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ABSTRACT

All-Solid-state lithium metal batteries (ASSLMBs) are promising next-generation energy storage devices. How-
ever, the formation of lithium (Li) dendrites in ASSLMBs limits their applications. In this study, we used an
inorganic/organic mixture of graphitic carbon nitride (g-C3Ny4), zinc-based Zeolitic Imidazolate Framework-8
(ZIF-8), and poly(vinylidene difluoride) (PVDF)—g-C3N4/ZIF-8/PVDF (g-CNZP)—to modify the surface of a
lithium metal anode (LMA). The 2032-type coin cell was assembled based on a lithium Nafion (LiNf)-coated
NCM811 (denoted as LiNf@NCM811) cathode, inorganic/organic mixture modified Li metal anode (LMA)
(denoted g-CNZP@Ll), and a LiNf-coated Li6,05Ga0,25La3Zr2011,8F042 (Lle@LGogsLZOF) filler in bilayer hybr1d
solid electrolyte (Bi-HSE). The coin cell was charged between 2.8 and 4.2 V at 0.5C exhibited an initial specific
discharge capacity of 134.45 mAh g1 and retained 86.1 % of its capacity after 280 cycles at 30 °C. The average
coulombic efficiency of the cell was approximately 99.8 %. Furthermore, the high-voltage (2.8-4.5 V, at a rate of
0.2C) result also delivered an initial specific discharge capacity of 194.3 mAh g™! and, after 100 cycles, main-
tained 81.8 % of its initial capacity at room temperature. The presence of the nanosheet/nanoparticle composite
coating material on the LMA surface suppressed Li dendrite growth and enhanced the compatibility between the
LMA and Bi-HSE membrane. In addition, the in-situ formation of Li3N on the solid electrolyte interface (SEI) layer
improved the ionic conductivity and ensured intimate interfacial contact during cycling. Therefore, these novel
bi-layered fabrication strategies for obtaining hybrid/composite solid electrolyte membranes and modifying LMA
surfaces via 2D g-C3N4 material with ZIF-8 MOFs and PVDF composites appear to have applicability in the
preparation of very safe high-voltage cathodes for ASSLMBs.

1. Introduction

polymer matrix mixed with lithium salts; consequently, they are easy to
process, have good flexibility and offer safe performance and good

With their long cycle lives and high energy densities, lithium-ion
batteries (LIBs) have received much attention as alternatives to con-
ventional energy storage systems. Because conventional liquid electro-
lyte battery systems can be highly flammable and susceptible to liquid
leakage, solid-state electrolytes (SSEs) have promise for improving the
safety of LIB systems [1]. SSEs appear in many forms, including solid
polymer electrolytes (SPEs), inorganic solid electrolytes (ISEs), and
hybrid/composite polymer electrolytes (HSEs) [2]. SPEs comprise a

interfacial contact with electrodes [3,4]. Nevertheless, SPEs exhibit low
ionic conductivity, inferior thermal and electrochemical stabilities, and
unsatisfactory behavior in their ability to suppress lithium dendrite
growth. In comparison, ISEs display higher ionic conductivities, a wide
electrochemical window, and high mechanical strength, but provide
poor interfacial contact with electrodes [4,5]. These various disadvan-
tages of SPEs and ISEs severely restrict their commercial applications in
powering lithium batteries. HSEs constructed from SPEs and inorganic
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fillers can benefit from the attractive features of their components to
ensure high ionic conductivity, good flexibility, and intimate contact
with electrodes [6].

Among the various ISE candidates, garnet-type (LiyLagZroO12) SSEs
have the lowest reduction potential (0.05 V) and least favorable
decomposition reaction energy, making them chemically and electro-
chemically stable toward Lithium metal anodes (LMAs) [7]. Although Li
metal is one of the best anode materials for rechargeable batteries
(because of its low standard electrode potential and high theoretical
capacity), its interfacial instability and the inevitability of dendrite
formation on its surface limit the practical applications of Li metal in
commercial batteries [8]. Many attempts have been made to develop
effective methods to solve these problems, with surface modification of
Li metal being one of the most commonly used [9,10]. The lithiophobic
nature of garnet toward the surface of Li metal results in inadequate
contact and high interfacial resistance [11]. Hence, Li metal surface
coating materials are required to ensure lithiophilicity. Based on the
types of the materials being coated and the structures of the coating
layers, ex-situ coating can be classified into organic monolayer coating,
inorganic monolayer coating, hybrid organic/inorganic monolayer
coating, and multilayer coating [12]. Organic protective layers [13] that
possess excellent toughness [e.g., poly(vinylidene difluoride) (PVDF),
[14] porous polydimethylsiloxane (PDMS)] can be used directly as
protective layers to suppress the growth of Li dendrites [15]. Such
coating layers can automatically adjust their strength through a change
in strain, thereby accommodating Li deformation and decreasing the
extent of side reactions. On the other hand, inorganic protective layers
possess high mechanical moduli and fast Li-ion diffusion conductivities
[16]. An ideal solid electrolyte interphase (SEI) would display all of
these properties simultaneously, but in practice it is difficult to combine
both organic and inorganic protective layers to meet the requirements of
an advanced SEI. Therefore, hybrid protective layers, fabricated from
rational combinations of organic and inorganic materials, are expected
to synergistically exert their respective functions and satisfy the prop-
erties of an ideal artificial SEI [12].

Various strategies have been tested to realize good interfacial contact
between the LMA and the electrolyte surface, including coating the LMA
with a thin surface layer of Al;O3 [17], graphite [18], ionic liquid [19],
LisN [20], ZnFy [21], AgNOs3 [22], graphitic carbon nitride (g-C3N4)
[23], and metal-organic frameworks (MOFs) [24]. Some efforts have
been devoted toward improving the Li metal-garnet interface. Accord-
ing to recent reports [25,26], g-C3N4 can function as an effective ion
transport medium in SSEs. For example, Huang et al. demonstrated that
introducing g-C3N4 into Li metal ensured intimate contact at the inter-
face between Li metal and garnet-type SSE and suppressed Li dendrite
formation relative to that of the pristine Li metal [23]. A Li-ion con-
ducting compound, LigN that forms in-situ at the Li-solid electrolyte
interface can also effectively conduct Li-ions and suppress Li dendrite
growth [23,27-29]. Luo et al. found that a thin (ca. 4 pm) and highly
polar B-phase PVDF coating functioned as an efficient artificial SEI for
the effective suppression of Li dendrite formation and for enhancing the
high-rate cyclability of the LMA [14]. Recently developed composite
SSEs have been designed using metal organic frameworks (MOFs); these
materials, synthesized by assembling metal ions with organic ligands,
have high surface areas, abundant micropores, excellent thermal and
electrochemical stabilities, and open channels after absorbing Li-ion
conductors or inorganic fillers in polymer electrolytes [24]. The SSEs
that contained ZIF-8 also displayed improved ionic conductivity and
mechanical strength, which inhibited Li dendrite growth. In addition,
the zinc metal and 2-methylimidazole ligands coordinated in the
framework structure of the ZIF-8 nanoparticles that were incorporated
into the composite coating material inhibited dendrite growth and
enhanced the affinity of the coating material toward Li-ion conductors.
Similarly, the ZIF-8 cages not only interacted with small solvent mole-
cules but also ensured that Li-ions had access to continuous channels of
transport and good contact with the electrodes. As a result of their pores
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and interactions with guest molecules, MOFs can be effective at con-
trolling the dynamics of and interactions with small molecules [24,30].

