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were evaluated by IR camera imaging; peak temperatures were compared with
adiabatic temperatures (T,;) from thermodynamic calculations. When compared
to glycine, urea was found to be a more suitable fuel for ensuring complete
combustion and inducing a higher degree of crystallinity in the as-processed
powder. Such a finding could possibly be attributed to the formation of more
thermodynamically stable metal-glycine complexes, which lowers the reducing
power of the fuel and decreases reaction exothermicity. X-ray diffraction anal-
ysis of powder fabricated with urea as the fuel showed that heat from the SCS
reaction alone was sufficient to crystallize ~80% of the precursor into tetragonal
LLZO; full crystallization was achieved after calcination at 950 °C for 5 h. Urea
was subsequently employed to produce Ga-doped LLZO via SCS. As-processed
powder was nearly 60% cubic LLZO; full crystallization was achieved upon
calcination. Optimization of SCS reaction chemistry may enable synthesis of
single-phase cubic LLZO without the need for a calcination step, greatly sim-
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Introduction

Current efforts to mitigate fossil fuel dependency and
enable more widespread adoption of sustainable
energy sources have spurred the development of new
materials and processing technologies. Such trends
are readily apparent in the field of Li-ion battery
(LIB) research, where there has been a continued
push to find replacements for liquid organic elec-
trolytes due to issues related to safety and compati-
bility [1-3]. The fluidic nature of liquid electrolytes
and the need for separators also impose constraints
that limit the range of device configurations [4]. To
expand the applicability of LIBs and enable their use
on a larger scale, recent studies have focused on
inorganic solid-state Li-ion conductors as alternatives
to conventional liquid-based electrolytes [5-10]. In
particular, solid oxide electrolytes possess material
properties that are well-suited for implementation in
energy storage and conversion systems, including
good thermal and chemical stability, high mechanical
strength, relatively high ionic conductivity, and the
capability for miniaturization via thin film processing
methods [11-16].

Among the candidate oxides explored as solid-
state electrolytes, garnet-type LiyLa;Zr,O;; (LLZO)
ceramics have been extensively investigated due to
their good Li-ion conductivity (~107> S cm ™" in the
cubic phase), high chemical stability toward ele-
mental Li, and wide window of electrochemical sta-
bility [17-21]. In addition to the aforementioned
energy and conversion applications, LLZO has been
studied as a candidate solid Li-ion conductor for the
separation of tritium from Li in fusion applications
[22]. The ionic conductivity of tetragonal LLZO, the
stable polymorph at room temperature, is approxi-
mately two orders of magnitude lower than that of
cubic LLZO. Consequently, substantial efforts have
been devoted to the stabilization of cubic phase
LLZO at room temperature. Both computational and
experimental studies have demonstrated that substi-
tutional doping on the Li- and/or Zr sublattice by
supervalent cations (e.g., APT [23-25], Ga [26, 27] for
Li and/or Nb [28], Ta [29, 30] for Zr) serves to sta-
bilize cubic LLZO by increasing the concentration of
Li vacancies formed to preserve lattice electroneu-
trality. However, the fabrication of doped cubic
LLZO is challenging, as the conductivity is depen-
dent upon control of overall material stoichiometry,
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and suppressing Li loss due to volatilization during
repeated high-temperature calcination (to induce
crystallization) and sintering steps is a formidable
task [31, 32].

Conventional solid-state reaction (SSR) synthesis is
the most common method for fabricating LLZO due
to its low cost, relative simplicity, and capacity for
high throughput when compared to other processing
techniques. In a typical SSR procedure for cubic
LLZO, solid cationic precursors are milled to ensure
thorough mixing and reduce particle size, and then
calcined at high temperature (usually > 900 °C). This
process of milling and calcination is then repeated
until a powder with sufficiently high phase purity is
produced. The as-fabricated cubic LLZO can ulti-
mately be pressed into a green body and sintered at
higher temperatures typically (1000 to 1200 °C) to
yield a dense ceramic [18]. Despite the advantages of
the SSR technique, the limited intermixing of solid
precursors during mechanical milling means that
atoms must diffuse over larger distances for crystal-
lization and densification. This in turn requires
higher temperatures and/or longer heating times,
which increases the extent of Li loss [33]. While cer-
tain measures can be implemented to mitigate Li loss
(e.g., addition of excess Li precursor, covering pellets
in mother powder during sintering), Li vaporization
associated with repeated milling/calcination treat-
ments and sintering at higher temperatures/longer
times decreases processing efficiency and makes
strict control of LLZO stoichiometry more difficult.

