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Ga-Doped LLZO Solid-State Electrolyte with Unique “Plate-like”
Morphology Derived from Water Hyacinth (Eichhornia crassipes)
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ABSTRACT: An attempt has been made for the first time to
convert waste biomass such as water hyacinth (WH) to a
functional energy material in a cost-effective way. The present
research describes a novel exo-templating methodology to develop
engineered microstructure of Ga-doped Li,La;Zr,0,,
(LigpsLasGag,sZr,0;y, referred as WH-Ga-LLZO) solid-state
electrolyte for its use in all solid-state lithium batteries (ASSLBs)
by mimicking the intercellular structure of water hyacinth
(Eichhornia crassipes), an invasive and noxious aquatic plant. The
developed exo-templated methodology offers a low calcination
temperature of 1000 °C in air where all the major peaks could be indexed as cubic garnet, as confirmed by XRD. The FESEM
micrographs revealed a unique “plate-like” morphology that mimicked the intercellular structure of water hyacinth fiber. The bulk
lithium-ion conductivity in the WH-Ga-LLZO electrolyte was found to be 3.94 X 107> S/cm. Li/WH-Ga-LLZO/Li cells were
galvanostatically cycled for a continuous 295 h with increasing step current densities from 28 yA/cm?® without a short circuit. The
highest current density as measured for maximum polarization in a symmetric cell was found to be 452 uA/cm* The WH exo-
templated methodology was thus developed and optimized and can be extended for synthesizing any application-specific
multifunctional materials.
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B INTRODUCTION

It is always fascinating to design application-specific materials
with self-assembling architectures, controlled morphology, and
a high degree of crystallinity by using templates of geometri-
cally complex biostructures available in nature. In the last two
decades, varieties of biotemplates, such as bacteria, " eggshell
membranes,3 paper,4 insect wings,5 cotton,s_8 algae,9 fruits,lo
etc., have been used to synthesize metals, alloys, metal oxides,
semiconductors, ceramics, and composite materials. These
templates or bioscaffolds offer plenty of room to engineer
material structures same as the template’s morphology.
Depending on their nature of synthesis, Ozin et al.'" proposed
that biotemplating methods may be classified in three broad
categories, that is, the negative template method, positive
template method, and surface step edge template method.
Among them, exo-templating offers an easy synthesis option
where the bioscaffold is used as a sacrificial template and is
removed at the end of the synthesis process, resulting in an
exo-pattern of the template used. Several researchers world-
wide reported hierarchically ordered structures using bio-
templates of different natures and types. Chen et al. reported
the synthesis of SrCrO, nanostructures with excellent optical
properties by mimicking an inner squama layer of onion."” In
2014, Song et al.” successfully synthesized LaFeO; hollow
fibers from cotton with enhanced gas-sensing properties. TiO,

crystals derived from the eggshell membrane by Kale et al.*
showed a unique morphology and interesting prooperties when
tested in dye-sensitized solar cells. Zhang et al.'’ successfully
used grapefruit exocarp as a template for the synthesis of
porous hierarchical biomorphic SnO, crystalline materials with
an average particle size of ~10 nm. Wang et al."* used butterfly
wings to synthesize quasi-periodic structures of Titania
photoanodes. In the recent past, we also successfully
synthesized a BaBiy,Coy3sFeq 45055 (BBCF) perovskite-type
oxygen separation membrane with a “nanorod” microstructure
using water hyacinth (Eichhornia crassipes; E. crassipes) as an
exo-template and obtained a twofold increase in electronic
conductivity compared to the conventionally prepared BBCF
materials."*

In the present work, an attempt has been made for the first
time to develop a unique “plate-like” microstructure by
mimicking the intercellular structure of WH fibers. Here, we
particularly emphasizes a facile synthesis process of preparing a
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Figure 1. Steps involved in the synthesis process of Ga-doped LLZO powder.

gallium-doped Li;La;Zr,01,-based (Lig,sLa;Gag,sZr,01y,
henceforth will be referred as WH-Ga-LLZO) garnet solid-
state electrolyte for its application in all solid-state lithium
batteries (ASSLBs) using water hyacinth (E. Crassipes) as a
sacrificial biotemplate. In 2007, Murugan et al.”” first proposed
Li;La;Zr,0;, (LLZO) garnet in its cubic polymorph with fast
lithium-ion conductivity (107°—~107* S/cm) at room temper-
ature. Since then, the LLZO-based garnet material emerged as
one of the most promising candidate for next-generation solid-
state electrolytes for lithium batteries. However, the stability of
the cubic phase of LLZO could only be achieved by high-
temperature solid-state sintering, which may invite a loss of
lithium in the stoichiometry and appearance of unwanted
impurities.'® To overcome the stability issues in LLZO cubic
garnet partial substitutions by Ta®*, Nb*", Te®, and W at
Zr*" sites, A and Ga* in Li sub-lattices were proposed.'’ >
Among them, Ga doping reported to be effective in order to
both stabilize the cubic LLZO phase and provide fast lithium
ion mobility originating from Coulombic repulsion between
Ga* and Li" ions.”” In another approach, attempts were also
made to prepare pristine/doped LLZO cubic phases at a lower
temperature by using wet chemical methods such as conven-
tional sol—gel,”* pechini,”® co-precipitation,*® glycine combus-
tion,”" etc.

