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ABSTRACT: All-solid-state batteries possess several advantages including high safety, flexibility
to use high-capacity metal anodes and are projected to be the next generation energy storage
devices. Garnet-type cubic LisLa3Zr012 (LLZO) solid electrolyte is of particular interest due to
its high ionic conductivity under ambient conditions and compatibility with Li metal. However,
large electrode/electrolyte interfacial resistance constraints their development. Herein, the use of
a highly lithium ion conducting dilithium phthalocyanine (Li>Pc) as an interlayer is proposed to
effectively suppress the high impedance at the interface thus improving the electrode-electrolyte
contact. Fast Li* mobility and high dielectric constant of dilithium phthalocyanine enhance the
kinetics of Li* transport across the interface. A significant reduction in overpotential and very
stable stripping/plating cycling are observed in lithium symmetric cells upon introducing LizPc

interlayer as compared to the use of bare tantalum doped lithium lanthanum zirconium oxide
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(LLZTO) electrolyte. Cells comprising interlayer-modified Li|[LLZTO|LiFePO4 show high
capacity with excellent cycling and rate capability. The performance of full cells using lithiated
graphite and lithium titanate anodes has also been evaluated. This study presents a promising

application of garnet electrolytes towards the advancement of solid-state lithium batteries.

1. Introduction

All-solid-state batteries (ASSB) are considered as suitable candidates for the next-
generation energy storage devices. Despite several advantages in terms of safety, thermal/chemical
stability and wide electrochemical stability window as compared to conventional liquid
electrolytes, there are several challenges that hinder the development of these devices. One of the
important issues is the high interfacial resistance between solid electrolyte and electrodes as the
contacts are generally ineffective due to non-conformal morphologies and inefficient wettability.
The uneven solid-solid interfaces limit ion migration and enhance the Li-dendrite formation on
anodes.! The interfacial issues influence and limit the overall performance of the solid-state Li-
ion battery. A space charge layer (SLC) is formed at the interface by the redistribution of mobile
carriers upon contact of two phases with different chemical potentials.* 5 There are arguments put
forward about the interfacial resistance and space charge effect on Li* transport but there is no
clear experimental evidence yet, demonstrating the consequences of SCL in reducing interfacial
resistance.%8 Usually, SCL is formed at the interface of an electrolyte and cathode, leading to the
formation of lithium enriched state at the cathode side and lithium depleted state at the electrolyte
side. This highly resistive lithium-depleted layer becomes a bottleneck for lithium-ion transport,
particularly due to lack of charge carriers. It has been suggested that cathode interpose buffering
layers (CIBLs) with strong lithium-ion attraction and high lithium-ion conduction, can hinder the

formation of SCL.% 3 9 In addition, interlayers with high permittivity can reduce the thickness of
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SCL and in turn increase the kinetics of Li transport across electrode-electrolyte interface. In this
direction, an interfacial layer with the possibility of Li single ion conduction having a high
dielectric constant is a suitable candidate for all solid-state Li ion batteries (ASSB).!?

The present study introduces the use of a macrocycle based on phthalocyanine as an interfacial
layer for all solid-state Li ion battery. Phthalocyanines comprise a class of organic molecules with
exceptionally high thermal and chemical stability.!! They consist of conjugated 18 & electron ring
system comprising of 4 isoindole groups with N atoms which form two coordination and two
covalent bonds with the centre metal atom.'? The electronic conductivity of dilithium
phthalocyanine (Li2Pc) originates from the overlap of n-n orbitals of the adjacent phthalocyanine
(MPc) molecules. Metal phthalocyanines have been used as additives to improve Li ion
transference and control dendritic growth in liquid-based Li rechargeable batteries. For instance,
Li et. al. demonstrated the use of dilithium phthalocyanine as an electrolyte additive in Li-TFSI
ionic liquid electrolyte to modify the ion solvation. The strong dipole-dipole interactions between
LizPc and polar solvent of the liquid electrolyte results in increased anion solvation. This reduces
the anion mobility and in turn improves Li transference by increasing the Li salt dissociation. The
authors show the high charge/discharge stability of the Li-S full cells accomplished by suppression
of dendrite formation in presence of LiPc in the electrolyte.!3 Similarly, use of cobalt
phthalocyanine (CoPc) as an electrolyte additive results in the formation of a layer on Li metal
anode resulting in uniform deposition of Li by decreasing the influence of space charge effect on
Li deposition.!* Modification of separator using Fe tetraamino-phthalocyanine helps in trapping
lithium polysulfides resulting in the improvement of performance of Li-S batteries.!> Depending
upon the central metal atom and its valency, metal phthalocyanines exhibit different properties

