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Abstract: Despite high capacity of lithium metal anode, its uncontrollable dendrite growth results in the poor electro-
chemical (EC) performance (low Coulomb efficiency and limited cycle stability) and unsafe operation. In this study, we
demonstrated a lithium metal anode protected with BaTiOs/PVDF based piezoelectric layer to enhance its EC performance
by utilizing the locally polarized lithium metal after volume expansions. As-formed lithium metal electrode deposited with
BTO@PVDF layer exhibited an enhanced Coulombic efficiency (> 98% for 100 cycles) and facilitated lithium ion diffusions
(lithium diffusion coefficient: Dyi:), revealing the effectiveness of piezoelectric layer deposited lithium metal electrode
approach.
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1. Introduction self-discharge, and high structural stability during long

charge/discharge. Despite the advantages of graphite

The surging energy consumption brought the demand based anode, it has a limitations to enhance the energy

density of the battery due to its low specific capacity
(372 mAh/g)[7,8].

To boost up the EC performance of LIBs, there have

for lithium ion batteries with high energy density and
elongated life[1-6]. As of the successful commercializa-

tion of Sony's lithium-ion batteries (LIBs), the graphite

has been employed as anode material because of its been many development to enhance the EC perform-

stable electrochemical reaction of lithium ions, low ance (capacity and energy density) of the anode of

lithium ion battery[9-20]. Among them, the lithium
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metal anode have been highlighted due to its low re-
duction potential[-3.04 V (vs. SHE)], high theoretical
specific capacity (3,860 mAh/g) and potential applica-
tion towards next-generation batteries such as lith-
ium-sulfur and lithium-air batteries[21-24]. Despite
many advantages of lithium metal battery, the practical
application is undermined because of unsatisfactory EC
performance and unsafeness at elongated charge/dis-
charges[25]. Such problems can be attributed to the
uneven lithium deposition by non-uniform distribution
of the lithium nucleus and subsequent uneven electro-
deposition of Li, and lithium dendrites formation
[25,26]. In addition, the uneven lithium surface can
further generate fine lithium particles (dead lithium)
separated from the current collector and induce to form
porous Lithium metal with high surface area, leading
to promoted side reactions, rapidly consumed liquid
electrolyte and increased cell impedance[27,28]. As-
suggested drawback of lithium metal electrode con-
vection always exists in the mass transfer process on
the surface of the Lithium anode, which inevitably
causes non-uniform Li-ion flux, resulting in non-uni-
form Lithium precipitation after long-term cycling[29].

In this context, there have been many studies on the
improvement of the lithium negative electrode through
various approaches including i) restructuring of elec-
trode[30-34] and ii) introduction of functional pro-
tective layer on the lithium electrode to accommodate
the uniform lithium ion distribution, reduced volume
change and stabilized interface between electrode/elec-
trolyte[35-43]. As-proposed approaches could success-
fully suppress the growth of Lithium dendrite and im-
prove the Coulombic efficiency (CE).

Considering the importance of controlled lithium ion
flux, it is crucial to make a dendrite-free lithium metal
for the successful commercialization of LMB[30]. In
this respect, we prepared a piezoelectric nanocomposite
protective layer of BaTiO; @poly(vinylidene fluoride
(BTO@PVDF) to achieve a uniform lithium deposition
and improved EC performance.

In this study, we demonstrate a piezoelectric nano-
composite of BTO@PVDF as protective layer for the

wuygoel A 33 @ A1 & 2023

uniform lithium ion control to utilize the compressive
stress generated from volume expansion of lithium dur-
ing the deposition/desorption of lithium. Note that, A
piezoelectric field formed by the corresponding stress
can promote ion transport and make the non-uniform
flux of lithium ions, leading to enhanced EC perform-
ance of the lithium metal anode[44]. As-formed piezo-
electricity of BTO@PVDF was confirmed by its crys-
tal structure and output voltage generated under a
pressure. In addition, the electrochemical characteristics
of the lithium metal anode protected with BTO@PVDF
layer was analyzed by their Cyclic voltammogram
(CV) behavior at various scan rates and coulombic ef-
ficiency, peak currents and overpotentials at elongated

cycles.

2. Experimental

2.1. Materials

BTO nanopowder (< 100 nm, 99% purity, Sigma-
Aldrich), polyvinylidene fluoride (PVDF, M. W. 534,000,
Sigma-Aldrich) and N,N-Dimethylformamide (DMF,
anhydrous 99.8%, Alfa Aesar) were used without fur-
ther purification for the synthesis of BTO@PVDF

composite.

2.2. Fabrication of piezoelectric protective layer on
lithium metal electrode
2.2.1. Preparation of precursor solution for BTO@PVDF
A 5 mL solution of 35 wt% barium titanate (BTO)
dispersed in N-N Dimethylformamide (DMF, anhy-
drous 99.8%) and a 50 mL DMF solution of 15 wt%
Polyvinylidene fluoride (PVDF) were stirred for 8
hours at 35°C. Then, as-formed solutions were mixed
and stirred at 700 RPM for 3 hours, followed by air
bubble removal under vacuum for 30 min.

