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Composite Solid Electrolyte for High Voltage Solid-State Li-

Metal Battery

Ramkumar Balasubramaniam,® Chan-Woo Nam,” Vanchiappan Aravindan,*®

Jae-chang Seol,” Kanalli V. Ajeya,'” Ho-Young Jung,

A composite solid electrolyte (CSE) was prepared by incorporat-
ing Li,La;Zr,0;, (LLZO) particles, lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI), and different con-
centrations of a solid plasticizer in a poly(vinylidene fluoride
hexafluoropropylene) (PVDF-HFP) matrix. Subsequently, we
investigated the ionic conductivity and electrochemical stability
of the CSE, and its interfacial compatibility with a Li-metal
electrode. 30 wt.% plasticizer with CSE exhibits a high ionic
conductivity of 4.23x10™* and 8.14x10°*Scm™' at 25 and
60°C, respectively, with an excellent stability of up to 4.76 V vs.
Li/Li*. The CSE is sandwiched between the Li-metal and
NCM811 for the fabrication of a solid-state battery (SSB), which

Introduction

Rechargeable lithium-ion batteries (LIBs) are considered state-
of-the-art battery technology for use in electronic gadgets, such
as cell phones, laptops, tablets, other portable devices, and
electric vehicles owing to their high energy density, extended
life cycle, low self-discharge, no memory effect, lightweightness,
and a high operating potential."™ However, conventional LIBs
continue to experience safety hazards, including Li dendrite
formation, explosions initiated by flammable organic solvents,
electrolyte leakage, and unwanted side reactions.”® Employing
solid electrolytes in the fabrication of the next-generation LIBs
is one of the most efficient strategies for resolving these
challenges.” Solid-state batteries (SSB) provide excellent safety
features due to the replacement of the flammable organic
solvent with Li metal as an anode, which helps realize higher
energy density.®'% Nevertheless, an ideal solid electrolyte fulfills
the following requirements: high ionic conductivity, and good
electrochemical and mechanical compatibility with a wide
range of electrodes comprised of various redox potentials."”
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delivers a discharge capacity (163 mAhg™") at a rate of 0.2 C
(60°C). The LiNbO; (LNO) modification over the NCM811 cell
delivers a high discharge capacity of 198 mAhg™', excellent rate
capability, and good cycle life. Furthermore, the LNO coating on
the surface of the NCM811 cathode, which effectively improves
the contact between the cathode and electrolyte, eventually
leads to an increase in the discharge capacity. Therefore, the
prepared CSE is a good choice for use in SSB; moreover, the
LNO coating noticeably improved the cycling stability, reversi-
bility, and rate capability compared to an unmodified NCM811
cathode in the SSB configuration.

Unfortunately, poor electrochemical and mechanical stability
between the high voltage cathode and the electrolyte remains
a bottleneck for all-solid-state-LMBs (ASSLMB).['?

In the last two decades, different types of Li-ion superionic
conductors have been developed, including garnet, perovskite,
NASICON, thiophosphate, and argyrodites based
conductors.*' Among the ceramic electrolytes, the garnet
type Li;La;Zr,0;,, (LLZO) and its derivatives have garnered
considerable interest owing to their reasonable ionic conductiv-
ity (~107° Scm™), large electrochemical window (5 V vs. Li/Li"),
good chemical stability against high voltage cathodes, and
good compatibility with Li metal anodes.">'® Nevertheless, the
brittle nature and large interfacial impedance between the
electrode and ceramic electrolyte are the foremost hindrances
to practical applications on a large-scale."*'®'¥ Other types of
solid polymer electrolytes with matrices, such as polyethylene
oxide (PEO), poly(vinylidene fluoride) (PVDF), and
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
are flexible and have good compatibility with electrodes;
however, practical applications are restricted by their low ionic
conductivity at 25°C.*%! To address these shortcomings,
composite solid electrolytes (CSEs) are prepared through the
incorporation of ceramics into polymer electrolytes by solution
casting to attain high ionic conductivity and retain good
compatibility.”"** From among these polymers, PVDF-HFP is
predominantly used because of its high dielectric constant (€=
8.4), which facilitates the dissociation of Li-salts and promotes
ionic motion. It contains both amorphous (-HFP) and crystalline
phase (-VDF) units. The crystalline phase provides mechanical
stability and the amorphous phase assists in increasing the ionic
conductivity of the electrolyte.?**