including catalytic activity, photoactivity, chemical and thermal stability. This results in their use
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in a wide number of applications such as in coloration industry, catalysis, fuel cells, gas sensing,
photosensitization, solar cells, organic light emitting diodes (OLEDs), thin film transistors,
lubricants, indicators etc.1% 16. 17

Herein, dilithium phthalocyanine (Li2Pc) is introduced as an interlayer between the solid garnet
electrolyte and the cathode in an all-solid-state Li-ion battery. It has also been shown that the
transport of Li ions is assisted by the presence of continuous negative electrostatic potential field
in an organized assembly of Li,Pc.!® It is a mixed electronic-ionic conductor and the extent of
ionic conduction is reported to be larger than that of the electronic conduction.!® Scanlon et al.
have studied an electrochemical cell with Li foil as anode, Li>Pc as the solid electrolyte and
Li,Pc/MnQO; as a composite cathode to explore the ionic conductivity between solid electrolyte
and cathode. In the present study, garnet type solid electrolyte, tantalum doped lithium lanthanum
zirconium oxide (LLTZO), is chosen to demonstrate the usefulness of Li>Pc as an interlayer, since
the electrolyte shows favorable electrochemical characteristics such as high ionic conductivity,
negligible electronic conductivity, excellent chemical stability, and wider electrochemical stability
window.2? The Li ion mobility present in Li>Pc acts as a bridge to facilitate Li ion transport from
the solid electrolyte to cathode and reduces the interfacial resistance at the solid-solid interface.

2. Experimental Details

2.1. Materials Used

Lithium (Li) foil, dilithium phthalocyanine, lithium carbonate (Li2CO3), zirconium oxide (ZrO),
lanthanum oxide (La>O3), tantalum oxide (Ta>Os), lithium cobalt oxide (LiCoQO>) and lithium iron
phosphate (LiFePO4) were purchased from Sigma, USA. Iso-propyl alcohol was purchased from
SD Fine Chemicals, India. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was obtained

from Solvionic, France. N-methyl n-propyl piperidinium bis(trifluoromethesulfonyl)imide was
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purchased from ionic liquid technologies (io-li-tec), Germany. The dilithium phthalocyanine
obtained from Sigma was a mixture of a and p phases and used without any further purification.

2.2. Synthesis of cubic LLZTO (Li7LasZr1.75Tao25012)

LLZTO was synthesized using a modified Sono-chemical synthesis. This method leads to the
formation of pure cubic phase LLZTO at lower temperatures as compared to the procedures
reported in the literature.?!>3  Sono-chemical synthesis involves the use of ultrasonic waves to
form acoustic cavitation or bubbles which grow and collapse impulsively leading to a high
temperature and pressure at localized points. The heating and cooling rates at these cavities
(bubbles) are > 10'° Ks'! with a high localized temperature of ~500 K and a high localized pressure
of ~1000 bar. Even though the intensity of ultrasonic waves generated by ultrasonic baths is low,
it is sufficient for the distribution and reaction between solid precursors in a liquid medium. 24 23
In this work, laboratory ultrasonic cleaning bath was used as the ultrasonic source for the synthesis
of LLZTO. Stoichiometric amounts of Li>CO3 (50% extra for Li loss), ZrO,, La,O3; and Ta,Os
(Sigma, USA) were ground in a mortar and pestle in the presence of isopropyl alcohol (IPA) for
about 1 h. The powder obtained was sonicated in isopropyl alcohol (IPA) for 4 h. The mixture was
further dried and ground for 30 min. and subsequently sintered in an alumina crucible at 900 °C
for 12 h. followed by grinding for 1 h. and sintering at 980 °C for 12 h. Further, the powder was
further ground for 1 h. and sintered at 980 °C for 12 h. The heating rate for all the steps was kept
constant at 2 “C/min. The as formed powder material was transferred immediately to a desiccator
to avoid atmospheric contamination.