Wet chemistry techniques have been developed as
alternatives to SSR routes, and cubic LLZO has been
successfully produced via the Pechini method [34],
sol-gel processing [35], co-precipitation [11], and
solution combustion synthesis (SCS) [36, 37]; molten
salt synthesis of LLZO has also been explored [38].
(Note: Wet chemistry is used here to refer to powder
synthesis and not the wet-processing of calcined
LLZO slurries, where protic solvents such as water
may have deleterious effects on the crystal structure
and Li-ion conductivity [39].) One benefit of solution-
based methods is the intermixing of LLZO cations on
the molecular level, which can potentially decrease
processing temperatures and reduce Li loss. Wet
chemical routes also provide the capability to pro-
duce nano-sized LLZO powders with high sinter-
ability. Among the above-mentioned synthesis
techniques, SCS can provide particular advantages,
including: 1) the use of water-soluble metal nitrate



oxidizers and reducing agents (i.e.,, fuels) in the
combustion reaction, which simplifies the fabrication
process by eliminating the need for organic solvents
and strong chelating agents, 2) ease of scalability and
potential for high-throughput, and 3) use of micro-
wave irradiation to initiate the desired combustion
reaction, which improves processing efficiency and
reduces energy input, and 4) the ability to achieve
partial or full crystallization rapidly using heat from
the designed exothermic reaction, thereby reducing
calcination temperature/time (or potentially elimi-
nating the need for calcination with optimized reac-
tion parameters) and mitigating Li loss.

In this work, undoped and Ga-doped LLZO pow-
ders were fabricated by a microwave-assisted SCS
route. Temperature profiles of SCS reactions con-
ducted with two different fuels, glycine and urea,
were recorded with an IR camera. X-ray diffraction
(XRD) analysis of as-combusted powders revealed
that more complete combustion occurred with urea
as the fuel. In the case of Ga-doped LLZO, appre-
ciable crystallization of the cubic LLZO structure was
achieved from energy released in the SCS reaction,
and single-phase LLZO was produced after calcina-
tion at 950 °C for 5 h. To the best of our knowledge,
no reports have yet been published on the fabrication
of cubic LLZO via microwave-assisted SCS. The
results presented in this work may open up a path-
way for the processing of cubic LLZO powder in a
rapid, single-step process at lower temperatures.

Materials and methods

Anhydrous LiNO;, La(NO;);-6H,O, ZrO(NOg3),.
xH;O, and Ga(NOs);xH,O were procured from
Sigma-Aldrich for use as cation-bearing oxidizers.
The LiNO; was transferred to an inert glovebox for
storage upon receipt, while thermogravimetric anal-
ysis (TGA) was conducted on representative samples
of the remaining metallic nitrates to ascertain waters
of hydration. Urea and glycine (Sigma-Aldrich) were
employed as fuels (i.e., reducing agents) and utilized
as-received. Aqueous nitrate precursor solutions
were prepared with cation molar ratios of 7.7:3:2
(Li:La:Zr) and 6.05:0.5:3:2 (Li:Ga:La:Zr) for LiyLas.
Zr,0;1, (undoped LLZO) and LissGagslaszZr,Oqz
(Ga0.5-LLZO) target compositions, respectively; it
was determined that 10 mol% excess Li content was
necessary to compensate for Li loss and ensure phase

purity of the final product. For undoped LLZO,
LiNO; was first weighed out in an inert glovebox,
removed to ambient atmosphere, and dissolved in a
minimum amount of deionized (DI) water under
stirring at 85 °C on a hot plate for 30 min. A separate
aqueous La/Zr nitrate solution was prepared by the
sequential dissolution of ZrO(NO;), and La(NOj3); in
DI water under stirring on a hot plate at 85 °C for 1 h.
The concentration of fuel for the aqueous solutions
was determined such that the elemental stoichio-
metric coefficient (¢, = O/R, where O and R are the
sum of the valences of the oxidizing and reducing
components in the reactants) of the SCS reactions was
unity when neglecting the excess Li addition [40].
Upon the addition of fuel to the Li and La/Zr nitrate
mixtures, the solutions were stirred at 85 °C for
30 min and then combined into a single SCS precur-
sor. This combined solution was stirred for an addi-
tional 30 min prior to microwave irradiation. Ga0.5-
LLZO precursors were prepared in a similar manner
with the addition of Ga(NOj3); to the La/Zr nitrate
solution.