Research on PVDF-HFP/LLZO CSE-based cells has led to
significant improvements, such as high ionic conductivity and
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good capacity; however, additional organic flammable electro-
lytes are warranted to maintain a good electrode and electro-
lyte interface.””* In this study, we prepared a CSE using a solid
plasticizer to achieve a high ionic conductivity and good
electrochemical stability suitable for high voltage electrodes.
Consequently, we used succinonitrile (SN) as a plasticizer in the
preparation of CSE, which improved the compatibility with
electrodes without compromising the ionic conductivity. A
plastic crystal, SN, was used as a plasticizer to suppress the
crystallinity further and eventually enhance the amorphous
nature of the electrolytes.”>*” Interestingly, SN can also act as
an effective ionizer for dissociating Li-ions from Li-salt in
addition to the high dielectric PVDF-HFP.®"*? Previous studies
have focused only on the LiFePO, cathode; however, it has a
low redox potential of ~3.4V vs. Li/Li*2"*#*3 The most
promising candidates for the cathode are Ni-rich layered oxides
because of their high discharge capacity, higher working
voltage, cost-effectiveness, and easier synthesis protocol.*>*%*")
The Ni-rich LiNiggC0y;Mngy,0, cathode has rarely been inves-
tigated for use in ASSLMB; however, it can attain a high energy
density of up to 300 Wh kg™' in a conventional electrolyte.®®
Surface modifications of the NCM811 cathode during the
fabrication of SSB are one of the primary factors in improving
the compatibility with a solid electrolyte. Compared with
conventional protective coatings (Al,0;, MgO, CeO,, ZrO,, and
Co;0,), the LiNbO; coating certainly improves the electro-
chemical activity of the cell.?®*4% |n this study, the LiNbO,
coating not only enhanced the capacity but also ensured better
compatibility between the cathode and electrolyte. In the CSE,
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the inclusion of 30 wt.% plasticizer increased the ionic con-
ductivity, and it displayed good cyclability in a symmetric cell
with Li. The Li//LNO-NCM cell with CSE provides a high
discharge capacity, cycle life, and rate capability due to
increased interfacial contact and suppressed Li-deficiency across
the interface, as discussed in detail in the following sections.

Results and Discussion
Physical characterization
Structural analysis

Figure 1a and b shows the schematic diagram of the composite
solid electrolyte (CSE) and all-solid-state Li-metal battery
(ASSLMB). Figure 2a shows the XRD profiles of the LLZO, PVDF-
HFP, and as-prepared CSEs (S0-S4). It can be seen that the
peaks are well-matched with the garnet framework in the space
group of 1a-3d."" The intensity of the LLZO reflections is
suppressed due to the formation of the composite with PVDF-
HFP and ceramic filler. The broad peak represents the semi-
crystalline nature of the CSEs, which signifies the presence of
amorphous regions and is anticipated to enhance the ionic
conductivity.*” The FE-SEM image was used to investigate the
surface morphology of the LLZO powder and is presented in
Figure S1. The morphology of the particle is coarse in nature,
and the average size is estimated to be around 5 pm. FT-IR
spectroscopy is a powerful tool for investigating the functional

(b) e —» ¢ &
Li metal
P CSE Cathode i
NN NN
a1
B Tl i
ERERE HL.

@ NCM811 or LNO@NCM811

@ PrVDF binder @ Super P

Figure 1. Schematic diagram of (a) composite solid electrolyte, and (b) all-solid-state Li-metal battery (ASSLMB) with NCM or LNO NCM811 composite as a
cathode, Li metal as an anode, and a PVDF-HFP-LIiTFSI-10% LLZO-30% succinonitrile as a composite solid electrolyte.

ChemElectroChem 2022, 9, 202200317 (2 of 13)

© 2022 Wiley-VCH GmbH

85US017 SUOWILLIOD BAERID 3ot (dde ay) Aq peusenob a1e ssjole O ‘8sn J0 S9N Joj Akeuq 18Ul UO A8 |1 LD (SUONIPUOD-PUE-SWSIALIY A8 | 1M AReiq | pUtiuo//:SAnL) SUONIpUOD pue SWis | 81 89S *[2202/2T/02] Uo Areiqiauliuo AB|im ‘AisieAlun feuolieN Wweuuoyd Ad LTE002202 9182/200T 0T/10p/wod A3 [1m Arelq i jputjuoadoane-Ans ueyd//:sdny wouj pepeojumod ‘vT ‘20z ‘91209612



ChemElectroChem

Research Article

doi.org/10.1002/celc.202200317

Chemistry

Europe

European Chemical
Societies Publishing

(@)

ML*..JH .A ? R o Y o S4

(b) s4

L,,,‘p"‘ s3

wﬂj Y o B o s2

'MI‘AA e . s1

q ™ i 5 S0

Intensity (arb. units)

'-)N\_ L PVDF-HFP

Transmittance (%)

._JL,_JM_A_A_M

Lol 1 =um| [ iR

SN
— i
LiTFSI N
PVDF-HFP W
N T T~ —— v

10 20 30 40 50 60 70 8
20 (degrees)

——T 77T
0 2000 1800 1600 1400 1200 1000 800

Wave number (cm™)

PVDF-HFP:SN (c)
100:0 2282 W
0:100 ; T b G e

60:40 W
70:30 W
80:20 " W

Intensity (a.u)

Intensity (a.u)

90:10 i
1672

L) T L) L)
4000 3500 3000 2500 2000 1500 1000
Wave number (cm™)

(d)

Li*-- 0 ( LLZO)

Li*-~ F ( PVDF-HFP)

Li*~ -CH,-CH,- ( SN)

6

120

-
=] (=3
(=] =]
1 1

Weight loss (%)
(=2
(=]

T T
100 200

T T v
300 400 500 600

Temperature (°C)