In this study, we prepared a suspension of g-C3Ny, zinc-based Zeolitic
Imidazolate Framework-8 (ZIF-8),and PVDF in N,N-dimethylformamide
(DMF) and used it as a hybrid inorganic/organic monolayer coating
material denoted as graphitized Carbon Nitride Zeolitic Polymer (g-
CNZP) for an LMA, which was subsequently dried at 80 °C for 1 h in a
glove box. The charge/discharge electrochemical operation forms Li3N,
which has a good Li-ion conducting property. This in-situ formation of
LisN on Li anode greatly improves the intimate contact between
Li-bilayer hybrid solid electrolyte (Bi-HSE) interface and can also
effectively suppress Li dendrite growth.

2. Experimental section
2.1. Chemicals

The following precursor materials were used to prepare Ga and F
dual doped LiyLagZry0;2 (LLZO); Lithium hydroxide monohydrate (98
%, Alfa Aesar), Lantanum nitrate hexahydrate (99.9 %, Alfa Aesar)
Zirconium oxychloride octahydrate (99.9 %, Sigma-Aldrich), Active
Ingredient nitrate hydrate (99.9 %, Alfa Aesar), Ammonium hydroxide
(30-33 %, Fluka) and Sodium hydroxide (98 %, Fluka). The
polymeric Li-ion conducting coating material, Lithium nafion
prepared from Nafion (5 wt% in HoO and 1-propanol, Sigma-Aldrich)
solution. g-C3N4 was ob-tained from calcination of Melamine (Sigma-
Aldrich) and for further exfoliation Nitric acid (70-71 %, AENCORE)
was used. To synthesize ZIF-8 MOF, Zinc nitrate hexahydrate (>98
%, Sigma-Aldrich), and 2- methylimidazole (99 %, Sigma-Aldrich)
were used. The Bi-HSE com-posite membrane was prepared from
poly(vinylidenefluoride-co-hexa-fluoropropylene) (Sigma-Aldrich,
Mw = 400,000), Lithium bis (trifluoromethanesulfonimide) (99.95
%, Sigma-Aldrich) and Succino-nitrile (99 %, Sigma-Aldrich). Different
solvents such as Ethanol (>99.8 %, Sigma-Aldrich), Methanol (99.8
%, Duksan), N, N-dimethylforma-mide (>99.8 %) have been used for
the preparation of materials. All the chemicals were used without
further purification.

2.2. Material synthesis

2.2.1. LGy 25LZOF ceramic electrolytes

After collecting the mixed metal hydroxide precursor [LasZ-
r2Gag.25(0OH),] from a Taylor flow reactor, as described in our previous
work [31], the dual-doped Li garnet Lig 05Gag 2s5LazZr011.gFo 2 (abbre-
viated herein as LGq 2s5LZOF) material was fabricated by mixing the
dried LasZroGap25(OH), precursor powder with a stoichiometric
amount of LiOH-H50 and for the fluoride source LiF was added. A 10
mol% excess of LIOH-H,0 was added to compensate for possible Li loss
during sintering at high temperature. The mixtures were then ball-
milled in a methanol solution for 20 min. After drying, the mixed
powder was sintered at 900 °C for 2 h at a heating rate of 3 °C min~ !
in an air oven. Finally, the resultant ceramic powder was sieved and
stored in an Ar-filled glove box where the oxygen and moisture level
were <0.5 ppm.

2.2.2. Few-layer g-C3N4 from melamine

Bulk g-C3N4 was prepared by directly heating melamine powder
(5.0 g) in a furnace for 4 h at 550 °C. The as-prepared bulk g-C3N4 (1 g)
was then mixed with HNO3 (70 wt%, 30 mL) and stirred for 5 h at
room temperature, as schematically illustrated in Fig. S1 (Supporting
Infor-mation). The resulting mixture was poured slowly into deionized
water (200 mL) and sonicated for exfoliation, with the temperature
of the system controlled between 60 and 80 °C. To remove any
unexfoliated g-C3N4, the suspension was centrifuged (8500 rpm),
washed with deion-ized water and ethanol, and dried at 80 °C. The
nanosheet few-layered g-C3N4 powder was obtained after dispersing
in ethanol and homoge-nizing using a Nano Genizer (LLC, USA).
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2.2.3. ZIF-8 nanoparticles

Solutions of zinc nitrate hexahydrate [Zn(NOs3),-6H20] and 1,2-
dimethylimidazole were prepared separately in methanol with a molar
ratio of 1:5. The copolymerization was performed by pouring the 2-
methylimidazole solution slowly into the container of Zn®>" solution
under constant stirring at room temperature. The white precipitate (ZIF-
8) was collected by centrifugation (8000 rpm, 10 min), washed three
times with methanol, and dried in an oven at 60 °C overnight [32].

2.2.4. Preparation of composite coating material for Li metal modification

Inorganic/organic composite coating slurry material was formulated
in accordance with the procedure depicted in Scheme 1. Initially, the 2D
nano-sheet g-C3N4 (1 wt%) and ZIF-8 nanoparticle (1 wt%) powders
were introduced into a sample vial containing N,N-dimethylformamide
(DMF) solvent. Subsequently, the mixture was subjected to ultra-
sonication for a duration of 2 h to ensure homogeneous dispersion.
Following this, PVDF (2 wt%) powder was incorporated into the system
and stirred overnight at a temperature of 60 °C. Then the pristine Li foils
were coated and subjected to a drying process at 80 °C for 1 h in an
enclosed environment, HoO and Oz < 0.5 ppm.

2.2.5. Bilayer hybrid solid polymer electrolyte membrane

The bilayer composite solid electrolyte membrane was prepared by
varying the filler content while following previously reported solution-
casting procedures [31,33]. Poly(vinylidene fluo-
ride—co-hexafluoropropylene) (PVDF-HFP), succinonitrile (SN, 20 wt%
vs. polymer), and LiTFSI (1:1 vs. polymer) were dissolved in DMF in two
different vials. The solutions were stirred magnetically at 60 °C until all
the components had dissolved completely. The mixture of the three
components namely PVDF-HFP + LiTFSI + SN is denoted as SPE.
Lithium Nafion (LiNf)—coated Lig.05Gag.25LasZra011.8F0.2
(LINf@LGy 25LZOF) filler was dispersed well in DMF and added into the
two solutions, with stirring continuing for 6 h. After the incorporation of
LiINf@LGy 25LZOF filler in to SPE mixture, it is designated as Bi-HSE. The
LiNf coating step has been described previously [31]. The first homog-
enous solution (20 wt% ceramic filler vs. polymer) was cast into a glass
plate, followed by the second solution (80 wt% ceramic filler vs. poly-
mer). The mixture was vacuum-dried at 60 °C for 48 h and then at 80 °C
for 48 h to remove any residual DMF. Subsequently, cold pressing (1500
psi, 3 min) was performed to squeeze out the remaining DMF solvents
and to achieve uniform and bubble-free HSEs having thicknesses in the
range of 140-150 pm. The as-prepared dried HSE films were punched
into discs (diameter: 18 mm) and stored in a glove box (MBraun, Ger-
many) filled with Ar gas (O < 0.5 ppm; H20 < 0.5 ppm).