Here, we are reporting for the first time a novel synthesis
methodology of a Ga-doped LLZO-based garnet electrolyte
material using water hyacinth, an aquatic weed, as an exo-
template. In India, the impact of water hyacinth is much higher
in aquatic ecosystems and waterways than that of other parts of
the globe because of Indian climate conditions, which help in
the accelerated growth of this invasive species. Water hyacinth
chokes the aquatic ecosystem by producing a non-penetrative
mat over the freshwater bodies that prevents sunlight, which
results into a smooth breeding ground for mosquitoes, insects,
and other harmful bio species.”® Therefore, to stop WH’s
growth, researchers are now planning to explore the
possibilities for economic utilization of WH biomass in various
ways, and thus, any fruitful use of this aquatic plant will really

be considered as “waste to wealth” conversion. In that
direction, the present study utilizes WH fibers to synthesize
the engineered microstructure of LLZO cubic garnet for its use
in all solid-state batteries.

B METHODOLOGY

WH plants were collected from local water bodies, and the
green petioles were cut into pieces. The petioles were first
cleaned thoroughly with deionized water followed by dilute
acid and alkali solution to remove impurities. The cleaned
petioles were then oven-dried at 250 °C for about 3—4 h and
ground to powder. The WH powder was kept in a desiccator to
avoid moisture contamination. Stoichiometric amounts of
LiNO;, La(NO;);, ZrO(NO;),, and Ga(NO;); were taken,
considering a nominal composition of Lig,sLa;Gag,sZr,0,,
(with 10% excess Li) along with alanine as a complexing agent
in an aqueous medium. The mixture was heated with constant
stirring on a hot plate at 150—250 °C to obtain a clear viscous
gel (henceforth referred as Ga-LLZO-Gel). The Ga-LLZO-Gel
was then mixed with the WH fiber in a 10:1 v/w ratio and ball-
milled for 12—24 h. The milled slurry was pre-calcined at 500
°C and finally at 900 °C for S h in air to obtain cubic WH-Ga-
LLZO powder. The different steps involved in the synthesis
process are schematically presented in Figure 1.

The thermogravimetric measurements were carried out
using a thermal analyzer (NETZSCH, Germany) under air
atmosphere with a constant heating rate of 10 °C/min from
RT-1200 °C for pristine fiber, Ga-LLZO-Gel, and gel-loaded
WH fiber. X-ray diffractograms were collected using an X'pert
Pro MPD XRD system (PANalytical, Netherlands) with
nickel-filtered Cu Ka (4 = 1.5406 A) radiation and irradiated
at 40 kV and 40 mA with a step size of 0.02 to investigate the
purity of phases present in the WH fiber and powder. The
quantitative phase estimation was carried out using XRD data
of calcined and sintered Ga-LLZO samples using PANalytical
X'pert Highscore Plus software. To identify phases in calcined
powders, the Raman spectroscopy was carried out using a
Horiba LaBRam HR Evolution Raman spectrometer under a
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488 nm Ar ion laser of 20 mW power. The FTIR spectrum was
carried out using a JASCO FTIR-6300 spectrometer. The
microstructure and morphology of the WH fiber and WH-Ga-
LLZO samples were analyzed using a scanning electron
microscope (SEM, Phenom TM, Model Pro-X, USA) and field
emission scanning electron microscope (FESEM, Supra VP35S
Carl Zeiss, Germany) respectively. Transmission electron
microscopy (TEM) was also carried out for the bulk powders
(WH-Ga-LLZO) calcined at 900 and 1000 °C using a Tecnai
G2 30ST (FEI) microscope operated at an accelerating voltage
of 300 kV to further understand the microstructural features
along with the elemental composition.

The Li ion conductivity of WH-Ga-LLZO pellets sintered at
900, 1000, 1100, and 1200 °C in air were measured by AC
electrochemical impedance spectroscopy (EIS) with an
Autolab potentiostat over a frequency range of 0.1 Hz to 1
MHz by applying a 10 mV AC amplitude at room temperature.
Before the measurement, parallel surfaces of sintered pellets
were coated with Ag paste. The spectra obtained for the pellets
were analyzed using ZView software by fitting the depressed
semicircles.