2.3. Electrochemical characterization of solid electrolyte

LLZTO pellets were obtained by pressing LLZTO powder at an applied pressure of 14 tons

using a hydraulic press. The pellets were sintered at 800 “C for 6 h. Sintered pellets were transferred
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to a glove box and polished using an emery sheet before use. Electrochemical characterization was
carried out in a coin cell assembly with different cell configurations. Symmetric cells were
assembled using Li foils on both sides of the LLZTO pellet. Asymmetric cells were assembled
using Li foil on one side and silver (Ag) on the other side. Li-blocking symmetric cells were
assembled using silver on both sides of the pellet. Electrochemical impedance spectroscopy (EIS)
measurements were recorded at room temperature in a frequency range of 7 MHz to 100 mHz with
an amplitude of 20 mV.

2.4. Fabrication of full cells and electrochemical characterizations

Cells of Li|LLZTO|LFP configuration were fabricated using Li foil as anode, LiFePO4 as
cathode and LLZTO pellet as the solid electrolyte inside a glove box with moisture content less
than 1 ppm. LiFePOj electrodes were fabricated by coating a slurry of LiFePOas, acetylene black
and polyvinylidene fluoride (PVDF) in a mass ratio of 7:2:1 in N-methyl-2-pyrrolidone (NMP) on
Al-foil and dried in a vacuum oven at 80 °C for 12 h.

The LiC6|LLZTO|LFP full cells were fabricated using lithiated graphite (LiCe) as anode and LFP
as the cathode. Graphite electrodes were prepared by coating a mixture of carbon powder, super P
and PVDF (8:1:1) in NMP on Cu-foil followed by drying at 80 °C overnight in a vacuum oven.
Half cells are assembled using Li foil as anode, graphite as cathode and 1 M LiPF¢ in ethylene
carbonate/dimethyl carbonate (EC/DMC = 1:1) as the electrolyte. Lithiation of graphite was
carried out by discharging the cells to 0 V at a slow rate of 10 mA g!. The lithiated graphite
electrodes were recovered, washed with EC/DMC solvent and dried before fabricating a full cell
in the solid-state battery configuration.

The full cells with configuration, LTO|LLZTOI|LFP were assembled using LTO as anode and

LFP as cathode. Li4Ti5012 electrodes were prepared by coating a slurry of LisTisO12, acetylene
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black and PVDF in a mass ratio of 7:2:1 in NMP on a Cu foil and drying in a vacuum oven at 80
°C for 12 h. The diameter of electrolyte pellet, anode and cathode is kept constant as 10 mm for all
the cells fabricated in this study. The loading of active material for all the cathodes prepared lies
within 1.0-1.2 mg/cm?.

Interfacial layer modification was carried out by coating a thin layer of Li,Pc mixed with an
ionic liquid electrolyte (ILE) (50 mg in 100 uL ILE) on both sides of the electrolyte pellet. The
interlayer is indicated as LPIL throughout this study. Ionic liquid electrolyte was prepared by
adding 0.25 M lithium bis(trifluoromethane-sulfonyl)imide (LiTFSI) in n-methyl n-propyl
piperidinium bis(trifluoromethesulfonyl)imide with constant stirring. The LiTFSI was dried under

vacuum at 120 °C for 12 h. prior to use. All the procedures were carried out under an inert

atmosphere. For control experiments, only 10 uL of the ILE was added at both anode/electrolyte
and cathode/electrolyte interfaces and used. Full cells without any interlayer were assembled for
comparative studies. Galvanostatic charge-discharge studies were carried out using a Biologic
VSP 300 electrochemical workstation. All the battery studies have been performed at room
temperature.