2.2.6. LINf@NCM811 composite cathode material
The LiNig gCop.1Mng 102 (NCM811) cathode material was obtained
from Green Eco-Manufacture. The NCM811 cathode was coated by

g-C3N, (1 wt%)
PVDF (2 wt%
zrsawn & & (2es)

Uniformly
dispersed

w——+y

g8-GN,
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lithium nafion (LiNf), Li-ion conducting polymer. The preparation of
LiNf and coating procedure of the NCM811 cathode material is
described in our previous work [31]. The Lithium nafion coated
NCMB811 is denoted as LiINf@NCM811. The composite cathode slurry
was prepared by mixing LINf@NCM811, LiTFSI, Super-P, vapor grown
carbon fiber (VGCF), and PVDF (80:4:8:1:7, wt%) in DMF. The mixture
was agitated for 4 h to form uniform slurry and then coated on a carbon-
coated aluminum foil current collector. The composite cathode was
dried overnight at 80 °C and then at 120 °C for 6 h, cut into circular discs
(¢ = 13 mm) for coin cell assembly. The active material loading of
LiNf@NCM811 in the composite cathode was approximately 4.5 mg
cm 2. The charge and discharge testing of the batteries were performed
between 2.8 and 4.2 V and 4.5 V at 30 °C and room temperature,
respectively.

2.3. Materials characterization

The crystal structures of the as-prepared powder and membranes
were characterized through X-ray diffraction (XRD; Bruker D2 PHASER,
Germany; Cu Ka; 4 = 0.15406 nm; 30 kV, 10 mA) for angles in the range
of 10-80°. The functional groups and the chemical environments of the
elements in the as-prepared bulk and few-layered g-C3N4 powders were
identified using Fourier transform infrared (FTIR) spectroscopy (Spec-
trum100, PerkinElmer, USA). Scanning electron microscopy (SEM;
Hitachi Se2600H, Japan) was used to study the microstructures of the
as-prepared powder, HSE electrolyte membranes, and pristine/modified
Li foil. The binding energies and elemental valences in the pristine and
coated Li electrode after cycling were investigated using X-ray photo-
electron spectroscopy (XPS, Sigma Probe, Thermo VG-Scientific, UK;
X-ray source: Al K-alpha 1486.6 eV) with XPSPEAK software (v. 4.1).
All XPS spectra were normalized based on C 1s, C—C peak at 284.8 eV.
To prevent air or moisture contamination, the samples were transferred
from glovebox to XPS or SEM instruments using vacuum transfer box
container filled with an Ar gas. The thermal stabilities of the powder and
HSE electrolyte membranes were investigated through thermogravi-
metric analysis (TGA; Mettler Toledo, USA) under Ny at temperatures
from 25 to 700 °C at a heating rate of 10 °C min'. The in-situ gas
generations behaviors during cycling were investigated by differential
electrochemical mass spectrometry (DEMS, UK).

2.4. Electrochemical performance measurements

The electrochemical cycling performance of the PVDF-HFP/gar-
net-based solid electrolyte (Bi-HSE) battery was assessed using a
CR2032 coin-type cell. The solid-state batteries were assembled in a
glove box filled with Ar; they featured a positive electrode (@ = 13 mm),
a Bi-HSE membrane disk (@ = 18 mm), and a negative electrode (@ = 15
mm). Charge/discharge tests were performed over the voltage range

Dried

~

Pristine Li metal

& =

ZIF-8

g-CNZP coated Li metal

PVDF

Scheme 1. Preparation of composite coating material (g-CNZP) and modification of Li metal anode.
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2.8-4.2 and 4.5 V using a AcuTech Battery Testing Systems. AC
impedance (PGSTAT302N, MetrOhm Autolab B. V., Netherlands) was
measured over the frequency range from 1 MHz to 100 mHz with an
amplitude of 5 mV.

The ionic conductivity of the Bi-HSE solid electrolyte was measured
using electrochemical impedance spectroscopy (EIS) with a controlled-
environment sample holder (CESH; Biologic Instruments, France) Au
as a blocking electrode with the configuration of Au/Bi-HSE/Au. The
frequency range was fixed from 1 MHz to 100 mHz at a step size of 10 °C
between 30 and 80 °C. Prior to measurement, the samples were stabi-
lized at the particular measuring temperature for 2 h in a CESH holder
(Biologic, France). The ionic conductivity of the Bi-HSE membrane was
calculated by Eq. (1):

o =L/(RA) (@)
where L is the thickness (cm) of the Bi-HSE membrane, R is the
impedance (Q2), and A is the contact area (cmz) of the electrolyte and the
electrode.

The electronic conductivity was determined from the I-V curve using
CESH holder (Biologic, France). Linear sweep voltammetry (LSV;
PGSTAT302N, MetrOhm Autolab B. V., Netherlands) of the Bi-HSE
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membrane with pristine and g-CNZP-coated Li was performed with a
cell configuration of g-CNZP@Li(Li)/Bi-HSE/Stainless steel (SS) be-
tween a voltage window of 1-6 V at a scan rate of 1 mV s~ .

3. Results and discussion
3.1. Microstructure and morphology

We used XRD to examine the as-prepared Bi-HSE membrane and g-
C3Ny4 powder before and after exfoliation and ZIF-8 powder, as shown in
Fig. 1(a). The composite electrolyte membranes were synthesized using
a simple solution-casting process. The as-prepared LG 25LZOF powder
applied in the HSEs possessed the crystal structure of a pure cubic phase,
similar to that of standard cubic-LLZO (PDF 00-063-0174, LLZO), which
is the conductive phase of LLZO. The XRD patterns revealed that the
crystallinity of LINfF@LGq 25LZOF did not change after it was embedded
in a PVDF-HFP polymer matrix, suggesting that LINf@LG 25LZOF and
PVDF-HFP had good compatibility during the preparation process. The
pattern of the pristine PVDF-HFP film featured two crystalline peaks
with values of 20 of 18.8 and 20.2°, with a relatively weak peak in the
range 30-45°, indicating that the ordered arrangement of the pure