Once the conductivity measurement was completed, the
pellets sintered at 1000 °C were fractured for examining the
microstructure in FESEM, and corresponding EDX was also
carried out for elemental analysis. XRD was performed to
identify the phases present in sintered pellets.

To evaluate the galvanostatic cycling performance, lithium
symmetric cells with a configuration of Li/WH-Ga-LLZO/Li
was fabricated inside a glove box, attaching two lithium metal
foils on both surfaces of the WH-Ga-LLZO pellet sintered at
1000 °C. The dimension of the pellet, as measured, was 0.6
mm in thickness and 7.98 mm in diameter. Before making the
symmetric cell, both sides of the pellet were polished to
remove surface impurities and soaked with IL (LiTFSI: lithium
bis(trifluromethylsulfonyl)imide, 99%, Iolitec Ionic Liquid
Technologies GMBH, Tetraglym: tetraethylene glycol dimeth-
yl ether, 99%, Acros Organic, mixing ratio of 1:1 w/v %) for
good wettability of the lithium metal foil. The sandwich-type
cell was crimped in a 2032 coin cell configuration for testing in
an automated battery tester Arbin, USA. The cells were
galvanostatically charged/discharged at step current densities
of 28—452 uA/cm? at an interval of S0 cycles in each current
densities using the following program: [charging at +28 pA/
cm?, 30 min], rest (10 min), [discharging at —28 pA/cm? 30
min], rest (10 min), voltage range of +1.0 V. The cycled
symmetric cell was further dismantled for examining lithium
dendritic penetration under FESEM.

B RESULTS AND DISCUSSION

Thermal Analysis. The major components in raw WH
biomass are 20% cellulose, 33% hemicellulose, and 10% lignin
as estimated by Bolenz et al,”® Poddar et al,*® and Gressel et
al.>! Therefore, the study of thermal behavior of raw WH fiber
is necessary before conducting the exo-templating process. It is
also required to estimate the ash content in WH fiber after
thermal treatment. The thermal analysis was carried out using
TGA-DTA for raw WH fibers (oven-dried at 250 °C for 4 h)
from RT to 1200 °C at a heating rate of 10 °C/min in air as
presented in Figure 2a. The profile revealed three distinct
weight losses of 10%, 85%, and 91% at temperatures of around
250, 535, and 900 °C, respectively. From RT to 250 °C, the
initial weight loss of 10% corresponds to the removal of water
from WH fibers. Thereafter, the decomposition of cellulose,
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Figure 2. TGA and its corresponding DTA plots of (a) raw WH fiber,
(b) Ga-LLZO-Gel, and (c) WH-Ga-LLZO-Gel from RT to 1200 °C.

hemicellulose, and lignin in WH fibers takes place, which was
reflected by two exothermic peaks at 334 and 535 °C in the
DTA curve. The weight loss continued up to 900 °C resulting
in a total weight loss of 91%. No significant weight loss could
be observed at up to 1200 °C. From the above thermogram,
the ash content in raw WH fiber was estimated to be around
9% at up to 900 °C. It also suggested that the alkali and acid
pre-treatment might be able to remove some impurities.’” ™"
However, the intrinsic metallic elements present in WH fiber
that converted into metal oxide during thermal treatment
remained as residual ash. The elemental composition of the ash
is presented in Figure S1.

Figure 2b,c describes the thermal behavior of Ga-LLZO-Gel
produced by dehydrating the stoichiometric mixture of nitrate
salts of Li, La, Zr, and Ga in an aqueous medium using alanine
as a chelating agent and WH fiber-mixed Ga-LLZO-Gel (10:1
v/w %), termed as WH-Ga-LLZO-Gel. The thermal
decomposition profile of Ga-LLZO-Gel showed multi-step
weight losses at up to 900 °C. An initial sharp weight loss
measuring ~66% at up to 400 °C was attributed to the
exothermic decomposition of nitrates and metal—alanine
complexes followed by another weight loss of 11% at up to
585 °C that was due to the formation of the tetragonal phase
of Ga-doped LLZO accompanied by the release of absorbed
CO, and atomic rearrangement of the pyrochlore La,Zr,0O,
phase.”® A weight loss estimated to be ~4% in the temperature
range of 585—900 °C was assigned to the phase transition from
a tetragonal to a cubic phase in Ga-doped LLZO, which was
also reflected by the corresponding endothermic peak at ~585
°C in the DTA curve. No significant weight loss could be
detected after 900 °C for Ga-LLZO-Gel as shown in Figure 2b.
The thermal profile of WH fiber mixed with Ga-LLZO-Gel
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Figure 3. (a) X-ray diffractograms of raw WH fiber and WH-Ga-LLZO powders calcined at 900 °C for S h in air. Standard JCPDS data files
corresponding to cubic and tetragonal polymorphs of LLZO are also included as reference and cubic phase peaks are indexed in WH-Ga-LLZO
calcined powder. The gray solid dots represent the probable impurities such as PbO,, MgO, CdO, Fe;O,, Mn;0,, Cr,0;, etc., found in calcined
WH fiber. (b) FTIR spectra of raw WH fiber and (c) FTIR spectra of WH-Ga-LLZO powder calcined at 900 °C.