2.2.2. Fabrication of BTO@PVDF composite thin film
and its electrode
As-prepared  BTO@PVDF precursor was further
coated to be fabricated as composite thin film as pro-
tective layer. Specifically, the copper (Cu) foil pre-
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treated with 1M HCl was coated with BTO@PVDF
precursor through two-step spin coating (step 1: 30 s
and 300 rpm, step 2: 60 s and 2000 rpm). As-coated
composite thin film of BTO@PVDF was further dried
in a vacuum oven at 60°C for 12 hours followed by
additional drying at 100°C for 2 hours.

2.3. Material Characterization

The surface morphology of the piezoelectric compo-
site film of BTO@PVDF and its electrode was charac-
terized by SEM (FE-SEM, HITACH, S-4800). The
crystal structure of the BTO@PVDF film for the phase
transition analysis was characterized at a 26 range of
10-80° with X-ray diffractometer (MiniFlex 600) using
CuK ¢ (=0.154059 nm) as radiation source. The piezo-
electricity of the BTO@PVDF composite film was an-
alyzed by generated currents and voltages with an os-
cilloscope (Keithley DSOX2004A).

2.4. Electrochemical characterization

The electrochemical performance of the lithium met-
al anode treated with piezoelectric composite layer was
analyzed with a CR-2032 coin type half-cell. Lithium
foil was used as a counter electrode while an electrode
coated with a BTO@PVDF thin film was used as a

PVDF
H BaTiO,

PVDF
Solution

(a) spin coating

(b) Drying

working electrode. An electrolyte was prepared and
used with IM lithium bis(trifluoromethanesulfonyl)
imide (LITFSI) lithium salt and 2 wt% of LiNO; addi-
tive dissolved in mixed solvent of 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) (1:1 v/v). Celgard 2400
was used as the separator.

In the half-cell test, the coulombic efficiency and
overpotential were measured using a battery tester
(WBCS3000, Wonatech). Both the counter and refer-
ence electrodes were Lithium metals. Coulombic effi-
ciency (CE) and overpotential of the untreated and
BTO@PVDF treated lithium electrodes were compared
at a voltage range of 0.02 to 1.2 V and at a current
density of ImA/cm’® under a plating and stripping ca-
pacity of 1 mAh/cm’.

3. Results and Discussion

3.1. Piezoelectric BTO@PVDF composite thin film
as protective layer

As displayed in the Scheme 1, the piezoelectric

composite of BTO@PVDF as protective layer was pre-

pared by combining the advantage of organic matrix

(PVDF) and inorganic filler (BTO). Briefly, the dis-

turbed electron clouds of BTO@PVDF composite un-

'
= -Cu foil

(¢) Punching

Scheme 1. Preparation of BTO@PVDF protective layer and its piezoelectric effects (a) Spin coating BTO@PVDF on Cu, (b)

Drying in vacuum oven, (c¢) Punching the coated Anode.
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der pressure induces to form a piezoelectric potential
by the charge flowing through the PVDF for the re-
storation of the charge equilibrium. The interplay of
BTO nparticles and charges generated by PVDF stacks
further accumulate the piezoelectric potential by the ac-
cumulation effect, leading to an enhanced piezoelectric
effect by S-phase PVDF and BTO particles[45].

We demonstrated aforementioned piezoelectric effect
by endowing S-PVDF with a role of piezoelectric pol-
ymer to chemically/flexibly bond on lithium metal sur-
face through an adaptive adhesion and granting a per-
ovskite BaTiO; ceramic with high piezoelectric con-
stant and mechanical strength[46-53]. In order to make
B-PVDF film, the BTO@PVDF film annealed at
100°C exhibit the enhanced [ -phased PVDF by the
quenching process. As-formed PVDF films containing
both polar and non-polar phases depend on the molec-
ular structure of fluorine (F). Reportedly, the stretching
and annealing of PVDF thin films increase the /S
-phase content of PVDF[55-57]. Specifically, «-PVDF
film is non-polar as F atoms take the trans-gauche con-
formation alternating with their antiparallel dipole
moments. However, A-PVDF films polarized by F
atoms exhibit parallel dipole moments and all-trans

conformations[46,54].

3.2. Material characterization

The morphology of the BTO@PVDF composite thin
film as protective layer was analyzed by electronic
imaging with scanning electron microscopy (SEM).
(Fig. 1) Fig. 1a displays a the cross-sectional image of
BTO@PVDF composite thin film (ca. 29.4 pum) uni-
formly deposited on Cu current collector. Fig. 1b dis-
plays the plane image of BTO@PVDF composite thin
film taken with SEM, suggesting homogeneous dis-
persion of BTO particles in the PVDF matrix[58].

As shown in Fig. 2, the maximum output voltage
was obtained under pressure (100 kPa) application of
the BTO@PVDF electrode at 1 V, confirming the pie-
zoelectricity of the protective layer. In the EC cell,
as-applied pressure on the BTO@PVDF electrode on
lithium electrode can be estimated as 100 kPa by cal-

Mmugel A 33 A A1 I, 2003
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Fig. 1. SEM image of BTO@PVDF/Li electrode (a)
Cross-section view (b) Top-view.
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Fig. 2. Output voltage of BTO@PVDF thin film under
constant pressure 100 kPa.

culating overpotential due generated by mechanical
blocking[59].