(a ) PVDF-HFP+LITFSI+SN+LINF@LG, , L ZOF (Bi-HSE)
PVDF-HFP+LITFSI+SN (SPE) l I
———-—-—/\_
3 PVDF .“.l'l["‘. TFSI ; : l : : .
& [pvoFrre
2 A
=
£ [NI@LG, LLZOF ' ' ' l ' ' '
1
.‘g 0.25 I l
E 1 ”~ 1 1 1 1 1 A T |A'A'A_—FM———
LG, ,.LZOF
1 T DT
Standard-LLZ
- 2 IJ.J - ‘UT A - A : - M-LAI—
10 15 20 25 30 35 40 45 50 55 60
26(degree)
( b) —— Few layer g-C3Nyg ( C)
——Bulk g-C3Nyg
3 )
S )
2 2
a 2
2 2
E £
10 20 30 40 50 60 70 80 5 10 15 20 25 30 35 40 45 50
2 0 (degree) 2 0 (degree)

Fig. 1. XRD patterns of (a). The LG 2sLZOF powder and the components of Bi-HSE composite solid electrolyte membrane, and (b). Bulk and few-layered graphitic-

C3Ny, (). ZIF-8 powder.
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copolymer film led to its highly crystalline phase. After the LiTFSI salt,
SN plasticizer, and LINf@LGy 2sLZOF filler had been added successively,
the intensities of those two peaks in the patterns of the PVDF-HFP +
LiTFSI + SN (denoted as SPE) and PVDF-HFP + LiTFSI + SN +
LiINf@LGy.25LZOF (hereafter denoted as Bi-HSE) membranes were much
weaker, indicating that the degrees of crystallinity of the polymer had
decreased markedly [34].

Fig. 1(b) presents the crystalline structures of the as-prepared light-
yellow powders of bulk g-C3N4 and few layered g-CsNy4 after acid
treatment and exfoliation using a Nanogenizer device. We assign the
main peak observed at a value of 20 of 27.8° to the (002) plane, repre-
senting the distance between the layers of the graphitic material in the
bulk g-C3N4. We attribute the peak at a value of 26 of 13.7° to the (100)
plane, representing the intralayer d-spacing [35]. Two broad peaks at
27.8° (002) and 13.7° (100) correspond to the interplanar spacings in
the tri-s-triazine unit and the conjugated aromatic system structures of
the g-C3N4 powder. The corresponding signal for the (100) plane of the
few-layer g-C3Ny at a value of 260 of 13.7° was much weaker than that of
the bulk g-C3Ny, due to the decrease in the planar size of the layers after
exfoliation. Meanwhile, the signal for the (002) plane had moved from
27.8° for the bulk g-C3Ny4 to 28.1° for the few-layered g-C3Ny, because of
the shorter distance between the single sheets.
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The phase structure of ZIF-8 powder was determined by XRD. The
XRD pattern of ZIF-8 as shown in Fig. 1(c) is identical to the presented
patterns, confirming the successful synthesis of the material [1]. Based
on literature review, the characteristic diffraction peaks of ZIF-8 sodalite
(SOD) structures are at 26 = 7.8°, 10.8°, 13.1°, 15.1°, 16.8°, 18.4°,
22.5°,24.9°, 27.1° and 30.1° for ZIF-8 sample were clearly observed in
Fig. 1(c), which can be assigned to (011), (002), (112), (022), (013),
(222), (114), (233), (134) and (044) planes respectively. Our data
confirm the good crystallinity of ZIF-8 material synthesized phases
without any side product.

Fig. 2(a) displays the SEM image of the bulk g-C3N4 powders ob-
tained after calcination of melamine powder. After treatment with
HNOs, the bulk g-C3N4 powder provided the few-layer g-C3Ny, as dis-
played in Fig. 2(b). Further exfoliation using a homogenizer resulted in
the sheet-like morphology of few-layered g-C3Ny, as depicted in Fig. 2
(c). The high-magnification TEM image in Fig. 2(d) reveals that the
homogenized g-C3N4 from the Nanogenizer possessed a nanosheet
morphology. The elemental compositions of the few-layered g-C3N4
nanosheets were obtained through EDX mapping. The measured atomic-
percentage compositions of the few-layered g-C3N4 revealed that it
contained mainly carbon (ca. 45.4 %) and nitrogen (ca. 54.6 %) [Fig. 2
(e)]. The SEM image of ZIF-8 is displayed in Fig. 2(f), demonstrating that

Fig. 2. SEM images of (a). Bulk g-C3Ny; few-layered g-C3Ny, (b). After acid treatment, (c). After nanogenizer processing, (d). TEM image of homogenized few-layered
g-C3Ny, (e). EDX mapping of g-C3N4, SEM image of (f). ZIF-8, (g). Pristine Li (inset view: cross-sectional image) and (h) g-CNZP Modified Li (inset view: cross-

sectional image) before cycling.
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the particle dimensions are smaller than 100 nm. Fig. 2(g) and Fig. 2(h)
depict, respectively, both the pristine and the g-CNZP coated Lithium
metal anode (LMA). The modified Li metal anode exhibits a visible
presence of composite coating materials on its surface. The two-
dimensional sheet-like structure of g-C3Ny effectively covers the sur-
face of the Li metal anode, with the assistance of PVDF polymer,
enabling the interconnection of ZIF-8 nanoparticles with g-CsN4 and
their firm adhesion to the surface of the Li anode. Moreover, these
composite coating materials enhance compatibility with the bilayer
hybrid electrolyte membrane while simultaneously suppressing the
growth of lithium dendrites. This phenomenon facilitates an intimate
contact between the LMA and the solid electrolyte membrane using the
composite coating materials as an adhesive agent, ultimately enhancing
the long-term cycling performance of the cell, particularly at higher cut-
off voltages.

Fig. 3(a) displays the FTIR spectrum of the melamine-derived g-
C3N4. We assign the peak at 808 cm ™! to the typical bending vibrations
of tri-s-triazine units and that at 886 cm™! to the deformation mode of
N—H bonds. The broad absorption band near 3200 cm™! represented
the stretching vibrations of N—H bonds, associated with uncondensed
amino groups. A series of distinctive characteristic absorption peaks
appeared in the range 1650-1240 cm ™}, including a peak at 1640 cm™!
for C=N stretching vibration modes and peaks at 1569, 1412, 1323, and
1243 cm ™! associated with heterocycle C—N stretching [23,27,28].

Fig. 3(b) reveals the thermal stability of the LiNf@LGq 25LZOF
powder and the as-prepared SPE and Bi-HSE membranes. The thermal
decomposition temperature of the Bi-HSE composite membrane (ca.
360 °C) was higher than that of the SPE (ca. 327 °C). We ascribe the first
weight loss of the electrolyte membrane (up to 100 °C) to the release of
trapped moisture and residual solvent from the membrane. The second
stage of weight reduction, which is approximately from 150 to 320 °C, is
mainly due to the decomposition of the SN plasticizer and melting and
gradual degradation of the PVDF-HFP copolymer. Thermal decomposi-
tion of the copolymers and the Li salt (LiTFSI) in the bilayer HSE
membrane began at approximately after 350 °C, possibly due to the
presence of LiNf@LGq 2sLZOF filler, which can assist the composite
membrane for further thermal stability [36,37]. Increasing the tem-
perature to 700 °C led to a residual weight of Bi-HSE of approximately
37 %; that of the SPE was only approximately 22 %. Therefore, the
incorporation of the LINf@LGq 25LZOF ceramic fillers improved the
thermal stability of the composite membranes for solid-state Li-metal
battery (LMB) applications.