(WH-Ga-LLZO-Gel) also followed a similar trend to that of
Ga-LLZO-Gel as shown in Figure 2¢. No significant change in
the nature of the thermal profile could be observed apart from
a slight difference in the total weight loss of ~6% compared to
Ga-LLZO-Gel, which might have arisen from the presence of
impurities in raw WH fiber (ash content).

Structural Analysis. X-ray diffractograms of WH fiber and
WH-Ga-LLZO both calcined at 900 °C for S h in air are
presented in Figure 3a along with standard JCPDS files of
cubic-LLZO (PDF no. 00-064-0141) and tetragonal-LLZO
(PDF no. 00-064-0140). The WH fibers showed two small
peaks at 20 = 17.9° and 21.7°, which correspond to the 101
and 002 planes of crystalline cellulosic phases.”® Several other
peaks were found in the calcined powder of WH fibers, which
might have originated from inherent metal oxide impurities
such as PbO,, MgO, CdO, Fe;0,, Mn;0,, Cr,0;, etc.'* The
quantitative phase analysis of the powder XRD pattern of WH-
Ga-LLZO powder calcined at 900 °C revealed the presence of
both cubic (42.5%) and tetragonal (56.9%) LLZO phases
along with trace amounts of non-detectable impurities.

To further confirm the phases, Raman spectra was recorded
for WH-Ga-LLZ0O-900 calcined powder. It is reported that the
LLZO tetragonal phase shows a higher number of spectral
features compared to its cubic polymorph due to its distorted
Li* ion arrangement and/or lower symmetry.”” The Raman
spectra as observed in Figure S4a could be typically categorized
in three regions: (i) a low-frequency region below 300 cm™'
responsible for translational modes of mobile cations, (ii) an
intermediate-frequency range between 300 and 550 cm™!
where the cubic phase exhibits a broad and partly overlapping
band and the tetragonal phase shows a higher number of peaks,
and (jii) the high-frequency range above 550 cm™ that could
be assigned to the vibrational stretching of ZrOy4 octahedra. In
Figure S4a, at a low-frequency region, a number of peaks were
found at 96, 159, 178, 191 ,and 258 cm™}, representing the
existence of a tetragonal phase along with a cubic phase, which
showed broad and overlapping peaks characteristic of cubic-
phase LLZO in the intermediate region. Apart from these two
phases, the possible appearance of impurity phases particularly
Li,CO; during the calcination process of the LLZO garnet
material is unavoidable, and they are treated as surface
contaminants for LLZO.**™*' It is also believed that Li,CO,

33388

formation occurred between interactions of H,O and LLZO
through a Lit/H* exchange when exposed to an ambient
atmosphere.”” "' Although trace surface contamination of
Li,COj; could not be verified by XRD, it was detected during
FTIR analysis as presented in the next section. A very minute
quantity of constituent oxide such as La,O; could also be
present in the calcined powder, which formed due to loss of
lithium at high temperature. It was previously observed in
TGA analysis that WH fiber produces an ash amounting to ~9
wt % in the final product powder when calcined at 900 °C (see
Figure 2a). Thus, the appearance of few unknown metal oxide
peaks in the diffractogram of WH-Ga-LLZO-900 possibly
originated from the ash of WH fiber.