Figure 2. (a) XRD pattern of the LLZO ceramic powder, PVDF-HFP and composite solid electrolytes (S0-54), (b) Fourier-Transform infrared spectra of the LLZO,
succinonitrile, LiTFSI salt, PVDF-HFP, and composite solid electrolytes (S0-54),(c) FTIR spectra for the PVDF-HFP with different wt% of succinonitrile plasticizer
film (without LiTFSI salt), (d) ’Li NMR spectra for the S3 composite solid electrolyte and (e) Thermogravimetric analysis (TGA) curve of the composite solid

electrolytes (50-S4), PVDF-HFP, LiTFSI, SN and LLZO.

groups and complex formation of CSEs (S0-S4). The FTIR
spectra of the LLZO, SN, LiTFSI salt, PVDF-HFP, and CSEs are in
the range of 4000-400 cm™' and are shown in Figure 2b. PVDF-
HFP is a semi-crystalline polymer, therefore, its vibrational
spectra contain crystalline (a-phase) and amorphous phase (-
phase) related reflections, for example, the peaks observed at
682, 727, 759, 794, 948, and 974 cm™' are associated with the a-
phase, whereas the amorphous peaks (3-phase) are observed at
840 and 873 cm ™" The peaks observed at 759, 794, 840, 873,
and 974 cm™' correspond to the CH, rocking vibration, CF,

ChemElectroChem 2022, 9, 202200317 (3 of 13)

stretching vibration, mixed-mode of CH, rocking, combined CF,
and CC stretching vibrations, and C—F stretching mode of
PVDF-HFP, respectively.”**? After the incorporation of LiTFSI
salt, SN, and LLZO ceramic filler into the polymer matrix, the
crystalline peaks (a-phase) at 682, 727, 759, 794, 948, and
974 cm™!' either disappear or become weak, but the amorphous
peaks remain prominent and slightly shift position to 835 and
879 cm . The two peaks located at 1350 and 1330 cm™' were
due to the asymmetric SO, vibration mode and C-SO,-N bond
group, respectively.***® The peak shifts and intensity variations
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clearly confirms that CSEs contains the polymer backbone, Li-
salt, ceramic filler, and plasticizer. In the FTIR spectra (S0-54),
we observe an appearance of a new peak at 1647 cm™' (S0) and
1655 cm™' (S1-S4) corresponding to the double-bonded sulfur
with oxygen.” This new peak originated owing to the
incorporation of the LiTFSI salt in the polymer matrix. The
strong sulfur with oxygen (S=0) bond screening the weak
intensity bond and further the low-intensity peak was over-
lapped due to the complex nature of the film (S1-S4).
Compared to SO CSE FTIR spectra (1647 cm™'), the S1-S4 CSE
spectra were slightly shifted to the higher wavenumber side
(1655 cm™") due to the incorporation of the succinonitrile (SN)
plasticizer. But the FTIR spectra of the PVDF-HFP film with
different wt% of succinonitrile (SN) plasticizer (without LiTFSI
salt) confirm the bond between the polymer (PVDF-HFP) and
plasticizer (SN). Figure 2c shows the FTIR spectra of the PVDF-
HFP film with different wt% of succinonitrile (SN) plasticizer.
The nitrile group (~C=N, 2252 cm™) in the succinonitrile is
making a bond with (—CH,—CF,, crystalline) —VDF group and
the new peak evolved at 1672 cm™ is correlated to increase the
amorphous nature of the film.””! The amorphous of the film is
assist to enhance the ionic conductivity and compatibility of
the CSE. Figure 2d shows the ’Li NMR spectra for the S3
composite solid electrolyte. The broad and asymmetric reso-
nance peak revealed more than one Li* ion local environment
present in the CSE. The resonance peak shift and intensity
variation are due to the interaction of LLZO particles and LiTFSI
salt with PVDF-HFP and SN plasticizer. The interaction induces
the structural modification in the PVDF-HFP polymer and
provides a new favourable path for fast Li-ion migration (Li*—F
in PVDF-HFP at 5.55ppm), which enhances the ionic
conductivity.“54”

Surface morphology

The surface morphology of the pure SO, S1, S2, S3, and S4 CSEs
was investigated by FE-SEM. Figure S2 shows a macroscopic
image of the large crystalline grains with the lamellar structure,
which are evenly distributed in the plasticizer-free electrolyte
(S0). After incorporation of SN into the polymer matrix, the size
of the grains decreases, and the amorphous nature of the
electrolyte grows (see inset of microscopic image Figure S2).
After the addition of different wt% SN, CSE loses its crystallinity,
and the formation of amorphous parts in the electrolyte is
evident from the XRD analysis. [Figure 2a] Improvement in the
ionic conductivity is noted with an increase in the amorphous
domains in the CSEs* The thickness of the CSEs is
approximately 200 um. The energy dispersive spectra images

show that the presence of the elements La, Zr, and N are evenly
distributed across the mapped area in the CSE. [Figure S3]

Thermal stability

Thermal stability is one of the crucial factors in CSEs for
ensuring cell-safety, especially at elevated temperature con-
ditions. Figure 2e shows the thermogravimetric analysis (TGA)
of the SN, PVDF-HFP, LiTFSI salt, LLZO ceramic filler, and CSEs,
whereby the decomposition events of SN, LiTFSI, and PVDF-HFP
start at 150, 330, and 420°C, respectively.”*>® The CSEs
membrane decomposition through a three-step phase is shown
in Figure 2c. In the first phase (150—250°C), the major weight
loss corresponds to the SN plasticizer as they easily decompose
compared with the polymer matrix. Once the temperature has
reached above 320°C, sudden weight loss is observed, which is
due to LiTFSI decomposition (second phase). Above 420°C, a
third phase of weight loss arises due to PVDF-HFP film
decomposition, and the remaining weight corresponds to the
LLZO filler. It is well-established that the good thermal stability
of the CSEs indicates suitability for Li-ion SSB applications in
terms of thermal properties.