Most commercial LIBs have a working voltage range up to approxi-
mately 4.0-4.3 V. The polymer electrolyte must be chemically inert
within the operating voltage window. Thus, the oxidation potential of
the SSE should be at least 4.3 V to prevent electrolyte decomposition or
oxidation. We measured the electrochemical stability window (ESW) of
our Bi-HSE composite membrane in the coin cell with the configuration
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Li/Bi-HSE/SS, using the pristine and g-CNZP-coated LMAs, through LSV
from 1.0 to 6.0 V at a scan rate of 1 mV s™! at room temperature. As
displayed in Fig. 4(a), the current response of the g-CNZP@Li/Bi-HSE/
SS cell was stable relative to that of the pristine one, with the voltage
range reaching up to approximately 5.0 V (vs. Li/Li"). Notably, the
pristine-Li anode cell exhibited a slight onset of voltage at 4.15 V (vs. Li/
Li") in the LSV plot. The improved electrochemical stability for Bi-HSE
with the g-CNZP coated Li (g-CNZP@Li/Bi-HSE/SS) cell can be attrib-
uted to the incorporation of the coating materials. The 2D g-C3Ny4
nanosheet morphology and ZIF-8 nanoparticle demonstrate high sta-
bility to Li metal. Furthermore, the presence of strong oxidation resis-
tance PVDF binder in the coating material may also improve its stability
toward Li. The thin coating layer on the Li surface can effectively
mitigate the decomposition of Bi-HSE electrolyte membrane at higher
upper voltage, improve the electrochemical stability window of elec-
trolyte, and is beneficial to the long-term stable cycle of the battery. The
improved electrochemical stability of the g-CNZP@Li/Bi-HSE/SS cell
over a wider voltage range indicates that our as-prepared composite
membrane could meet the requirements of most high-voltage cathode
materials.

We determined the ionic conductivity of the Bi-HSE composite
membrane at various temperatures in the range from 30 to 80 °C with a
step size of 10 °C. The room-temperature total ionic conductivity,
calculated based on Eq. (1), was approximately 6.8 x 10~ S cm™!. The
Nyquist spectra in Fig. 4(b) reveal that the composite membrane elec-
trolyte exhibited an ionic conductivity of 9.4 x 104§ ecm™! at 80 °C.
The thickness of the composite membrane was approximately in the
range 140-150 pm. The SEM cross-sectional view of the Bi-HSE mem-
brane is shown in Fig. S2(a). The electronic conductivity of Bi-HSE
membrane was obtained from I-V plot of DC polarization measure-
ment, as exhibited from Fig. S2(b). The Bi-HSE membrane was assem-
bled within the confines of the Controlled Environment Sample Holder
(CESH) for the purpose of ascertaining the intrinsic electrical conduc-
tivity (ce). The room temperature o, value of Bi-HSE membrane is
approximately 1.6 x 1077 S em ™}, which exhibits a notable discrepancy
when compared to its corresponding ionic conductivity (c; = 6.8 x 10™*
S cm™ 1) measured at the same condition. It indicates that the as-
prepared bilayer membrane sample is ionic conductors and electronic
insulators by nature. We varied the current densities to investigate the
effect of the g-C3N4/ZIF-8/PVDF composite coating material on Li anode
for the electrochemical performance of symmetrical cells, incorporating
the pristine and g-CNZP-modified LMAs and the Bi-HSE composite
electrolyte. Fig. 4(c) compares the EIS spectra of the symmetrical cells,
using as-prepared with pristine and g-CNZP composite-modified LMAs.
The interfacial resistance of the symmetrical cell prepared with the g-
CNZP composite-modified Li metal was much lower than that of the cell
featuring pristine Li electrodes. Thus, the presence of the g-CNZP com-
posite coating material on the surface of the Li metal provided better
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Fig. 3. (a). FTIR spectra of bulk and few-layered g-C3Ny, (b). TGA curves of LINfF@LGy »sLZO powder and the Bi-HSE and SPE membranes.
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Fig. 4. (a). Linear sweep voltammograms of the Bi-HSE membrane assembled with pristine (Li/Bi-HSE/SS) and modified Li (g-CNZP@Li/Bi-HSE/SS) metal anode
recorded at a scan rate of 1 mV s’l, (b). Ionic conductivity of Bi-HSE composite membrane measured at different temperatures, at 30-80 °C, (c). EIS spectra of

pristine and g-CNZP coated Li metal anodes for the symmetric cells.

compatibility and more intimate contact with the Bi-HSE composite
electrolyte membrane.

We used X-ray photoelectron spectroscopy (XPS) to study the states
of the Li, N, S and F atoms in the pristine and g-CNZP-modified LMAs.
After the plating/stripping performance test of the cells (both pristine
and modified LMA), the cells were disassembled and subjected to XPS
analysis. In Fig. 5(a) the Li 1s XPS spectra exhibited peaks at 56.6, 55.7,
and 55.0 eV can be attributed to the formation of LiF, LioCOs, and Li3N,
respectively. It is worth noting that LiOH is also generated on the surface
of pristine LMA. However, the intensities of these compounds are rela-
tively lower than those observed for the modified LMA. A strong Li 1s
peak appeared at 55.0 eV for the g-CNZP-modified LMA, representing
the presence of Li3N. In contrast, the intensity of LigN in pristine LMA is
notably lower than that of its modified LMA counterpart. The existence
of LisN was also confirmed by the variations in the chemical states of the
N 1s peak in Fig. 5(b). The main peaks in the N 1s spectrum of the
pristine LMA after cycling were located at 400.4 and 398.7 eV, corre-
sponding to the N atoms in the TFSI” anion and in situ—formed Li3N,
respectively. The area intensity of the in situ—formed Li3N at 398.7 eV in
the g-CNZP-modified LMA sample was significantly higher than that of
the pristine one. The presence of the g-C3N4 coating material contrib-
uted more to the formation of LisN during the electrochemical cycling.
The low-intensity peak at 400.4 eV for the g-CNZP-modified LMA arose
from the TFSI™ anion; this value was supported by the signal in the S 2p
XPS spectrum [Fig. 5(c)] at 167.6eV, with both coinciding reasonably
well with the binding energies expected for the chemical environments
of the N and S atoms in the TFSI™ anion. In the S 2p spectrum, a second
peak near 161 eV was indicative of reductive Li-salt decomposition; this
binding energy is characteristic of S atoms in a zero oxidation state [38].

The presence of a LiF SEI layer on the surface of the cycled LMA was
further confirmed by the F 1 s spectra. Fig. 5(d) reveals the appearance
of peaks at 686.5 and 686.3 eV for LiF in the pristine and g-CNZP-mo-
dified LMA samples, respectively. Furthermore, the presence of peaks

near 690 eV in the spectra of both LMAs can be attributed to the C—F
interactions that occur within the coating polymer (PVDF) or polymer
from the Bi-HSE membrane (PVDF-HFP) and the LiTFSI group. The
application of ZIF-8, which possesses nanoscale dimensions, as a
component of the composite coating material may serve as a regulator
for Li-ion transport, thereby ensuring exceptional diffusion of Li-ions
during charge/discharge cycling. Additionally, the inclusion of ZIF-8
nanoparticles might also inhibit the growth of Li dendrites and
enhance interfacial contact between the Bi-HSE composite membrane
and the LMA, ultimately leading to enhanced long-term cycling perfor-
mance and stability of the cell at a high cut-off voltage (4.5 V) for high-
energy-density LMBs.

