cells with PVDF/LLZTO-C. In
the case of the cells with PVDF/LLZTO-S after cycling for 1,000 h,
the surface of solid electrolyte is still smooth and no Li dendrite
can be found. This is mainly attributed to the uniform Young’s
modulus and surface electric field [26,51,52]. The schematic
illustrations of possible dendrite growth are presented in Figs. 3(g)
and 3(j). As reported in the previous work, there are two main
possible pathways in the SPEs for the lithium ions, containing
polymer matrix and the inorganic electrolytes [5, 37,47, 53]. The
aggregation of LLZTO leads to the uneven plating/stripping of
Li* due to the heterogeneous Li* passways and the localized space
charge accumulation under the ununiform surface electric field,
which easily caused the growth of the dendrite lithium, as shown
in Fig 3(g). As the roots of lithium dendrite are electrically
dissolved, some of the lithium dendrites may peel off the electrode,
resulting in the formation and accumulation of dead lithium,
which increases the polarization potential of the cells. In the case
of the electrolytes prepared via the spray drying method, the
uniform dispersion of the LLZTO guarantees the homogeneous
transport pathways for Li* and the uniform electric field, which
avoids the formation of the dendrite lithium, as shown in Fig. 3(i).
Besides, the uniform Young’s modulus (mechanical hardness) of
PVDF/LLZTO-S can prevent lithium dendrite from puncturing
the electrolytes in the weak mechanical area of SPEs where lack of
LLZTO inorganic fillers.

The charge and discharge curves of Li/LCoO, cells with

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



Nano Res. 5
E
(a) ]
2 - 0.1 mA-cm2 s PV DF/LLZTO-C
= | s PV DF/LLZTO-S
(9]
[}
£
S
i ] i ] . ] i
0 250 500 750 1,000
Time (h)
(b) (c) soo . (d)
——PVDF/LLZTO-C —<—FVDFLLZITO-C 8.0k —e—PVDF/LLZTO-C after 60h
1 ~———PVDF/LLZTO-S 400 TV DRLLITOS g —e—PCDF/LLZTO-S after 1,000h
Before cycling e
S g o} n 5 5 6.0k % .
Q ~ ~ £
o 0 E E N
£ N 200} orEl P2 N 4.0k \
< 250 500
Zre (Q)
-1 100f 2.0k /L\
0 . B - L i i i "
30 Time (h 3s 0 100 200 300 400 500 Y TRy T TS
ime (h) Z.(Q) Z.(Q)
(e)
Fls PVDF/LLZTO-C
after S0h cycling
C-F
4
-\ L;F
\
692 690 688 686 684 682

Binding energy (eV)

(h)

F1s PVDF/LLZTO-S
after S0h cycling

692 690 688 686 684 682
Binding energy (eV)

1“_!"“ PVDF/LLZTO-S

Figure3 (a) and (b) Galvanostatic cycling profiles of the Li symmetric cells with a current density of 0.1 mA-cm™ at 60 °C. The Nyquist plots of lithium symmetric
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PVDF/LLZTO-C and (f) PVDF/LLZTO-S. Typical SEM images of Li metal anodes with (f) PVDF/LLZTO-C and (i) PVDF/LLZTO-S. The schematic illustrations of

possible dendrite growth in (g) PVDF/LLZTO-C and (j) PVDF/LLZTO-S.

different electrolytes are given in Fig. 4 and Fig.S2 in the ESM.
The cells with PVDF/LLZTO-S present an initialize specific
capacity of 140 mAh-g” at 0.2 C rate at 60 °C and suffer 14%
capacity degradation after 150 cycles. By contrast, only initial 108
mAh-g' and 22 cycles life are exhibited by the cells with
PVDF/LLZTO-C (Figs. 4(a) and 4(b)). Furthermore, the cells with
PVDF/LLZTO-S maintain a superior Coulomb efficiency of about
99.4% during the cycling. The cells are also charged/discharged at
ambient temperature at a charge/discharge rate of 0.5 C.
Compared with the tests operated at 60 °C, the cells running at
room temperature present a slight increase in voltage and deliver
an initial specific capacity of 120 mAh-g”, as shown in Figs. 4(c)
and 4(d). The rate performance of Li/LCoO, cells with
PVDF/LLZTO-S is shown in Figs. 4(e) and 4(f). The Li/LCoO,
cells show a gradual increase in ohmic polarization and a decrease
in capacity with the increasing current. The specific discharge
capacity quickly recovers from 79.3 to 132.3 mAh-g" when the
current density returns from 1.0 to 0.1 C, revealing the excellent
rate performance of cells with PVDF/LLZTO-S.

4 Conclusion

In summary, a facile and novel spray drying method is used for
synthesizing high-performance SPEs. The PVDF with LTFSI
covering the surface of each LLZTO granules can not only avoid

the aggregation and increase the fraction of the inorganic fillers,
but also guarantee the homogeneous Young’s modulus and the
surface electric field. Consequently, PVDF/LLZTO-S presents high
tensile strength of 7.1 MPa, high ionic conductivity of 1.86 x 10~
S-cm™, and wide electrochemical window up to 5.0 V. The lithium-
symmetrical cells show a highly stable Li plating/stripping cycling
for over 1,000 h at 0.1 mA-cm™ The corresponding Li/LCoO,
batteries demonstrate good rate capability and excellent cyclic
performance with capacity retention of 80% after 100 cycles at
ambient temperature. The simple and easy large-scale method
provides an important guidance for the synthesis of high-
performance SPEs.
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PVDF/LLZTO-S at 60 °C.
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