3.3. Electrochemical analysis

As shown in the Fig. 3a, Coulombic efficiency (CE)
for the lithium metal anodes with and without
BTO@PVDF protective layer were compared using
half-cell based on repeatedly deposited/desorbed lith-
ium on Cu foil as the working electrode. Note that, the
BTO@PVDF protective layer exhibited maintained CE
(>95%) up to 130 cycles, whereas CE of the bare Cu
decreased with cycles (< 90% at 60 cycles). Fig.s 3b
and c exhibit the voltage profiles of bare Cu and
BTO@PVDF electrodes at various cycles. The bare Cu
electrode exhibits a distinctive overpotential at a re-
duced capacity after 80 cycles. What is worse, the
overvoltage increased from 29 mV (10th cycle) to 50.8
mV (80th cycle) with cycles. In contrast, the lithium
electrode with the BTO@PVDF protective layer ex-
hibits the maintained overpotential at a constant ca-
pacity even after the long cycles, confirming the stabi-

lized cell by protective layer.
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Fig. 3. Electrochemical analysis of bare Li and BTO@PVDF/Li electrodes (a) Coulombic efficiency; Voltage profiles of the
10th, 40th, and 80th cycles (b) bare Cu, (¢) BTO@PVDF treated electrodes.

The irreversible Lithium loss of bare Cu based elec-
trode is attributable to a chemical reaction of lithium
with the electrolyte to form SEI or electrically isolated
Lithium particles. In this regards, the BTO@PVDF
protective layer play an important role to reduce the
contact between Lithium and the electrolyte, allowing
the uniform Lithium deposition and suppressed chem-
ical reactions and an alleviated formation of dead
Lithium particles.

Fig. 4 display the electronic images of lithium elec-
trode prepared with and without BTO@PVDF pro-
tective layer. As shown in Fig. 4a, bare lithium elec-
trode shows non-uniform and porous lithium metal lay-
er (ca. 97.6 pm) after repeated electrodeposition at 1
mA/cm® for 50 hours (Fig. 4a) and lithium dendrites
(Fig. 4b). In contrast, the lithium electrode coated with
BTO@PVDF layer displays relatively small lithium
metal deposition (ca. 58.5 pum) underneath the pro-
tective layer without noticeable deformation (Fig. 4c).
As shown in the plane view of lithium electrode coat-
ed with protective layer (Fig. 4d), much more smooth
electrode surface indicates the suppressed lithium den-

drites formation by alleviated direct contact of the

; E.spm

Fig. 4. SEM images of (a,b) bare Li and BTO@PVDF/Li
(c,d) electrodeposited with lithium after cycling at 1
mA/cm? for 50 hours.

100.0 ym 10.0 pm
—

electrolyte with electrode, leading to reduced electro-
lyte consumption and interfacial resistance[60].

The piezoelectric nanocomposite thin film as a pro-
tective layer plays an important role to enhance the EC
performance of the lithium metal electrode. As more
Li" is deposited on the localized electrode under the
application of low current density (0.025~0.5 mA/cm?),
so relatively large lithium nuclei are formed with in-

homogeneous Li" flux because of retarded mobility of

Membr. J. Vol. 33, No. 1, 2023
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Scheme 2. Schematic illustration of piezoelectric protective layer effect on lithium metal anode.

Li'[61]. As shown in Scheme 2a, Such non-uniform
distribution of lithium nucleus on the electrode surface
subsequently lead to a uneven electrodeposition of lith-
ium and its dendrites, resulting in the precipitation of
lithium on anode surface after long-term cycling[40].
However, as shown in Scheme 2b, the BTO@PVDF
composite as protective layer induces homogeneous
transport of lithium ions[44] while the inductive stress
(compressive stress by lithium dendrites) generates the
piezopotential of the protective layer by piezo-
electricity[44]. Such uniform deposition of lithium ion
from vertical to lateral, leading to effective elimination
of lithium[62].

4. Conclusion

In this report, we demonstrated the enhanced EC
performance of lithium metal anode by applying a pie-
zoelectric organic/inorganic nanocomposite of BTO@PVDF
as protective layer to endow a local polarizability with
lithium anode. As-deposited BTO@PVDF on lithium
metal electrode exhibited an enhanced Coulombic effi-
ciency (> 98% for 100 cycles at 1 mA/cm’ and stable
voltage gradient at elongated cycles (~80 cycles) and
facilitated lithium ion diffusions (Dyp.:2.4 x 10'18cm2/s),
suggesting the effective function of piezoelectric pro-

tective layer on lithium metal electrode. allows uniform

Mmugel A 33 A A1 I, 2003

lithium ions and was improved due to stabilization of
the lithium metal cathode.

Considering the importance of a uniform lithium ion
flux and a dendrite-free lithium metal anode, we be-
lieve the application of the piezoelectric BTO@PVDF
composite film as protective layer on the lithium metal
anode leads to successful commercialization of lithium

metal battery with high capacity and stability.
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