We subjected the assembled symmetrical cells to galvanostatic
charge/discharge long-term testing to examine the Li plating/stripping
behavior of the pristine and g-CNZP-modified LMAs. Fig. 6(a) reveals
that the pristine Li/Bi-HSE/Li symmetrical cell starts polarizing after
100 h of cycling at 0.2 mA cm™2. The polarization potential observed at
the 12th his ca. 111.2 mV (—118.4 mV). Subsequently, after a duration
of 370 h, the cell displayed a polarization of ca. 113 mV (—120.3 mV).
On the other hand, the modified Li metal is stripped and plated
reversibly, and the cell exhibits a stable cycling behavior at 0.2 mA
cm 2. The polarization potential of g-CNZP-modified LMA at 12th h is
78.1 mV (—80.1 mV) and after 370th h the cell exhibits a lower polar-
ization of 70.6 mV (—71.4 mV). No obvious change in polarization is
observed, indicating excellent interfacial stability between g-CNZP@Li
and Bi-HSE membrane. The symmetrical cell containing the g-
CNZP-modified LMA and the Bi-HSE provided a very stable polarization
voltage for >400 h long-term cycling [insets to Fig. 6(a)]. We conducted
an experiment to evaluate the performance of the Li/Bi-HSE/Li and g-
CNZP@Li/Bi-HSE/g-CNZP@Li symmetrical cells at different current
densities to investigate whether the presence of the g-CNZP composite
coating material on the surface of the Li metal could inhibit the for-
mation of Li dendrites and enhance the stability of the low-resistance
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Fig. 5. XPS analysis of (a). Li 1s, (b). N 1s, (c). S 2p, and (d). F 1s for (i) pristine and (ii) g-CNZP-modified LMA after cycling.

interface. During the experiment, the symmetrical Li cells were exposed
to a fixed Li plating/stripping time of 2 h for 10 cycles of each current
density, while the current densities were varied (i.e., 0.1, 0.2, 0.5, 1.0
and 1.5 mA cm™2) as displayed in Fig. 6(b). The suppression capability
of lithium dendrites and interface stability can be reflected by the crit-
ical current density (CCD). It is a crucial factor that determines the
charge/discharge rate performance of LMBs The good surface contact,
high ionic conductivity, and stable interface contribute to the high value
of CCD [39]. The pristine Li anode exhibited an increase in polarization
voltage upon increasing the current density. In contrast, the cycling of
the g-CNZP-coated LMA was relatively stable, with lower polarization
potentials up to 1.0 mA cm ™2 and an overpotential response that closely
followed Ohm's law at the various current densities. The polarization
voltage of the g-CNZP-coated LMA was approximately 120 mV at 0.5
mA cm™2; the corresponding pristine LMA was highly polarized at the
same current density and underwent uneven plating and stripping
phenomenon and highly polarized. The excellent behavior of the g-
CNZP-coated LMA might have been due to the improved interfacial
contact, which enabled rapid transport of Li-ions between the modified
LMA and the solid electrolyte membrane, due to the in-situ formation of
a layer of the Li-ion conductor LisN at the interface and the presence of
the ZIF-8 nanoparticles (Li-ion transport flux regulator). The presence of
LisN improved the intimate interfacial contact and caused the local
current density to be distributed evenly. Furthermore, the presence of

LigN, which has negligible electronic conductivity (e < 1072scem™,
prohibited the conduction of electrons between the Li metal and garnet
in the Bi-HSE composite electrolyte [23]. Thus, the presence of com-
posite coating material on our LMA surface could effectively decrease
the interfacial resistance and polarization during cycling. As a result, the
symmetrical Li cell containing the g-CNZP coating material displayed
superior cycling stability and a relatively lower overpotential when
compared with those of the cell featuring the pristine LMA. Hence, the
electrochemical data suggested that the g-CNZP coating material had
potential for use in all-solid-state LMBs (ASSLMBs) displaying high-rate
capability and stable long-term cycling electrochemical performance.
We compared the in-situ gases released from cells containing the
LiNf@NCM811 composite cathode material, both pristine and g-CNZP
coated Li metal anode charged at higher cut-off voltage (4.5 V) when
featuring the Bi-HSE solid electrolyte and using a liquid electrolyte (LE),
comprising of 1 M LiPFg in ethylene carbonate (EC) and diethyl car-
bonate (DEC) (1:1, v/v). Here, we employed differential electrochemical
mass spectrometry (DEMS), which has been used widely to study gas
release behavior during in-situ charge/discharge processing of
rechargeable Li metal batteries. Fig. 7 presents the first three cycles of
the charge/discharge curves and the intensity of gas released during cell
operation with the solid (LINf@NCM811/Bi-HSE/Li, LINf@NCM811/Bi-
HSE/g-CNZP@Li) and liquid (LINf@NCM811/LE/Li) electrolytes. The
in-situ DEMS measurements of the NCM811/Li cells, featuring Bi-HSE
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and LE allowed the evolution of released gases (e.g., O2, CO2, CO, CaHa,
Hy, CoHy, CoHg) to be identified qualitatively throughout the electro-
chemical tests. The ion intensities of the released gases were detected for
the LINfF@NCM811/Bi-HSE/Li, LINf@NCM811/Bi-HSE/g-CNZP@Li and
LiNf@NCM811/LE/Li cells when operated between 2.7 and 4.5 V. The
gases listed above were detected to greater extents from the cells con-
taining the LE than that of from those featuring the Bi-HSE solid elec-
trolyte. Large amounts of C;H4 and CO were generated, through the
decomposition of EC (Fig. S3), as the main gas products from the EC-
containing electrolyte. Presumably, severe redox reactions resulted in
the decomposition of EC (see the Supporting Information) [40]. Figs. 7
and S4 reveal that, with the exception of Hy, all of the gases emitted from
the LE-based LINF@NCM811/Li cell were higher intensities than those of
the cell from the Bi-HSE membrane counterpart. We suspect that
moisture absorbed by the as-prepared composite membrane electrolyte
during punching and cell assembly was responsible for the increase in Hy
production from the cell containing the Bi-HSE membrane. The gas in-
tensities observed at higher cut-off voltages for the cell that contains the
Bi-HSE solid electrolyte membrane (both pristine and coated Li cells)
were found to be lower, as compared to that of the LE cell. This can be
attributed to the inert nature of the Bi-HSE membrane, which hinders
any potential redox reactions within the composite membrane

40 60 80

Time (h)