2.5. Diffraction and spectroscopic characterizations

Powder X-ray diffraction (PANalytical) was used to characterize the powder and pellets. A
Raman spectrometer (LabRAM HR, Horiba Jobin Yvon) equipped with S0XLWD objective, and
a laser wavelength of 514 nm was used to obtain the Raman spectrum. Fourier transform infrared
(FTIR) spectrum was recorded using a Perkin Elmer FTIR spectrometer. Scanning electron
microscopy (SEM) images were obtained using a Carl Zeiss Ultra 55 microscope. X-ray
photoelectron spectroscopic measurements were carried out using Thermo Scientific K-Alpha

spectrometer with Al Ko radiation. A vacuum transfer module was used to load the Li anode,

https://doi.org/10.26434/chemrxiv-2024-7zv3t ORCID: https://orcid.org/0000-0002-1894-8583 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7zv3t
https://orcid.org/0000-0002-1894-8583
https://creativecommons.org/licenses/by-nc-nd/4.0/

electrolyte pellet and LiFePO4 cathode samples inside the glove box. A pass energy of 50 eV and
a spot size of 200 um was used to record high-resolution spectra. A step size of 0.1 eV was used
for all the measurements.

3. Results and discussion

3.1. Structure, composition, and electrochemical properties of LLZTO

The garnet LLZTO crystallizes in two polymorphs namely, tetragonal, and cubic structures with
space groups I4i/acd and Ia-3d respectively. Both tetragonal and cubic structures have 8 formula
units in a unit cell and the ionic conductivity depends on the occupancy of Li in the lattice sites.
Doping of Ta in LLZO favors the stabilization of cubic phase at lower temperature by changing
the site preference of lithium ion from octahedral to tetrahedral.2¢ The conventional solid-state
synthesis of garnet-type solid electrolytes requires multiple sintering steps at temperatures above
1050 °C with each sintering step comprising of 24 h. or higher (Table S1). The present study
proposes the use of ultrasonic energy to reduce the sintering temperature and the time required to
obtain pure cubic phase of LLZTO. The introduction of ultrasonication facilitates the formation of
cubic LLZO at a relatively lower temperature of 980 °C. Furthermore, the lower of sintering

temperature reduces the extent of Li loss during sintering.27- 28
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Figure 1. (a) Diffraction pattern of the as-synthesized LLZTO powder along with the Rietveld
refined pattern, (b) SEM image of LLZTO pellet, (¢c) Raman spectrum and (d) FTIR spectrum of

the LLZTO powder.

The XRD pattern of the as-synthesized LLZTO powder is shown in Figure 1a and it indicates
the formation of pure cubic phase without any impurity phase and well matches with the
corresponding standard powder pattern (45-109). The Rietveld refined XRD pattern clearly
identifies a pure, cubic, single-phase compound, LisLa3Zr;.75Ta.25012. Figure S1 shows the XRD
of LLZTO pellets sintered at different temperatures. It is observed that cubic phase is retained at
all temperatures. However, a peak corresponding to a pyrochlore phase, La;Zr.O7 (marked by )
emerges at sintering temperatures at and above 900 °C and is likely to be due to lithium loss at

these temperatures. Hence, the present preparation method using a sonication step helps in not
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only optimizing the sintering temperature at 800 “C but also avoids any impurity phase due to
lithium loss. SEM image of the LLZTO pellet shows that they are compact, and the grain
boundaries are well-connected on sintering the pellets at 800 ‘C (Figure 1b). At 800 °C, highly
dense pellets are obtained without observable pores.

The Raman spectrum of LLZTO shown in Figure 1c indicates the presence of a pure cubic phase.
Bands in the region 300-550 cm'! are due to the vibrational bending modes of LiO4 tetragonal unit.
The ones above 550 cm™! may be assigned to the stretching mode of ZrOs octahedral unit. Below
300 cm-!, vibrational stretches of LiOs octahedral unit are present. The bands at 737 cm™! and 651
cm’! in pure LLZTO correspond to Ta>" and Zr3" respectively?® and the narrow bands in the low
frequency region, below 200 cm-!, correspond to Li-O vibrational bending modes.3? Figure 1d
shows the FTIR spectrum of LLZTO and the observed bands at 630 and 841 cm™! correspond to
Zr-O vibrations while the one at 482 cm! is assigned to La-O vibration. The signatures in the
region from 1000 to 1650 cm™! are due to CO3?- and the O-H stretch is observed above 3500 cm-
130 The source of CO3?" in the sample may be from the LioCOs precursor or the formation of
Li,COs3 on the pellet surface on exposure to air during the measurements.