FTIR spectroscopy was carried out to identify the changes in
(a) raw WH fiber dried at 250 °C and (b) WH-Ga-LLZO
powder after being calcined at 900 °C. WH fiber consists of
three main functional groups, namely, cellulose, hemicelluloses,
and lignin along with metal salt impurities. The characteristic
peaks of cellulose, lignin, and hemicelluloses for WH-fiber were
thus reflected in the spectra as shown in Figure 3b at peak
positions 1626, 1426, 1314, 1105 cm™'.**** A broad peak
appeared at 3434 cm ™" and was assigned to the O—H vibration
of absorbed water by the fiber.”*** Several minor peaks were
also recorded at 781, 610, and 478 cm ™, which might have
originated from the metal oxide impurities in the fiber. The
FTIR spectra of exo-templated WH-Ga-LLZO powder
calcined at 900 °C is shown in Figure 3c. Similar to that of
WH fiber, distinct peaks of O—H vibration were also observed
at 3436 and 1633 cm™" due to absorbed moisture by WH-Ga-
LLZO calcined powder. The LLZO powder readily reacts with
moisture and spontaneously takes part in Li*/H" ion exchange
to form a surface-active Li,CO; layer.”” In Figure 3c, two
distinct characteristics peaks of Li,CO5 were also detected at
peak positions 1417 and 866 cm ™', suggesting the formation of
the surface-active Li,CO; phase in WH-Ga-LLZO." Such
surface contamination is unavoidable and s responsible for
lowering ionic conductivity in the garnet. The spectra also
reflected two minor peaks that appeared at the lower-
wavenumber region of 596 and 508 cm™' and assigned to
M-O vibrations of Zr—O and La—O, respectively.® The
FTIR findings obtained in the present study are summarized in
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Table 1. Peak Positions and Their Corresponding Assignment for Raw WH Fiber and WH-Ga-LLZO Powder Calcined at 900
°C
raw WH fiber ‘WH-Ga-LLZO
peak position peak position
(em™) peak assignment (em™) peak assignment

3434 (broad, sharp) O—H stretching, moisture

2924 (narrow,
sharp)

1626 (sharp)

C—H stretching, cellulose

1426 (minor)
cellulose

1385 (minor)
1314 (minor)
1105 (sharp)

O—H organic/phenolic type
characteristic group of lignin and hemicellulose, C—H

—C—0-C vibration in cellulose and hemicelluloses

781 (minor) unknown
610 (minor) unknown
478 (minor) unknown

C==0 vibration, characteristic group of lignin and hemicellulose

C—H bending, the presence of lignin contents in the fiber or C—O

3436 (broad,

O—H stretching, moisture

sharp)
1633 (sharp) & (H,0) absorbed moisture
1417 (sharp) C—O stretching, characteristic peak of
Li,CO,
1264 (minor) unknown
1090 (minor) unknown
1044 (minor) unknown

866 (sharp) C—O stretching, characteristic peak of
Li,CO;
801 (minor) unknown

Zr—QO characteristic band

La—O vibration

596 (minor)
508 (minor)

500 nm

Signal A= InLens
Mag= 4948 KX

EHT= 1000 kV
wD= 5.1 mm

Date: 24 Dec 2021
Time: 12:57:02

Figure 4. (a) SEM micrograph of WH dried petioles and (b) FESEM image of WH-Ga-LLZO powder calcined at 900 °C.
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Figure S. Schematic illustration of the origin of the plate-like morphology of WH-Ga-LLZO powder calcined at 900 °C. The color of the
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Table 1, describing peak positions and their corresponding

peak assignment.
Origin of Microstructure. In exo-templating synthesis

methodology, the process and place (i.e.,, confined space) of
impregnation of the precursor gel inside the targeted template
play an important role for defining the particle’s morphology.

33389

Inside the WH petiole fibrous unit, two confined spaces are
available for gel impregnation, namely, vascular tissue xylem
and aerenchyma cells. In our previous studies on BBCF-based
MIEC membranes, we carefully impregnated BBCF precursor
gel into the empty tubular spaces confined by the cell walls of
WH fiber."* Controlled heat treatment for removal of template
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thus resulted in nanorod-like BBCF morphology. In the
present study, we attempted to load the gel in aerenchyma cells
(a tissue with large, empty, and polygonal cell structure) to
mimic its polygonal pattern. Polygonal shaped aerenchyma
cells with discrete cell boundaries was observed in the SEM
image as given in Figure 4a, which resulted in multifaceted
“plate-like” morphology after exo-templating. Figure 4b shows
the FESEM micrograph of WH-Ga-LLZO calcined powder
showing plate-like particles with an average thickness of 100—
120 nm. Such a unique morphology in WH-Ga-LLZO powder
might have originated from mimicking the polygonal shaped
arrenchyma cells present in the WH fiber, which provided a
scaffold for synthesis of Ga-LLZO. The formation mechanism
of plate like morphology has been illustrated schematically in
Figure S. As shown in Figure S, at room temperature, during
the gel loading process, the cellular confined space of WH fiber
becomes filled with the constituent’s gel of LLZO. On heat
treatment, two processes simultaneously occur: (1) thermal
shrinkage of the WH template and (2) dehydration of aqueous
LLZO-Gel in the confined space. Therefore, a reduction in
WH template dimension (volume) is expected, whereas the
volume of the gel is also reduced due to the removal of water
from its matrix. On further heating, the gel decomposition
starts resulting in nucleation and grain growth of the desired
phase inside the thermally squeezed template. On further
increasing the calcination temperature, the WH scaffold or
template is finally removed, producing a plate-like exo-
templated microstructure of LLZO garnet. As shown in the
SEM micrograph of Figure 4a, the raw WH fiber showed an
average length of the template of around 50—100 um;
however, the 900 °C calcined LLZO powder revealed a
plate-like morphology with an average length scale of 0.5—1.0
um (Figure 4b). The reason behind of such a reduction in the
length scale from raw fiber to calcined powder was the
dimensional shrinkage of the template at high temperature as
explained above. It is worth mentioning here that the use of
WH fiber as an exo-template can offer typically two types of
morphologies: (a) when the gel impregnation occurs in the
tubular xylem of WH fiber, it produces nanorods,'* and (b)
when the gel loading is done inside aerenchyma cells, it
develops a “plate-like” morphology as observed in WH-Ga-
LLZO calcined powder. This formation process of nanorods
and plate-like morphology is illustrated schematically in Figure
6 for understanding of the above phenomena happening during
the gel loading process.