To initiate the desired exothermic combustion
reactions, approximately 20 mL of SCS precursor
solution was pipetted into a quartz vial. Quartz was
utilized due to its excellent thermal shock resistance
when compared to that of other glass compositions.
While the use of borosilicate glass did not have any
deleterious effects on the as-processed powder dur-
ing initial experiments, cracking and fracture of the
vials upon cooling motivated the use of quartz.
Heating of the SCS precursors was conducted with a
single-mode CEM Discover microwave reactor oper-
ating at a power of 300 W and frequency of 2.45 GHz.
Following irradiation of the solutions and initiation
of an SCS reaction, vessels were allowed to cool
naturally to room temperature (cooling time < 10
min). Temperatures of the solutions throughout the
SCS process were recorded using a FLIR SC645 IR
camera mounted above the microwave reactor cavity.
The camera has a temperature accuracy of 2% over a
range of —20 °C to 2000 °C, focal length of 24.6 mm,
spectral range of 7.5-14 pm, and 0.69 mrad of spatial
resolution.

As-processed powder samples were loaded into a
12.7 mm stainless steel die and isostatically cold-
pressed at a pressure of 150 MPa for 1 min. Pressed
pellets were loaded into a Pt crucible, placed on a bed
of mother powder, and then covered in as-processed
mother powder to minimize Li loss during heating.
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Use of Al,O; crucibles was avoided so as to eliminate
Li-Al reactions and prevent unintentional doping of
the LLZO with Al [41, 42]. The crucibles were sub-
sequently covered with a Pt lid, inserted into an
alumina tube furnace, and calcined in air at 950 °C for
5 h; the heating rate was 5 °C min!. At the conclusion
of the heat treatment, calcined powders were trans-
ported to an inert glovebox prior to further analysis.

The crystal structure of as-processed and calcined
specimens was analyzed from XRD data acquired with a
Rigaku instrument using Cu Kot (1 = 1.5406 A) radiation;
the scan rate was 1° min™. Rietveld refinement of the
XRD patterns was carried out with SmartLab Studio II
(Rigaku) software. Powder morphology was evaluated
by scanning electron microscopy (SEM) images obtained
with a Hitachi SU5000 variable pressure SEM operated
with an accelerating voltage of 20 kV. The composition of
the powders was determined by inductively-coupled
plasma optical emission spectrometry (ICP-OES); speci-
mens for analysis were prepared by sodium peroxide
fusion. ICP data were collected in duplicate, and stoi-
chiometry was calculated by normalization of the results
to 3.00 moles of La. Oxygen content was ascertained by
charge balance such that electroneutrality in the LLZO
lattice is preserved.

Results and discussion

To induce phase formation during the SCS process and
reduce the time/temperature needed for calcination of
as-combusted powders, reactions were conducted with
the goal of maximizing exothermicity and achieving
complete combustion with little to no carbonaceous
residue. In other words, the aim was to design an SCS
reaction that reached higher temperatures over a longer
time duration. It should be noted that “longer time” at
higher temperatures, as it pertains to SCS reactions, is
typically on the order of less than one minute. In this
work, two commonly used SCS fuels, urea and glycine,
were chosen for the synthesis of undoped LLZO; the SCS
reactions with urea [Reaction (1)] or glycine [Reaction (2)]
as the fuel can be expressed as:

7LiNO; + 3La(NOs); + 2ZrO(NO3)2+?CH4NZO
1
— Li7La3ZI'2012—|-?N2+53—0C02+$H20

(1)
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7LiNOs + 3La(NOs), + ZZrO(NOg;)er%CzHE;NOz

140 200 250

— LizLa3ZrOnn+ o> N,+ 5 CO,+ 5 H,O

(2)

For a theoretical comparison of the effect of fuel
type on SCS reaction thermodynamics, the adiabatic
temperature (T,;) was calculated for Reactions (1)
and (2). This parameter represents the maximum
attainable temperature if all energy released during
the exothermic reaction is utilized to heat the product
materials; it can be derived from the following
expression [43]:

Tad
AHr® = / > niCy, (3)
298

where AH,° is the standard enthalpy of the reaction at
298 K, while n; and C,; are, respectively, the moles
and heat capacity of the ith product. Using the
enthalpy of formation (AH;°) and heat capacity data
shown in Table 1 [44-47], T,; values for Reactions 1
and 2 were calculated to be 1371 °C (AH,° = -4952.5
kJ) and 1618 °C (AH,° = —5482.5 k]), respectively. In
reality, temperatures reached during SCS are lower
due to factors such as heat loss by radiative transfer
and incomplete combustion [48].