The ionic and electronic conductivities of LLZTO pellets have been determined using
impedance spectroscopy and chronoamperometry (CA) techniques. The Nyquist plot of
Ag|LLZTOJ|Ag cell is shown the Figure 2a. The LLZTO with blocking electrodes shows a
depressed semicircle at high frequency region along with a diffusion spike at low frequency region.
The semicircle at higher frequency can be attributed to the total impedance of LLZTO pellet which
includes contribution from the bulk and grain boundaries whereas the diffusion spike at the lower
frequency can be assigned to the Li* ion blocking behavior at the interface of electrode and solid

electrolyte.

10
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Figure 2. (a) Nyquist plot, (b) Equivalent circuit, (c) Chronoamperometry data for LLZTO in
Ag|LLZTO|Ag configuration, and (d) Cyclic voltammetry of the cell, using Ag|LLZTO|Li

configuration.

The Nyquist plot can be fitted to an equivalent circuit model (Rp) (Rgp-Cgb) (CPE) as shown in
Figure 2b. Here, Ry is bulk resistance, Ry, 1s grain boundary resistance, CPEgy, and CPE are
constant phase elements for grain boundary capacitance and the diffusion capacitance at the
electrode/electrolyte interface respectively. The values of Ry, Rgp and Cyp, are 29.4 Q, 28 MQ, and
42 pF, respectively. The intercept of semicircle to the x-axis at high frequency region is considered

as the bulk resistance which is the resistance of the electrolyte. This resistance can be used to

. . . . . d . .
estimate the ionic conductivity of the electrolyte using the relation, o, = e where ¢ is the ionic
L

conductivity of the solid electrolyte, d is the thickness of the pellet, A is the area of the pellet and

11
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Ri is the ionic resistance of the electrolyte. The values of Ry, Rgy and Cgp, are 29.4 Q, 28 MQ, and
42 pF, respectively.

The total Li-ionic conductivity of LLZTO pellets is found to be 3.31x10* S c¢cm™! and the
electronic conductivity (Figure 2c¢) is estimated to be 1.3x10-® S cm-!. These values are similar to
the ones reported for LLZTO synthesized at high temperatures.?!->> EIS was also recorded for
pellets sintered at different temperatures. The ionic conductivity calculated from Nyquist plots
shown in Figure S2 depict the values of 1.3x10-4, 0.07x104, and 0.15x10* S cm! at the sintering
temperatures of 700 °C, 900 °C and 980 °C respectively. The stability window of LLZTO evaluated
using cyclic voltammetry using an asymmetric cell of LLZTO pellet coated with silver and lithium
on either side at a scan rate of 5 mVs-! in the potential range of -0.5 V to 6 V is shown in Figure
2d. The representative redox current at around -0.1 V and peak at 0.09 V suggest Li
plating/stripping processes respectively. No other significant redox current is observed in the entire
voltage range, suggesting a wide electrochemical stability window of LLZTO up to 6 V versus
metallic Li.3!

3.2. Electrochemical properties of Liz2Pc interlayer modified solid-state batteries

Proper interfacial contact between LLZTO electrolyte and electrodes is crucial for enhanced ion
transport and even current distribution at the interface. In the present study, Li,Pc is used as an
interfacial layer. Li,Pc is different from other metal phthalocyanines in terms of number of metal
ions per phthalocyanine molecule and the position of the metal ion. While most metal
phthalocyanines are planar and contain one divalent metal ion at the center of the phthalocyanine
ring, LioPc contains 2 Li, one above and one below the plane of phthalocyanine ring. Ab initio
calculations reveal that dilithium phthalocyanine in its crystalline form, favors the formation of

molecular assembly due to the presence of attractive forces between LioPc molecules. It has been
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calculated that the distance between two Li ions increases from 1.99 A in a single Li>Pc molecule
to 2.67 A in the self-assembled structure.32 This may be due to weakening of Li-N bond and results
in ionic conductivity through a Li ion conducting channel. The presence of attractive forces
between Li ion and negatively charged nitrogen atoms of adjacent C in Li>Pc helps in this direction.