For further analysis of the microstructure and morphology,
TEM images were taken for WH-Ga-LLZO powders calcined
at 900 and 1000 °C along with their elemental compositions
using EDX, and the micrographs are presented in Figure SSa—
d. The average particle size as measured for 900 °C-calcined
powder was found to be less than 100 nm. The presence of an
agglomerated morphology could also be visible in Figure S5a.
The elemental composition as shown in Figure S5b revealed
the presence of La, Zr, and Ga along with trace amounts of Al
that likely originated from the Al crucible during calcination. In
Figure SSc, a discrete plate-like morphology of WH-Ga-LLZO
powder calcined at 1000 °C could be identified. The thickness
of oriented plates was measured in the range of 40—120 nm.
The EDX profile as shown in Figure S5d was found to be
similar in nature to that of WH-Ga-LLZO powder calcined at
900 °C. The cryptographic information by analyzing HRTEM
could not be realized this time due to electron beam irradiation

Gel Loading (Pores)
|

o Grveneennnaned Gel loading

1 (Cellulose+ Hemi Cellulose+Lignin) l \

: ! <
‘
Nano-rod arrays “Plate Like” Morphology

Figure 6. Schematic representation showing the proposed path to
obtain (left) nanorod arrays'* and (right) “plate-like” morphology via
the exo-templating method mimicking intercellular structures (pore
channels for nanorod arrays and aerenchyma cells for the plate-like
morphology) of WH fiber.

damage to the samples. It needs further refinement in imaging
parameters and the specimen preparation procedure.
Electrochemical Performance. Figure 7 shows the room-
temperature AC impedance plots of WH-Ga-LLZO pellets
sintered at (a) 900 °C, (b) 1000 °C, (c) 1100 °C, and (d)
1200 °C in air. All the profiles comprise of two depressed
semicircles along with a diffusion tail: the first semicircle that
appeared at a low-frequency region is due to the contribution
of the grain boundary, and the second at a high frequency is
attributed to the grain or bulk properties of WH-Ga-LLZO
pellets. The appearance of a straight-line tail at a lower
frequency using Li-ion blocking Ag electrodes suggests that the
synthesized WH-Ga-LLZO garnet is intrinsically Li ion-
conductive in nature."” An equivalent circuit model comprising
circuit elements Re(RbCPEb)(RgbCPEgb) has been used here to
fit the curves as shown in the inset of Figure 7a—d where Ry,
Ry, and R, are the resistances representing bulk, grain
boundaries, and Ag electrodes; CPE, and CPE,, represent
constant-phase elements that originated from grain and grain
boundaries. The total conductivity is determined by adding Ry,
and Ry, The contribution of grain and grain boundaries in
total conductivity of WH-Ga-LLZO pellets sintered at different

temperatures is summarized in Table S1. The conductivity
11

values (S/cm) were calculated using the equation, ¢ = T
where R is the resistance, [ is the thickness, and A is the area of
the pellets. The sintering temperature versus conductivity
values, which include 6y, 6y, and 6y, are plotted in Figure 8.
The plot showed that the highest bulk conductivity (o) value
of 3.94 X 10™° S/cm could be obtained for the WH-Ga-LLZO
sample sintered at 1000 °C. We also observed that the bulk
conductivity (o,) gradually reduces as the sintering temper-
ature increases. On the other hand, with the increase in
sintering temperature from 900 to 1000 °C, the grain boundary
resistance initially decreased; however, no further significant
reduction in impedance could be observed on elevated
sintering temperatures. This may be due to the fact that,
with an increase in sintering temperature, a slight stoichio-
metric loss of lithium may result in the appearance of
secondary phases, which may accumulate at the grain boundary
blocking lithium ion migration. To identify the phases, present
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Figure 7. Room temperature AC impedance plots of WH-Ga-LLZO pellets sintered at (a) 900 °C, (b) 1000 °C, (c) 1100 °C, and (d) 1200 °C.