Fig. 6. (a). Galvanostatic cycling curves of Li/Bi-HSE/Li and g-CNZP@Li/Bi-HSE/g-CNZP@Li symmetrical cells at 0.2 mA cm~2; inset: magnified regions at selected
time periods, 12-25 h and 370-385 h, (b). Symmetrical cell rate performance test of Li/Bi-HSE/Li and g-CNZP@Li/Bi-HSE/g-CNZP@Li.

components or between the electrode materials. This finding is further
corroborated by the LINF@NCM811/Bi-HSE/g-CNZP@Li cell, where the
ion intensities of gas formation are also lower than its pristine coun-
terpart. This could possibly be attributed to the protective effect of the g-
CNZP composite coating material on the Bi-HSE membrane. The coating
material acts as a barrier, preventing direct contact between the Li metal
anode and Bi-HSE, thus mitigating the decomposition of polymer ma-
terials and other potential side reactions. Furthermore, such coating
material can adjust their strength through a change in strain, thereby
accommodating Li deformation and hindering the occurrence of side
reactions. The inclusion of inorganic protective filler materials (g-C3N4
and ZIF-8) possesses high mechanical moduli and fast Li* ion diffusion
coefficients. Therefore, our design of the Bi-HSE membrane with
modification of the Li metal anode allows for the optimal utilization of
each component in the HSE and enhances the electrochemical perfor-
mance of high-voltage solid-state LMBs.

3.2. Electrochemical performance of LINf@NCM811/Bi-HSE/g-
CNZP@Li cell

We investigated the stability and cell performance of the
LiNf@NCM811 cathode and g-CNZP@Li with the Bi-HSE composite
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Fig. 7. Voltage profile and the corresponding gas generations (O, CO5, CO and
CyHy) as a function of the electrochemical cycling of the pristine
(LINf@NCM811/Bi-HSE/Li), modified lithium (LiNf@NCM811/Bi-HSE/g-
CNZP@Li) and pristine Li with liquid electrolytes (LiINf@NCM811/LE/Li,
where LE is 1 M LiPF¢ in EC/DEC 1:1, v/v). m/z is the mass to charge ratio of
the specific gaseous molecules.

electrolyte. We galvanostatically charged and discharged the fabricated
LiNf@NCM811/Bi-HSE/g-CNZP@Li cells between 2.8 and 4.2 V (4.5 V)
at 30 °C and room temperature. Fig. 8(a) reveals that the cell incorpo-
rating the g-CNZP@Li exhibited very stable long-term cycling for >280
cycles at a charging rate of 0.5C at 30 °C. After the first three cycles of
the formation step at 0.1C, the cell prepared with the modified LMA
exhibited an initial specific capacity of 134.5 mAh g™ ! at a rate of 0.5C
with a retention of 86.1 % after 280 cycles. The average coulombic ef-
ficiency of the cell is approximately 99.8 %. In contrast, the pristine LMA
assembled with Bi-HSE membrane displayed lower stability and poor
interfacial contact. The pristine Li metal anode cell (LINf@NCM811/Bi-
HSE/Li) runs only 110 cycles with an average coulombic efficiency of
97.8 % and the cell dead due to short circuit.

Fig. 8(b) displays the charge/discharge profile of the cell containing
the modified LMA. The pristine and modified LMA were also charged
between 2.8 and 4.5 V at a rate of 0.2C at room temperature. The long-
term cycling performance is shown in Fig. 8(c). The modified LMA
delivered an initial specific discharge capacity of 194.4 mAh g~1. After
100 cycles, the battery retained a specific discharge capacity of 162.3
mAh g1, with a capacity retention of 81.8 % (the fourth cycle provided
the maximum specific capacity, 198.5 mAh g~!). The corresponding
charge-discharge profile for the modified LMA charged between 2.8 and
4.5 V is displayed in Fig. 8(d). We ascribe this behavior to the excellent
interfacial stability of the g-CNZP-coated LMA with the solid-state
electrolyte membrane, leading to highly reversible Li-ion extraction

10
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and insertion. In contrast, the cell featuring the pristine LMA exhibited
poor stability and rapid capacity fading. To investigate the interfacial
compatibility of the surfaces of the modified and pristine LMAs with the
solid-state electrolyte membrane, we performed EIS testing for cells at
high voltage (4.5 V) before and after cycling, between a frequency range
from 1 MHz to 100 mHz [Fig. 8(e) and (f)]. The charge-transfer resis-
tance (R of the fresh cell containing the g-CNZP-coated LMA (ca. 228
Q) was lower than that of the cell featuring the pristine LMA (398.5 Q),
this is due to an intimate contact between the modified LMA and the Bi-
HSE composite membrane surface.

After 100 cycles, we observed a semicircle at higher frequency,
derived from SEI impedance, due to the passage of ions on the anode
surface (Rggp), and a second semicircle in the intermediate-frequency
region representing the R impedance between the electrode and the
electrolyte. Fig. 8(e) and (f) reveal that the values of Rggy and R of the g-
CNZP-modified LMA cell were significantly lower than those of the cell
containing the pristine LMA. Thus, after the long-term cycling, the
composite coating material formed a more stable interfacial layer with
the composite membrane than did the counterpart cell featuring the
pristine LMA, such that the former ASSLMBs possessed better cycle
stability. We attribute the improved cycle behavior to the enhanced
electrochemical performance resulting from the presence of 2D
graphitic-C3N4 nanosheet, ZIF-8 nanoparticle and polymeric (PVDF)
coating layer, which ensured superior interfacial contact at the elec-
trolyte—electrode interface.

We suggest the following reasons for the improved and more-stable
electrochemical  performance of the  g-CNZP@Li/Bi-HSE/
LiINf@NCM811 cells at higher cut-off voltages. (i) The nanosheet/
nanoparticle structure of g-C3N4/ZIF-8/PVDF suppressed Li dendrite
formation, improved the Li-ion diffusion, and provided intimate contact
with the Bi-HSE membrane; (ii) The high amount of LLZO filler (80 wt%
filler vs. polymer) on the Li anode side enhanced the mechanical
strength of the composite membrane and further inhibits the growth of
Li dendrites; (iii) Long-term charge/discharge cycling at a high cut-off
voltage 4.2 (4.5 V) led to the in-situ formation of LisN from the g-
CNZP coating material, particularly from the decomposition of 2D g-
C3N4 nanosheet layer as determined through XPS analysis of the coated
Li metal; the in situ—formed LigN had good Li-ion ionic conductivity and
leads to the formation of a stable SEI layer at the g-CNZP@Li-Bi-HSE
interface; it can ensure superior performance at a high cut-off voltage of
4.2 (4.5V) [41].