Figure 3a shows the Nyquist plots for LiLLZTOILi symmetric cells with LLZTO electrolyte.
The symmetric cell without interlayer exhibits single semicircle with high impedance. This
indicates that the bulk resistance and interfacial resistance of the cell are large which makes it
difficult to separate them. On the other hand, symmetric cells with interfacial modifications present
two semicircles at the high frequency region along with an extended tail at the low frequency
region. The Nyquist plots can be fitted with Huggin’s model.?3 The higher frequency region of the
initial semicircle (R1+(R2||Q1)) indicates the total resistance of the pellet which includes the ionic
resistance part from the grains and grain boundary regions of the pellet. The second semicircle
along with the extended tail at the lower frequency ((R3||Q2) +Q3) indicates the interfacial
resistance along with the impedance caused by electric relaxations respectively. The half of the
size of the second semicircle is considered to be the Area Specific resistance (ASR) of the
interface.3* It is clearly observed that the Li,Pc interlayer significantly reduces the total impedance
from 280 MQ cm? for the bare interface to 1084 Q cm? in the presence of Li>Pc interlayer. In
comparison, interface with pure ionic liquid has a total impedance of 6912 Q cm?. The interfacial

ASR has been found to reduce from 95 MQ cm? for the bare interface to 1220 QO cm? for the ionic

liquid modified cells which further reduces to 190 Q cm? for Li;Pc modified interface cells. A
comparison of ASR with different interfacial modifications is shown in Figure S3.
To understand the Li-ion transport resistance associated with Li-ion movement from solid

electrolyte to cathode (LFP), impedance measurements have been carried out for symmetric LFP
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electrode cells (LFP[LLZTO|LFP) with different interface modifications. Figure 3b shows the

corresponding Nyquist plots and the data can be fitted with the (R1+(R2||Q2)+Q3) circuit where

R1 represents the bulk resistance of the pellet, R2 indicates the interfacial resistance between the

electrolyte and the LiFePO4 cathode and Q3 is the impedance caused by electric relaxation at the

interface.
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Figure 3. Nyquist plots for (a) Li[LLZTO|Li symmetric cell and (b) LFP|[LLZTO|LFP symmetric

cell and (c) Galvanostatic cycling performance of Li[LLZTO|Li symmetric cell with different

interlayers, black - no interlayer (Figure 3a, b), red - ionic liquid interlayer and blue - LPIL

interlayer at the interfaces.
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The charge transfer resistance between the cathode and the LLZTO solid electrolyte without any
interlayer is quite high and is of the order of 10 Q which is due to insufficient mechanical contact
between the rigid LLZTO electrolyte and the cathode. The poor contact forms a dead area where
cathode particles are completely isolated from the LLZTO electrolyte. Neither electron nor Li*-
ions can be transported in these areas due to lack of percolation path and this leads to the localized
non-uniform distribution of current and strain.? In addition, the formation a space-charge layer is
also favoured.36-38

The ionic liquid alone as an interlayer reduces the charge transfer resistance by one order of
magnitude (10° Q). On the other hand, the presence of LPIL interlayer greatly improves the Li ion
mobility between LLZTO and LiFePO4 and further reduces the interfacial resistance to 104 Q. This
suggests that the presence of Li ion conducting channels in LioPc improves the kinetics of Li ion
transfer at the interface. The dielectric constant (Figure 4) measurements further confirm that there
is a significant decrease in the space charge layer, which leads to a uniform distribution of charges

at the interface.3®

‘TE A ® LFP|ILE|LLZTOJ|ILE|LFP
w A LFP|LPIL|LLZTO|LPIL|LFP
= 3x10° A
c
B A
B A
S 2x10°- R
o A
2 A
A
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2
2
=]

0L © © o o o o o

0.12 0.16 0.20 0.24

Frequency (Hz)