PVDF-HFP electrolyte results

The Nyquist plots of the electrochemical impedance spectra
(EIS) of the CSEs (S0-S4) at various temperatures are shown in
Figures 3 and S4. The Li-ion conductivity of the electrolyte is
calculated based on the following formula o=1I/(R, x A), where |
is the thickness, R, is the resistance which can be measured
from the intercept with the X-axis, and A is the area of the
electrolyte. Figure 3b illustrates the Arrhenius plot for different
wt.% of plasticizer-based PVDF-HFP-LiTFSI-10 wt.% LLZO elec-
trolytes. The addition of the SN plasticizer certainly increases
the ionic conductivity in both the low and high-temperature
ranges. The main reason for this ionic conductivity
enhancement is due to a suppression of the crystallinity in the
polymer matrix, which increases the free charge carrier
concentration in the electrolyte®”” Among the various
compositions prepared, the ionic conductivity of the CSE (S3)
sample was calculated to be superior, for example, it was
determined to be 423x107™* and 8.14x107*Scm™' at 25 and
60°C, respectively, with an activation energy of 0.184eV
(Table 1). Initially, we observe that the ionic conductivity of the
electrolyte is enhanced with increasing concentration of the
plasticizer. After reaching the maximum concentration of
30 wt.%, the increasing trend reversed because of the insulating

Table 1. lonic conductivity of the CSEs for different wt. % of plasticizers.

Temperature SO S1 S2 S3 S4

25 3.93x10°° 7.71x107° 1.83x107* 4.23x107* 1.96x107*
40 6.87x107° 1.25x107* 2.05x10™* 591x10™* 3.24x107*
60 1.3x107™* 2.25x107* 3.69x107* 8.14x107* 591x10™*
80 2x107* 3.51x10™* 479%107* 1.33x1073 8.46x107*
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Figure 3. (a) Electrochemical impedance spectra (EIS) curve of the SS| |S3]|SS cell, (b) Arrhenius plot of the S0-S4 electrolytes, (c) linear sweep voltammetry
(LSV) curve of asymmetric Li| |S3| |SS cell and (d) galvanostatic-charge/discharge curve (GCD) of the symmetric Li| | S3]| | Li cell. The electrochemical

performance was studied at 60 °C.

behavior of the non-ionic plastic crystal (SN) and weakened
interactions between the plasticizer and Li-ions.®"** Therefore,
the high ionic conductive S3 electrolyte is used for further
electrochemical analysis. For comparison, we tested the ionic
conductivity of the 20 and 30 wt. % LLZO based composite
solid electrolytes. After more than 10 wt%, the ionic conductiv-
ity of the electrolyte is decreased due to the agglomeration of
the LLZO particles (Figure S5). The FE-SEM images of the 20 and
30 wt% LLZO based CSEs confirm the agglomeration of the
LLZO particles (Figure S6). Figure S7 shows the chronoamper-
ometry (CA) curve of the S3 electrolyte Li-symmetric cell and its
Li-ion transference number t;;, is 0.406. The potential stability
of S3 was studied by linear sweep voltammetry (LSV) at 60°C.
Figure 3c shows that the S3 electrolyte was stable up to 4.76 V
vs. Li/Li* because of a good incorporation between the LLZO,
LiTFSI, and PVDF-HFP matrix. This result indicates that the CSE is
appropriate for use in SSB applications, especially while paired
with high voltage cathodes such as NCM811 and metallic Li. To
further understand the electrochemical Li-plating and stripping
behavior, a symmetric cell (Li|S3|Li) was fabricated and studied

ChemElectroChem 2022, 9, 202200317 (5 of 13)

galvanostatically at 60 °C. Figure 3d shows the cycling perform-
ance of the cell at a current density of 0.1 mAcm™ for 500 h.
The initial overpotential of the cell was 26 mV but after
500 cycles the overpotential was slightly increased and reached
34 mV. There was no big difference and fluctuations in the
overpotential of the cell, which indicates that the electrolyte
can suppress Li dendrite formation for a prolonged duration.

Physical characterization of the cathode material

Figure S8 shows the XRD pattern of NCM811 and 2 mol%
LiNbO; (LNO) coated NCM811 particles, and no phase difference
can be observed between the bare and LNO-coated NCM811
cathode particles. The electronic valence state and surface
chemical composition of the bare and LiNbO,; coated NCM811
were characterized by XPS analysis and the results are shown in
Figure 4, Figure S9, and S10. Figure 4 a—d illustrates the full scan
spectrum of bare and 2 mol% LNO-NCM811, which suggests
the existence of the elements of Li 1s, Ni 2p, Co 2p, Mn 2p, Nb
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Figure 4. XPS results of the NCM811 and LNO-NCM811 cathode particles. (a) XPS full spectra (b) Li 1s spectra, (c) Ni 2p spectra, and (d) Nb 3d spectra of the

LNO-NCM811.