3.3. Postmortem analysis of the composite membrane and g-CNZP
modified Li anode

To wunderstand the various electrochemical performances of
ASSLMBs that contains the Bi-HSE membrane and modified LMA, the g-
CNZP@Li/Bi-HSE/g-CNZP@Li symmetrical cells that had been operated
at different current densities were disassembled [Fig. 9(a)-(d)]. Fig. 9(e)
and (f) display the disassembled LiNf@NCM811/Bi-HSE/g-CNZP@Li
full cells after long-term electrochemical performance testing at 0.2C
between 2.8 and 4.5 V at room temperature. Fig. 9(a) and (b) present the
pristine and modified LMAs of the disassembled symmetrical cells, while
Fig. 9(c) and (d) present SEM images of the bilayer hybrid composite
membrane surfaces after cycling. The presence of a void volume on the
surface of the Bi-HSE composite membrane assembled with the pristine
Li anode might have been due to uneven plating and stripping during
long-term cycling [Fig. 9(c)]. This result is further supported from the
change in polarization of the pristine LMA symmetry cell cycling. This
phenomenon caused the growth of Li dendrites on the surface of the
cycled pristine Li metal, as evidenced by the appearance of cracks on the
surface of the pristine Li metal [Fig. 9(a)]. In contrast, the surfaces of the
Bi-HSE composite membranes assembled with the g-CNZP@Li and
LiNf@NCM811 metal anodes were planar and relatively smooth; it is
due to the effect of the artificial SEI layer (ASEI) of the g-CNZP com-
posite coating material (g-CsN4/ZIF-8/PVDF) [Fig. 9(d) and (f),
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Fig. 8. Comparison of Long-term cycling stability of the LINF@NCM811/Bi-HSE/g-CNZP@Li and LINF@NCM811/Bi-HSE/Li cell (a). Charged between 2.8 and 4.2 V
at 30 °C, at a rate 0.5C, (b). Charge/discharge voltage profile of the LINF@NCM811/Bi-HSE/g-CNZP@Li cell between 2.8 and 4.2 V, (c) long-term cycling perfor-
mance at 0.2C, measured between 2.8 and 4.5 V at room temperature, (d). corresponding charge/discharge voltage profile of the cells. EIS plots of (e).
LINf@NCM811/Bi-HSE/g-CNZP@Li, (f). LINf@NCM811/Bi-HSE/Li cell before and after 100 cycles, charged between 2.8 and 4.5 V at room temperature.

respectively]. Similarly, the composite coating particles that had been
deposited on the surfaces of the Li metal in the symmetrical cell and the
full cell potentially suppressed the formation of Li dendrites [Fig. 9(b)
and (e)]. The excellent electrochemical performance phenomena sug-
gests that the coating material would provide good mechanical strength
and support to Bi-HSE composite membranes in high-voltage ASSLMBs.
Moreover, long-term cycling led to the in-situ formation of LigN, which is
a good Li-ion conductor [42] that also enabled a stable interface [23] to
exist between the g-CNZP@Li metal and the Bi-HSE composite mem-
brane. Therefore, our composite coating material provided good inter-
facial contact by decreasing the impedance of the cell, while also being
compatible with the composite membrane surface.

Moreover, an overview of the electrochemical characteristics of the
Bi-HSE membrane and the cells incorporating modified LMA is pre-
sented in Table 1. Notably, the modified Li anode displayed a remark-
able performance at high cut-off voltages in comparison to previously

11

reported literature results for nickel-rich cathode materials. The pres-
ence of an inorganic/organic composite coating material on the Li metal
surface enhances interfacial contact, promotes in-situ formation of Li-ion
conducting compounds, and impedes Li dendrite growth. These factors
facilitate the sustained long cycling of the cell at high cut-off voltage
(4.5 V), leading to the achievement of a high-energy density Li metal
battery over an extended period.

4. Conclusions

We have prepared a few-layered 2D g-C3Ny filler through the calci-
nation of melamine and obtained an artificial SEI (ASEI) layer from a
mixed coating material g-C3N4/ZIF-8/PVDF (g-CNZP) applied to the
surface of an LMA. The presence of the 2D nanosheet layered
morphology and ZIF-8 nanoparticle with PVDF binder improved the
interfacial contact by creating a compatible environment between the
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Fig. 9. SEM surface images of Li metal after symmetry cell performance test (a). Pristine Li, and (b). g-CNZP coated Li anode; Bi-HSE membrane from symmetry cell
cycling performance test with, (c). Pristine Li, and (d). g-CNZP coated Li anode; (e). g-CNZP@Li metal surface from LINF@NCM811/Bi-HSE/g-CNZP@Li coin cell (the
inset photographic image of Li metal), and (f). Bi-HSE composite membrane (the inset photographic image of Bi-HSE) from LiNf@NCM811/Bi-HSE/g-CNZP@Li coin

cell after cycling at 0.2C between 2.8 and 4.5 V at room temperature.

composite membranes and the LMA and suppressing Li dendrite for-
mation during long-term cycling. The g-CNZP@Li/Bi-HSE/
LiNf@NCM811 full cell charged from 2.8 to 4.2 V (4.5 V) displayed
enhanced electrochemical performance, due to the 2D nanosheet
structure of the g-C3N4 and ZIF-8 nanoparticles (Li-ion transport flux
regulator) in PVDF polymer, which suppressed dendrite formation on
the surface of the Li anode. Furthermore, the presence of a large amount
of as-prepared ceramic LiNf@LGq 5LZOF fillers (80 wt% filler vs.
polymer) on the modified Li anode side provided the composite mem-
brane (so-called Polymer-in-Ceramic, PIC structure) with better me-
chanical stability. Long-term cycling at a high cut-off voltage led to in-
situ formation of LigN from the g-CNZP coating material on the LMA, as

12

determined through XPS analysis. This LisN had good ionic conductiv-
ity, and the formation of a stable SEI layer at the g-CNZP@Li-Bi-HSE
interface led to superior performance at the high cut-off voltage of 4.2 V
(or 4.5 V). Thus, our as-prepared bilayer-structured HSE and artificial
SEI layer on the Li anode appear to have highly potential for use in high-
safety and high-energy-density ASSLMBs.
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Table 1
Literature report on electrochemical performance of SSE charged at high voltage of 4.5 V.
Cell formulation ESWs (V vs. Li/ o (mS SSE thickness Capacity retention Electrochemical performance Ref.
Li") em™) (pm) (%)
LiINf@NCM811/Bi-HSE/ g-CNZP@Li 5.0 0.68 140-150 81.8 Initial 194.3 mAh g’l, 100 cycles, 2.8-4.5V, This
@25 °C at 0.2C work
86.1 Initial 134.45 mAh g, 280 cycles, 2.8-4.2
V, at 0.5C
Li|SPE|LiNig sCoo 2Mng 502 5.1 1.3 ~100 ~90 Initial 164.2 mAh g~', 200 cycle, 2.8-4.5V,  [43]
@25 °C at 0.5C
NCM811/SSCE/Li 5.0 0.51 N/A N/A Initial ~150 mAh g’l, 42 cycle, 3.0-4.5V, at [44]
0.1C
LioMoO4@LiNg gCo 1Mg.102/HIHSE/Li 4.9 0.28 325 89.2 Initial ~150 mAh g 1, 100 cycle, 2.6-4.5V, [45]
full @25 °C at 0.1C
NCM811/trilayer LAGP SSE/Li 5.1 0.11 ~260 N/A Initial ~208 mAh g%, 1 cycle, 3.0-4.5V, at  [46]
@60 °C @60 °C 0.1C
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