Figure 4. Dielectric constant values of LFP|[LLZTO|LFP cathode symmetric cell with different

interlayers, red - ionic liquid interlayer and blue — LPIL interlayer at the interfaces.
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Galvanostatic charge-discharge behaviour of Li[LLZTO|Li symmetric cells with and without
interlayers are carried out to understand the cycling stability. The cell without interlayer does not
exhibit enough cycling ability due to high interfacial resistance between the electrolyte and Li-
metal 4042 The stripping/ plating behaviour of the cells with ionic liquid alone and with LPIL
interlayers are shown in Figure 3c. Comparison of charge-discharge cycles for the cells with LPIL
interlayer at 50 pA/cm? shows that the interface modified with ionic liquid alone shows high
polarization overpotential. On the contrary, LioPc modified cell shows a low polarization
overpotential and the interface is quite stable for long-term stripping/plating at different current
densities of 50 and 75, 100 and 200 pA/cm?. These results conclude that there is a formation of
stable interface on introduction of Li>Pc at the junction of electrode and the electrolyte. Research
on the use of metal phthalocyanines in improving the performance of batteries has recently gained
attention and there are very limited studies exploring the use of phthalocyanines in batteries
containing liquid electrolytes. For instance, cobalt phthalocyanine (CoPc) has been reported to
form a protective layer on the Li anode surface by complexing with Li ions when used as an
electrolyte additive along with the conventional ester-based liquid electrolyte (I M lithium
hexafluorophosphate in a mixture of ethylene carbonate (EC)/diethyl carbonate (DEC)). The
presence of CoPc in the electrolyte results in uniform Li deposition and stable interphase formation
which leads to reduced dendritic growth and long-term cycling stability of Li|Li symmetric cell
for upto 700 h.'* On the other hand, the present study depicts the role of LizPc in stabilizing the
interfaces in an all-solid-state battery.

3.3. Performance of Li2Pc interlayer modified Li metal solid-state batteries

To evaluate the cell performance with stable interfacial layers, the characteristics are measured

using Li metal anode, LiFePO4 cathode and LPIL interlayer at the electrode/electrolyte interface
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as depicted in the schematics given in Figure 5a. Figure 5b shows the charge-discharge curves of
Li|[LLZTO|LFP with LPIL interlayer. It is observed that the initial discharge capacity of the cell is
68 mAh g at a current rate of 5 mA g!. The specific capacity increases to 80 mAh g! in the
second cycle and is maintained till 6™ cycle after which the cell delivers an average capacity of 72
mAh g''. In comparison, the cell with ionic liquid interlayer alone shows a quite low capacity
(Figure S4). This suggests that the presence of LPIL interlayer greatly stabilizes the solid
electrolyte interlayer and cathode-electrolyte interlayer formation between Li-metal/LLZTO and
LFP/LLZTO respectively. The present interlayer holds the advantage of high Li-ion mobility due
to reduction in the solvation around Li ions induced by the presence of Li>Pc in the Li-TFSI ionic
liquid electrolyte. The dilithium phthalocyanine in Li-TFSI ionic liquid electrolyte reduces the

solvation around the Li-ions and increase the Li-ion mobility.!3
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Figure 5. (a) Schematic illustration of the Li|LPIL|LLZTO|LPIL|LFP cell, (b) Voltage profile, (c)
Long-term cycling stability of the cell at a current density of 5 mA g-! and (d) Rate performance

of the interlayer modified cells at different current densities.

The solid-state battery exhibits excellent charge/discharge cycling stability for 200 cycles with
a capacity retention of 90 % and coulombic efficiencies of 95-100 % as shown in Figure 5c. Figure
5d shows the rate capability of the cell. The cell shows a capacity of ~70 mAh g-!, 54 mAh g-! and
40 mAh g'! at an applied current density of 5, 10 and 20 mA g! respectively. Another cell modified
with a thin layer of molten Li on LLZTO pellet as the anode, along with LiFePO4 cathode and
LPIL interlayer at the cathode/electrolyte interface is studied. The cell is cycled at different current
densities and the performance is found to be similar to that of the cell with LPIL interlayer at both
the interfaces (Figure S5).