Shown in Fig. 1a are the temperature-time profiles
recorded with an IR camera for microwave SCS
reactions carried out with urea (U) and glycine (G);
associated still images from IR video captured at
different times during the reactions are displayed in
Fig. 1b. In contrast to the theoretical T,; values cal-
culated above, much higher reaction temperatures
were observed with urea (maximum of ~1293 °C)
when compared to glycine (maximum of ~472 °C).
Furthermore, the glycine reaction exhibited a much
faster cooling rate after reaching maximum temper-
ature. Inspection of the samples upon cooling
revealed that incomplete combustion occurred for the
solution with glycine, as the powder was brownish in
color as opposed to fluffy and white as in the case of
urea. This is supported by XRD data in Fig. 2a, where
the sample made with urea shows prominent peaks
from tetragonal LLZO as well as La;Zr,O; pyrochlore
and La,O; phases, while only peaks from La,Zr,O;
are visible for the powder fabricated with glycine.
Upon calcination at 950 °C for 5 h, the powder made
with urea is transformed to single phase tetragonal



LLZO, as displayed in Fig. 2b. Applying the same
calcination treatment to the glycine sample induced
the formation of some tetragonal LLZO, but high-
intensity peaks from La;Zr,O; along with reflections
from La,O; are still visible. Rietveld analysis was
employed to quantify phase percentages and unit cell
parameters; the results are presented in Table 2. The
obtained XRD patterns and IR temperature data
suggest a greater degree of overall energy release in
the SCS reaction with urea as the fuel, which in turn
led to the formation and partial crystallization of
tetragonal LLZO.

Table 1 Thermodynamic values used to calculate T,; for
microwave SCS reactions

Substance |AH; (kJ/mol)
LiINO, -483.12
La(NO,), -1329.32
ZrO(NO,), | -1948.6°
CH4N,O -333.12 C, = A+ BT (kJ/mol-K)
C,HsNO, -527.82 A B
N, 0 0.03284 5.93E-74
CO, -393.52 0.0546¢ 1.05E-6¢
H,O -241.82 0.03474 1.45E-64
Li;La,Zr,0,, | -7152.6¢ 0.5337¢ | 1.28E-4¢
a = Ref. [44], b = Ref. [45], ¢ = Ref. [46], ¢ = Ref. [47]

Displayed in Fig. 3 are SEM images acquired for
undoped LLZO when urea is utilized as the fuel in
the microwave SCS reaction. For the as-processed
powder in Fig. 3a, ultrafine nanoscale particles are
observed along with larger, almost micron-sized
particles. The ability to produce ultrafine (i.e., < 100
nm) oxide powders by SCS has been well-docu-
mented and can be attributed to short processing
times and the evolution of a large volume of gaseous
products during the reaction [49-52]. Referring to
Fig. 1 when urea was employed as the fuel, rapid
heating to a temperature of nearly 1300 °C serves to
crystallize ~80% of the material into tetragonal
LLZO. At the same time, gas evolution during the
reaction allows for heat dissipation, which in turn
inhibits particle growth. However, as evident in
Fig. 3a, some degree of pre-sintering among particles
did indeed occur, giving rise to fraction of larger
particles with sizes that appear to be on the order of
100s of nanometers to a few microns. Upon calcina-
tion of the powder, most of the ultrafine particles,
which possess a higher surface area and a larger
driving force for sintering, coalesce into larger parti-
cles, as shown in Fig. 3b.

There are few possible scenarios to explain the
findings observed with the different fuel types.
Firstly, the T,; calculations do not consider com-
plexation of metal cations by the fuel. Although the
formation of these complexes aids in dissolution of
the metal nitrates, the stability of the metal complex

1400
(@) it (b) ruet e (:Jz)gz 7°C 593.9°C
12001 260.2°C P : .
o 1000 188.5°C \/xg 407.7°C
< Fuel: Urea (U) \'\; vse ) N
o | Fuel: Glycine (G) o &P o P o
2 800 y
2 t(U):6691s 1O7°C w7007 1924C () 95478 1009°C
3 gool ] Fuel: Glycine (G)
a Y 303.1°C 472.2°C 149.0°C
£ 3(U)
o t,(G)—
T 126.8°C
224.6°C 326.8°C 8°
200]
o h o 144.8°C 104.2°C
. . , . t(G) t(G): 63.46s 2>2C ¢ (G): 63515 t(G): 72.09 s
0 20 40 60 80 100
Time (s)