3d, and O 1s. Figure 4b displays the Li 1s spectrum with
deconvolution of the peaks that can be detected at 53.96 eV.
Figure 4c displays characteristic Ni 2p XPS spectra of 2 mol%
LNO- NCM811 in comparison with those of the bare NCM811
material, coupled with fitting patterns based on referred Ni 2p
band energies (Ni*"2p,,: 871.76 eV, Ni*"2p,,: 854.07 eV, Ni**
2p,,: 873.58 eV and Ni**2p,,: 855.56 eV) from the XPS standard
reference database (NIST- National Institute of Standards and
Technology).”® The Ni 2p XPS spectra of bare NCM811 were
also recorded and studied as shown in Figure S 10b. Figure S 9a
represents the deconvoluted spectrum of Co 2p and the two
main peak positions at 780.01 and 794.93 eV are assigned to Co
2ps;, and Co 2p,,, signifying the dominant Co®* cation. Figure S
9b illustrates the deconvoluted spectrum of Mn 2p and the
peaks at 641.37 and 653.23 eV confirm the splitting of Mn2p,,
and Mn 2p,,,, which are consistent with the Mn** cation.”” In
Figure 4d the Nb 3d;,, peak appears at 208.81 eV, while the Nb
3d;,, peaks appear at 206.11 eV, indicating clear evidence that
LiNbO; is on the NCM811 particle surface.”®* Figures S11 and 5

ChemElectroChem 2022, 9, 202200317 (6 of 13)

show the FE-SEM and TEM images of the NCM811 and LNO-
coated NCM811 particles. The NCM811 particle has an ellipsoi-
dal morphology, and the primary particle size is in the range of
5-6 um. After LNO coating, there is not much change from the
particle size and the morphology looks the same. The HR-TEM
image (Figures5 c-d) confirms the LNO coating, and the
coating layer thickness is found to be 3—5nm. Nickel (Ni),
cobalt (Co), manganese (Mn), and oxygen (O) are uniformly
distributed in the NCM811 material, which is evident from the
elemental mapping. (Figure S11) According to energy dispersive
spectrometry (EDS), elemental mapping confirms that the
element Nb is present on the surface of the LNO-coated
NCM811 particle. (Figure 5)

Conventional Li-metal battery (LMB)

Figure S12 shows the charge-discharge performance, cycle life,
and rate capability of the NCM811 cathode-based Li-metal

© 2022 Wiley-VCH GmbH

85US017 SUOWILLIOD BAERID 3ot (dde ay) Aq peusenob a1e ssjole O ‘8sn J0 S9N Joj Akeuq 18Ul UO A8 |1 LD (SUONIPUOD-PUE-SWSIALIY A8 | 1M AReiq | pUtiuo//:SAnL) SUONIpUOD pue SWis | 81 89S *[2202/2T/02] Uo Areiqiauliuo AB|im ‘AisieAlun feuolieN Wweuuoyd Ad LTE002202 9182/200T 0T/10p/wod A3 [1m Arelq i jputjuoadoane-Ans ueyd//:sdny wouj pepeojumod ‘vT ‘20z ‘91209612



Chemistry
Research Article Europe .
ChemElectroChem doi.org/10.1002/celc.202200317 Societes publiahing

Drift correct

p———— 100 nm F——————— 100 nm ———— 100 nm

Figure 5. LiNbO; coated NCM811 (a, b) SEM image, (c, d) TEM image and EDS mapping image of the LiNbO; coated NCM811 particle.

LiNig C0g,Mng;0, — Li;NigsC0p;Mng;0, + x Lit +x e~ (1)
battery at 25°C using the liquid electrolyte. The characteristic
curve confirms Li-deintercalation/intercalation during the

charge/discharge process of the cathode. The electrochemical During the discharging process (intercalation)
reaction can be explained as follows:

During the charging process (de-intercalation) Li;-Nig§C0p1Mng 0, + x Li™ + x e ~LiNiy3Co, ;Mn, ; 0, )
ChemElectroChem 2022, 9, 202200317 (7 of 13) © 2022 Wiley-VCH GmbH
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The charge-discharge voltage plateaus are positioned at
around 3.84, 425V vs. Li/Li*, and 3.8, 423V vs. Li/Li",
respectively, and correspond to the redox reactions of Ni**/Ni**
and Co®*/Co** in NCM811. The NCM811 cell shows an initial
charge, and discharge capacity of 226 and 174 mAhg™,
respectively, at a rate of 0.2 C with a Coulombic efficiency of
77% (1 C=180 mAhg™"). A marginal increase in the capacity
profile is noted; for example, at the 12™ cycle, the capacity
reached the maximum value of 189 mAhg™' owing to a slower
activation of the cathode. After 100 cycles, the bare
NCM811 cell retained a discharge capacity of 184 mAhg™,
which corresponds to a retention rate of 97.3%. After the LNO
coating, the NCM811 displayed an initial charge and discharge
capacity of 237 and 197 mAhg™, respectively, with a Coulombic
efficiency of 83%. The observed reversibility is much better
than for pristine NCM811. After 100 cycles, the cell maintained a
discharge capacity of 209 mAhg' (Figures S13 a-b). The rate
performance of the two cells was studied at the rates of 0.1 to
1 C. Figures S12 c—d show the NCM811 rate performance for
various current rates. Apparently, at high C rates, the capacity
of the cell is decreased due to slow ionic motion within the
electrode and at the electrode/electrolyte interface and there-
fore it takes long for the charge distribution to reach the
equilibrium state. In contrast, the LNO-coated NCM811 cell
exhibits a significantly improved discharge capacity, and rate
capability at high C rates (Figures S13 c-d). We believe the
superior performance in terms of discharge capacity, rate
performances, and cycle life is mainly because of the LNO
modification over the active material of the cathode. For
comparison, the prepared 5 and 10 mol% of LNO-coated
NCM811 liquid cell electrochemical performance are shown in
Figure S14. The initial charge and discharge capacities of the 5
and 10 mol% of LNO-coated NCM811 cells are 213/192 and
200/179 mAhg™" and the corresponding coulombic efficiency
are 89.8 and 89.5%. After a few cycles, the capacity of the cells
is decreased due to the Li-ion irreversibility and high resistance
of the cell. Compare to the 2 mol% LNO coated cell, the
capacity of the thick (5 and 10 mol%) LNO coated layer
NCM811 cells are decreased due to the Li-ion transfer
suppression in the LiNbO; and NCM811 interface.

All Solid-state Li-metal Battery (ASSLMB)

For comparison, the NCM811 cathode in ASSLMB is tested at
25°C. The initial discharge capacity is 51 mAhg™'; after
50 cycles, the discharge capacity reached 30 mAhg™' (Fig-
ure S15). At 25°C, the solid-state Li-metal Battery (SSLMB)
provided a low discharge capacity due to the low ionic
conductivity and poor interface contact between the electrode
and electrolyte. Figure S16 shows the electrochemical impe-
dance spectra (EIS) of the Li||S3||NCM811 cell. The charge
transfer resistance of the NCM811 cathode cell is 228 Q and it
indicates a sluggish Li-ion transfer in the interface. Therefore,
we were testing at 60 °C to further enhance the electrochemical
performance of the cell. The succinonitrile is melting at 58.67 °C,
so it additionally helps to enhance the electrochemical perform-
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ance of the cell at 60°C (Figure S17). To further understand the
feasibility of using an LNO-coated NCM811 cathode in ASSLMB,
samples were fabricated and compared with NCM811 in the
potential range of 2.8-43V at 60°C, which is shown in
Figures 6 a-d and 7 a-d. NCM811-based cells provide an initial
charge and discharge capacity of 186 and 163 mAhg™,
respectively, and exhibit a Coulombic efficiency of 87%. After
100 cycles, the discharge capacity decreased to 113 mAhg™'
and state-of-health is 69.3%. Therefore, the complex nature of
ion transport between the cathode and solid electrolyte inter-
face increases problems in Li-ion deficiency and contact loss for
the ionic diffusion path. In contrast, the Li-ion-based coating
layer strategy tuning of the interface enhances the ionic
mobility in the region. Also, LNO-coated NCM811 with metallic
Li affords an initial charge and discharge capacity of 205 and
198 mAhg™, respectively, with a Coulombic efficiency of 97 %.
The cell retains its discharge capacity of 141 mAhg™" and the
state-of-health is 71.2% after 100 cycles. We compare the
present work with previously reported high voltage cathode
based SSB in Table 2.['5202225:27.28334260-63] Tha rate capabilities of
NCM811 and LNO-NCM811 SSB are also studied between a 0.1
to 1 C rates to further understand the role of the LNO coating.
Figures 6 (c—d) show the rate capability curve of the NCM811
cathode-based SSB in a voltage range of 2.8-4.3 V at different C
rates. Figures 7 c-d illustrate the rate performance of an LNO-
NCM811 cathode-based SSB at different C rates. Noticeably, the
bare NCM811 cathode-based SSB suffers from contact loss with
the cathode active material, irreversibility of de-intercalated Li-
ions, and thus, Li-ion reduction at the interface. In contrast, the
excellent discharge capacity, Coulombic efficiency, and state-of-
health of an LNO-coated NCM811 cathode cell are caused by
the LNO buffer layer stabilizing the interface between the LNO-
NCM811 cathode and the CSE electrolyte.”®*” It can be
concluded that LNO coating not only improves the point
contact between the cathode particles and the electrolyte, but
also leads to increases in the mobility of the Li-ions across the
interface. Figure S18 shows the electrochemical impedance
spectra (EIS) of the Li||S3||NCM811 and Li||S3]||LNO-
NCM811 cells. The charge transfer resistance of the NCM811
cathode cell is 60.46 Q but after the LNO coating, the resistance
of the LNO-NCM811 cell decreased to 44.01 Q. It indicates that
surface modification improves the smooth Li-ion transfer in the
interface. The LNO coating decreases the charge-transfer
resistance but the discharge capacity and rate performance of
SSB are still limited compared with those of liquid cells. In
conventional liquid electrolytes, contact loss is not a significant
problem because of the wettability nature and the presence of
more mobile Li-ions in the electrolyte. Figure 8a shows the
electrochemical performance of an NCM cathode-based SSB,
which has a higher possibility of particle-particle contact loss
and Li-ion reduction on the surface and interface of the active
material. After LNO modification, the movements of Li-ions
across the NCM particle surface and interface are common;
consequently, the discharge capacity is high, but a minor
contact loss is inevitable. [Figure 8b] The surface morphology of
the LNO coated NCM811 cathode electrode was studied to
understand the capacity loss mechanism of the SSB. Figure S19
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Figure 6. Li| | CSE (S3) | INCM811 cell electrochemical performance. (a) First, 5 cycles of the charge/discharge performance, (b) cycle life of the cell at 0.2 C
rate, (c) charge/discharge curve, and (d) cycle life of the cell at different C rates. The electrochemical performance was studied at 60 °C.