The inset shows the corresponding equivalent circuit.
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Figure 8. Plot showing variation of grain, grain boundary, and total
conductivities of the pellets w.r.t sintering temperatures (900, 100,
1100, and 1200 °C).

in the pallets sintered at 1000, 1100, and 1200 °C, XRD was
performed and the corresponding X-diffractograms are shown
in Figure 9a. The XRD profile of the pellet sintered at 1000 °C
showed all the major peaks assigned for cubic garnet; however,
with an increase in sintering temperature, pyrochlore-type
La,Zr,0, phases started appearing visibly in the inset of Figure
9a. It was observed that the magnitude of splitting of peaks
(640, 552, and 642 peaks) in the cubic phase of LLZO
gradually increases with the increase in sintering temperature.
A phase transformation from a cubic to a pyrochlore-type
structure could be observed for the pellet sintered at 1200 °C.
To further confirm the phases formed at different sintering
temperatures of 1000, 1100, and 1200 °C, quantitative phase
analysis was carried out. The results revealed that, at 1000 °C,
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the major phase is cubic amounting to 71.6% with a 25.8%
Li,CO; surface impurity phase, which appeared during the
post-sintering stage due to an unavoidable surface reaction.”’
The cubic phase of sintered at 1000 °C was further confirmed
by Raman spectroscopy as shown in Figure S4b, which
indicated a lesser number of peaks characteristic to the cubic
LLZO-type phase.’” With an increase in the sintering
temperature at 1100 °C, the amount of cubic phase reduced
to 63.3% along with Li,CO; (32.3%) and trace amounts of
other oxide impurities. At 1200 °C, the cubic phase was found
to have transformed into a pyrochlore-type La,Zr,O, phase
(24.2%), La(OH); (34.5%), and Li,CO; (31.8%) phase.

In summary, EIS results revealed that the maximum
exhibited total Li-ion conductivity (bulk + grain boundary)
was found to be 2.69 X 107° S/cm for Ga-LLZO pellets
sintered at 1100 °C, whereas the highest bulk conductivity of
3.94 X 107° S/cm could be measured in the pellets sintered at
1000 °C. A similar kind of trend in bulk conductivities was also
observed by Afyon et al. due to a slight reduction of density
from 76% at 950 °C to 69% at 1100 °C for the Ga-doped
LLZO sample synthesized by a modified sol—gel method.*®
The total conductivity value appeared to be somewhat lower
than the previously reported literature values for Ga-doped
LLZO with similar compositions, which might be due to the
poor densification of the WH-Ga-LLZO pellets.*’ > The
presence of a large number of voids was confirmed by FESEM
micrographs on a fractured surface of the pellets sintered at
1000 °C as shown in Figure 9b with a corresponding EDX
profile. Elemental mapping carried out on the fractured surface
of the pellet is also given in Figure 9c, describing the presence
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Figure 9. (a) XRD diffractograms of WH-Ga-LLZO pellets sintered at 1000,1100, and 1200 °C in air, (b, c) EDX profile and elemental map of O,
La, Ga, and Zr taken at the fractured surface of the WH Ga-LLZO pellet sintered at 1000 °C in air.

of constituent elements both at grain and grain boundaries in
the fractured surface apart from void areas.

Symmetric Cell and Current Density. To evaluate the
galvanostatic cycling performance with a configuration of Li/
WH-Ga-LLZO/Lij, a lithium symmetric cell was fabricated and
tested by step ascending current densities at room temper-
ature. For that purpose, in the present study, we have
introduced ionic liquid (IL) to effectively reduce the interfacial
resistance and enhance the interfacial stability of metallic Li at
both surfaces of WH-Ga-LLZO pellets. Ionic liquids (ILs)
offer intrinsic ionic conductivity and its use is considered as
one of the best well-known procedures where one can achieve
good interfacial wettability of a lithium metal anode with an
LLZO SSE garnet.”>>* The galvanostatic cycling performance
of lithium symmetric cells tested at different current densities
are presented in Figure 10a. The initial current density was
fixed to 28 pA/cm’ and gradually increased every after
completion of S0 cycles. The cycles were performed with an
initial set program of [charging at +28 yA/cm? 30 min], rest
(10 min), [discharging at —28 yA/cm?, 30 min], rest (10 min),
voltage range +1.0 V. The positive and negative potentials in
the curve signify the corresponding Li stripping and plating
processes. It was observed that, at a lower current density of 28
uA/cm?, the cell performed a lithium stripping/plating process
continuously up to 50 cycles with stable polarization. With
further increase in the current density step-wise, smooth
cycling profiles were recorded. The enlarged view of cycling
profiles at ascending current densities as marked I to V in
Figure 10a by dotted lines are presented in Figure 10b,
describing the symmetrical polarization during the lithium
stripping/plating process. At a high current density of 452 yA/
cm?, a large polarization could be detected, which might have
originated from the loss of contact of the Li electrode to the
solid electrolyte surface, which increased the lithium/electro-
lyte interfacial resistance. This is a very common issue faced