3.4. Post-cycling studies of the Liz2Pc interlayer

To further understand the interfacial behaviour, x-ray photoelectron spectroscopy is carried out
on the surface of LiFePO4 cathode and Li metal anode after 100 cycles of charge-discharge using
LPIL interlayer at a current density of 5 mA g! (Figure S6-S9). A detailed analysis of the XPS
data is summarized in Table S2 and Table S3. The Li anode of the cell with the ionic liquid
interlayer turns black and brittle while the one with the LPIL interface is stable with the colour of

the LioPc as evident from Figure 6.
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Figure 6. Digital images of Li anodes after 100 cycles of charge-discharge at 5 mA g*!' current

density for (a) Li[ILE|LLZTO[ILE|LFP and (b) Li|LPIL|LLZTO|LPIL|LFP cells.

In the Li 1s high resolution XPS spectrum, a peak at 54.77 eV indicates that the black colour is
due to the formation of lithium-nitrogen compounds during cycling.**4* Along with this, formation
of LixCO3 is confirmed from the peaks present at 289.75 eV, 55.15 eV and 532.01 eV
corresponding to the C 1s, Li 1s and O 1s regions respectively.*> 46 The presence of Li»CO3 can
hinder the Li-exchange between the electrolyte and the electrode which negatively affects the
performance of the cell.333* On the other hand, Li anode in the cell with LPIL interlayer is intact
and the formation of lithium fluoride, LiF, on the Li-metal surface is evident from the peaks at
684.4 eV peak in F 1s and 56.2 eV in Li 1s regions #’. The peak at 54.65 eV in the Li 1s region
indicates the formation of LiOH.*% 4% The formation of LiF formed during the cycling by the
interaction of Li,Pc and LiTFSI assists in repairing the solid electrolyte interface (SEI) and helps
to protect the electrode surface avoiding side reactions between electrolyte and electrode.>% 5! The
XPS studies reveal that the addition of Li>Pc substantially prevents the decomposition of ionic
liquid on cycling. The peaks at 55.55 eV in Li 1s, 288.8 eV in C 1s and 532.11 eV in O 1s regions

obtained for the cathode of the cell with ionic liquid interlayer confirms the presence of Li>COs.
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On the contrary, LioCOs is absent on the cathode for the cell with LPIL interlayer. Apart from this
observation, LiF is formed on the cathode surface of the former cell while it is absent in the latter.
These results suggest that the LPIL interlayer successfully stabilizes the interface by suppressing
the formation of Li2CO3 and promoting the formation of LiF.

The LLZTO solid electrolyte with LPIL interlayer is integrated in a complete solid-state full cell
with LiCs anode and LFP cathode and preliminary studies have been carried out. The charge-
discharge curves of the LPIL interlayer modified LiCs|LLZTO|LFP at a current density of 5 mA
gl is shown in Figure S10a. The cell displays an initial discharge specific capacity of 32 mAh g-!
and is retained at a value of 38 mAh g! after 40 cycles. Similarly, full cell performance has been
evaluated using LTO anode as shown in Figure S10b. An initial discharge capacity of 41 mAh g-
I'is achieved at a current density of 5 mA g'! and is retained at 37 mAh g after 80 cycles. In
comparison, the ionic liquid modified full cell using LTO anode and LFP cathode shows a capacity
of 10 mAh g-! at the same rate (Figure S11). As expected, the full cell with Li-metal anode delivers
higher capacity than the full cells with LiCs and LTO anodes due to high lithium inventory in the
case of lithium metal anode as compared to the LiCs and LTO anodes.3? 33The full cells can be
further optimized to obtain better performance.

4, Summary

The incorporation of LPIL interlayer has been studied to successfully address the poor interface
between electrodes and garnet-type LLZTO solid electrolyte. The LPIL interlayer significantly
reduces the area specific resistance between Li-metal and LLZTO electrolyte from 95 MQ cm? to
190 Q cm?. Also, the interfacial resistance between the cathode and LLZTO reduces from 5.4 MQ
cm? to 10 kQ cm?. LioPc effectively stabilizes the interface and shows a long-term cycling stability

with low overpotential for symmetric cells. LioPc is found to successfully improve the electrode /
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garnet-type solid electrolyte interface, thereby enhancing the performance of the cells both in Li-
metal anode and Li-compound anode cells. This work provides an insight into the role of
macrocycles as efficient interlayers that are cost effective and scalable.
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