Table 2. Comparison of previously reported work with our study.

Electrolyte Cathode Current density Discharge Potential Ref
& operating capacity window
Temperature [mAhg™) vs Li/Li*

Our electrolyte LiNigC0oq,Mny;0,& LiINDO;@ 0.1 Cand 60°C 191 mAhg™' & 2.8-43V this work

LiNiy5C0,,,Mng,,0, 202 mAhg™'

PVA/PAN/LITFSI/LATP/SN LiFePO, 0.1 Cand RT 156.9 mAhg™' 2-4V 1

PEO/LLZO/LITFSI LiFePO, 0.1 Cand 55°C 155.8 mAhg™' 2.5-385V 5

LLZTO/PVDF-HFP/ LiFePO, 0.1 Cand 60°C 141.2 mAhg™' 2.7-38V 20

PEO/LITFSI

PVDF-HFP/LAGP/LITFSI LiFePO, 0.1 Cand RT 154,06 mAhg™' 2.7-385V 22

PVDF-HFP/10 wt% m-SBA15 + 1 M LiPFg (EC/DEC)  LiNigsC0g,Mng;0, 0.1 Cand 25°C 194 mAhg™' 2.5-43V 25

PVDF-HFP/LLZTO/LITFSI LiFePO, 0.1 Cand RT 152.1 mAhg™' 2.7-42V 27

LLZTO/PVDF-HFP/ LiFePO, 0.1 Cand RT 157.8 mAhg™' 26-4V 28

LiTFSI/SN + Liquid Electrolyte

PVDF-HFP/LIiTFSI/LATP/SN LiFePO, 0.1 Cand 25°C 168.4 mAhg™' 2.8-42V 33

PVDF/PAN/AI-LLZO/LiCIO,/SN LiNigsC0;Mng,0, 0.1 Cand RT 160.92 mAhg™' 26-42V 42

Tri-CPE (PVDF/PAN) LiNig5C0g,Mng,0, 0.1 Cand 25°C 171.4 mAhg™' 2.7-42V 60

PVDF-HFP/LLZO + 1 M LiTFSI in TEGDME LiFePO, 0.1 Cand RT 140 mAhg™ 3-38V 61

BStSi solid electrolyte LiNi; sCoo;Mn,;0, 0.1 Cand 0°C 126 mAhg™' 2.8-42V 62

PEO + LiTFSI+ Wheat flour electrolyte LiNi, 3Co,,Mn,;0, 0.1 Cand 25°C 133 mAhg™ 2.5-42V 63

shows the SEM

images of LNO-NCM811
100 cycles under a 0.2 C rate between 2.8-4.3 V. After long
cycling, small cracks were formed on the surface of the

particles after

particles. The cracks formed on the surface of the electrode
materials because of the volume expansion. The lithium-ion
irreversibility of the cell was caused by the broken particles,
which further leads to capacity loss. However, to further
increase the cycle life and discharge capacity of ASSLMB, using

ChemElectroChem 2022, 9, 202200317 (9 of 13)

highly conductive coating materials over the active material
and self-healing polymers as electrolytes are good options,
which are being considered in our ongoing studies.
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Figure 7. Li| | CSE (S3) | | LNO@NCM811 cell electrochemical performance. (a) First, 5 cycles of the charge/discharge performance, (b) cycle life of the cell at
0.2 C rate, (c) charge/discharge curve, and (d) cycle life of the cell at different C rates. The electrochemical performance was studied at 60 °C.

Conclusion

Novel liquid-free PVDF-HPF/LLZO CSEs were prepared by the
solution casting method. The optimized CSE provides a high
ionic conductivity of 4.23x107* and 8.14x107* Scm™" at 25 and
60 °C, respectively, with an electrochemical stability up to 4.76 V
vs. Li/Li*. Similarly, the cathode NCM 811 was modified with a
LiNbO; coating to improve the cathode-electrolyte interphase.
The electrochemical study displays that the LNO-NCM811
cathode in the liquid electrolyte provides a high discharge
capacity and excellent rate capability at various C rates
compared with the pristine cathode a 25°C. After surface
modification, the LNO-NCM811 cathode-based SSB assembly
provides a high discharge capacity of 198 mAhg™ and a state-
of-health of 71.2% using CSE. The LiNbO; buffer layer certainly
improves the interfacial contact between the cathode and the
electrolyte and reduces the interfacial resistance. The Li-ion-
based coating layer is an excellent alternative for enhancing the
initial charge/discharge capacity and rate performance and
reducing Li-ion depletion across the interface.