during cycling of garnet electrolytes because of the poor
contact wettability and lack of interphase between the Li metal
and electroly‘ce.ss_57 A drastic increase in polarization, instead
of a short circuit, forced the cell to be disconnected after
completion of 295 h of the lithium stripping/plating process.
To measure the effect of dendritic penetration of the metallic
lithium anode to the WH-Ga-LLZO solid-state electrolyte,
impedance spectroscopy was taken for the symmetric cell
before and after lithium plating, and the spectra is given in
Figure 10c. It described that the total conductivity of the WH-
Ga-LLZO electrolyte slightly increases from 1.04 X10™* S/cm
to a value of 1.6 X 107 S/cm after 250 cycles (295 h). This
may be due to the fact that the penetration of the lithium metal
through the grain boundary of the WH-Ga-LLZO electrolyte
might be sluggish in nature. It is also proposed that the unique
plate-like grain might be responsible for the increase of the
lithium dendritic diffusion path length through grain
boundaries. However, to understand the lithium deposition
through grain boundaries in WH-Ga-LLZO, the cycled cell was
dismantled, and the pellets were examined under FESEM as
shown in Figure 11a—d, respectively. A significant change in
color of both the surfaces of the cycled pellets was observed.
The black spots were found at places on the surfaces
suggesting the point of metallic contacts or growth. The
FESEM micrographs of top and fracture surfaces as shown in
Figure 11c,d, revealed that the primary grain structure as seen
before plating was found to be somewhat distorted from its
original structure (as shown in Figure S2). This may be due to
the penetration of a metallic anode through grain boundaries
or voids during cycling. Very few numbers of microcracks were
found in the grain boundary region of cycled pellets as seen in
the FESEM micrographs of the fracture surface of the cycled
pellet, which might be due to the dendritic penetration of
metallic lithium across the grain boundary. The EDX spectrum
taken at the fractured surface of cycled WH-Ga-LLZO pellets
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Figure 10. Electrochemical galvanostatic profile of Li/WH-Ga-LLZO/Li symmetric cell (a) at various current densities from 28 to 452 yuA/cm?.
(b) Enlarged cycling profiles marked as (I-V) in a. (c) Electrochemical impedance plot of a symmetric cell before and after plating.

also presented Figure S3 to better understand the topographic
change in grains and grain boundaries. It showed that no
significant changes either in the grain structure or elemental
homogeneity of the WH-Ga-LLZO electrolyte could be found.
The unique microstructure as obtained through the exo-
templating process possibly hindered the dendritic migration
of metallic anode in the WH-Ga-LLZO electrolyte by
increasing the diffusion path length across the grain
boundaries. The increased polarization with incremental
current densities without a short circuit in the fabricated
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lithium symmetric solid-state cell, comprising the WH-Ga-
LLZO electrolyte, might be due to the effect of a unique
microstructure obtained by the exo-templating process, as
presented and illustrated schematically in Figure 11e.

Bl CONCLUSIONS

The present research successfully used a biowaste material for
making a cubic Ga-doped LLZO (Lig,sLa;Gag,5Zr,01,) solid-
state electrolyte for application in all solid-state lithium
batteries (ALSSBs). The developed exo-templating method
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templated and conventionally a prepared solid-state electrolyte.

resulted in a cubic-phase LLZO at a lower temperature of 1000
°C, which is a far lower temperature than of the conventional
solid-state process (>1200 °C) in synthesizing LLZO-based
materials. The FESEM micrographs revealed a unique “plate-
like” microstructure that originated from mimicking the
intercellular polygonal structure of WH fibrous tissues. The
synthesized Ga-doped LLZO solid electrolyte showed a bulk
Li-ion conductivity in the order of 107> S/cm. The
electrochemical results revealed that the engineered micro-
structure played a crucial role during galvanostatic cycling of
the cell. The cell assembled with the developed electrolyte
cycled 295 h in continues mode with increasing current
densities. At a high current density of 452 pA/cm? the cell
showed symmetric polarization without any short circuits. This
intrinsically simple method thus developed using WH as an
exo-template can be extended to synthesize other multifunc-
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tional energy materials with interesting microstructures and
enhanced physicochemical properties.
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