ChemElectroChem 2022, 9, 202200317 (10 of 13)

Experimental Section

Preparation of Composite solid electrolyte (CSE)

Garnet type Li,La;Zr,0,, LLZO ceramic powder was acquired from
Jeong Kwan Co. Ltd. and stored in an Argon-filled glovebox. CSEs
were prepared by the solution casting method. PVDF-HFP, 30%
LiTFSI, and various ratios (0, 10, 20, 30, and 40 wt.%) of SN were
dissolved in N, N-dimethylformamide (DMF) at 40°C. The resulting
solution was stirred well until the formation of a clear homoge-
neous solution. (Table S1) Afterward, 10 wt.% of LLZO ceramic
powder was added to the solution. Subsequently, the viscous
solution was casted onto the Mylar sheet and heated to 60°C for
24 h in a vacuum oven to remove any remaining solvent. The CSE
film was cut to an appropriate size (diameter 1.8 cm) for further
characterization and electrochemical studies. (Figure 1a)

Preparation of LiNbO;-coated NCM811 particles

NCM811 active material was purchased from Wellcoss Corporation
Pvt Ltd. and used as received. LiINbO; was coated onto the surface
of NCM811 by the sol-gel method. In a typical process, lithium
niobium ethoxide (2 mol.%) was dissolved in 2-propanol. Then, the
appropriate amount of NCM811 particles was dispersed in the
solution by ultra-sonication for 1 h. Afterwards, the solution was
continuously stirred until evaporation of the solvent at 60°C.
Finally, the powder was calcined at 400°C for 1 h under an oxygen
(O,) atmosphere to prepare the 2 mol%-LiNbO; coated NCM811
particle.

© 2022 Wiley-VCH GmbH
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Figure 8. Schematic illustrations of the Li-ion concentration in the cathode particle-particle interface. (a) NCM811 cell contact loss and Li-ion reduction at the

interface and (b) LNO-NCM811 cell contact loss and smooth Li-ion transfer.

Characterization of the samples

The crystal structure of the samples was analyzed using a high-
resolution X-ray diffractometer (HR-XRD, Rigaku, Japan, D/MAX
Ultima I1) under 40 kV/40 mA. The functional groups of the samples
were studied through Fourier-transform infrared spectroscopy (FT-
IR, Shimadzu, and IRPresitge-21 - Japan). The surface morphology,
elemental composition, and internal structure of the samples were
studied using a Field emission-scanning electron microscopy and
energy dispersive X-ray spectroscopy (FE-SEM/EDX—S-4700/EX-200),
and high resolution-transmission electron microscopy (HR-TEM;
JEM-2000, EX-ll, JEOL, Japan). Thermogravimetric analysis (GA-
Shimadzu, Japan, and TGA-50) was conducted in the temperature
range of 25—800°C under N, atmosphere (5°Cmin™").

ChemeElectroChem 2022, 9, 202200317 (11 of 13)

Solid-state battery (SSB) preparation

Electrochemical impedance spectroscopy (EIS) was used to evaluate
the ionic conductivity of the SS||CSE||SS cell in the frequency
range of 1 kHz—1 Hz with a potential amplitude of 10 mV using a
Bio-logic VSP potentiostat. Furthermore, the temperature depend-
ence of the Li-ion conductivity of CSE was measured in the range of
25-80°C. The linear sweep voltammetry (LSV) of the CSEs was
tested using an asymmetric cell (Li| |CSE||SS) at a scan rate of
1 mV s7' in the potential range 0—5 V (Biologic, Model VSP France).
The Li| | CSE| | Li-symmetric cell was also assembled using a 2032
coin-cell and the performance was studied galvanostatically at a
current density of 0.1 mAcm ™2 The chronoamperometry (CA) test
for the Li-ion transference number calculation of the Li-symmetric
cell was tested at the applied voltage of 10 mV. The SSB comprised
an NCM811 or LNO-NCM811 cathode and Li metal foil as an anode.
The NCM811 active material was collected from Wellcoss Corpo-
ration Ltd. and used as received. For the cathode slurry preparation,
NCM811 powder or LiNbO,-NCM811, CSE, PVDF, and Super
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(84:10:4:2 weight ratio) were mixed in a N-Methyl-2-pyrrolidone
(NMP) solvent and cast onto the surface of an Al-foil. Then, the
slurry was heated to 120°C for 12 h to remove any remaining
solvent. The active material loading of the prepared cathode was in
the range of 3.5-4 mg and the diameter of the electrode was
1.4 cm. For cell assembly, the cathode (NCM811 or LNO-NCM811)
was attached to both sides of the CSE (see Figure 1b). The charge-
discharge performance was studied in the voltage range of 2.8-
4.3V at 60°C. Before the electrochemical study, the cell was heated
to 60°C for 24 h to increase the interfacial contact between the
electrode-electrolyte. For comparison, we made a liquid cell using
1M LiPFg in ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1:1 volume ratio solvent) as an electrolyte. The electrochemical
performance of the cell was studied at 25°C. Il PNE power and
energy solution (Korea) were used to analyze the charge-discharge
performance of the electrochemical cell.
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