Figure 1 a Temperature profiles recorded with an IR camera
during microwave-assisted SCS of undoped LLZO with glycine
(G) and urea (U); b images captured for reactions with urea (top)

and glycine (bottom) at the point of ignition (f,), peak temperature
(t2), and removal of microwave irradiation (t3).
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Figure 2 XRD patterns obtained for (a) as-processed and (b) calcined (950 °C/5 h) undoped LLZO fabricated with urea or glycine as the
fuel; reference patterns for La,Zr,O; and tetragonal Li;La3Zr,0;, are also shown.

should not be so high that it hinders the reducing
powder of the fuel [53]. Glycine is known to chelate
metals with bidentate coordination, while urea typi-
cally coordinates as a monodentate ligand [54, 55]. In
this work, solutions made with glycine and
ZrO(NO3), went from milky white to transparent
significantly faster (< 5 min) than with those pre-
pared with urea (~30 min), an indicator of more
effective complexation with glycine. Considering the
data obtained for undoped LLZO, urea was chosen as
the fuel to fabricate Ga0.5-LLZO via microwave-as-
sisted SCS.

The XRD patterns of as-processed and calcined
Ga0.5-LLZO are shown in Fig. 4. Prominent peaks

from cubic LLZO appear along with peaks from
La,Zr,0; pyrochlore and La,Os. Rietveld refinement
revealed the percentages of cubic LLZO, LayZr,0;,
and La;O3 to be 59.9, 26.1, and 14.0, respectively. A
subsequent calcination treatment at 950 °C for 5 h
was sufficient for full crystallization of the powder
into single-phase cubic LLZO. Rietveld refinement of
the XRD pattern after calcination revealed the lattice
parameter of the cubic Ga0.5-LLZO sample to be
12.977 A; this value is in good agreement with those
obtained in previous work for similar compositions
[26, 56, 57].

The compositions of as-processed and calcined
Ga0.5-LLZO powders were determined by ICP-OES

Table 2 Phase percentages and lattice parameters obtained from Rietveld analysis of undoped LLZO powder

Fuel Phases Percentage (wt%) Crystal system Lattice Parameters (A)
As-processed: Undoped LLZO
Urea LLZO 80.9 Tetragonal a=13.128, c= 12.702
La,Zr,0, 12.4 Cubic 10.844
La,05 6.7 Hexagonal a=3941,c=6.134
Glycine La,Zr,0 100.0 Cubic 10.939
Calcined (950 °C/5 h): Undoped LLZO
Urea LLZO 100.0 Tetragonal a=13.118, c = 12.682
Glycine LLZO 68.9 Tetragonal a=12.996, c = 12.980
LayZr,0, 21.0 Cubic 10.810
La,05 10.1 Hexagonal a=3.936,c=6.127
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Figure 3 SEM images of (a) as-processed and (b) calcined (950 °C/5 h) undoped LLZO fabricated with urea as the fuel.

Figure 4 XRD patterns of as-
processed and calcined Ga0.5-
LLZO powder prepared via
microwave-assisted SCS.

*=La,0,
Ga0.5-LLZ0:
Calcined
Ga0.5-LLZ0:
As-processed
20 30 40 50 60 70

s

26(°)

- l ]'r 11 lr rl .+ o S

Cubic Li;La,2r,0,,<00-064-0141>

: | l

| | T
La,Zr,0, <00-017-0450>

analysis. For the as-processed sample with a target
Li:Ga:La:Zr cation ratio of 6.05:0.5:3:2 (i.e., with
excess 10 mol% Li addition), the stoichiometry was
calculated to be Li6,46Ga0,49La3,OOZr1.8701220. While
the measured Li content is approximately 6.8%
higher than the targeted concentration, it is within the
measurement uncertainty of 10 %. Furthermore, the
ICP results obtained for as-processed Ga0.5-LLZO
support a scenario whereby the rapid heating and
cooling rates associated with the SCS method serve to

minimize Li loss. Upon calcination, the stoichiometry
of the Ga0.5-LLZO powder was determined to be
Lis 45Gag 47Las goZry 78011.55. Here, a difference of less
than 1% is observed between the measured Li content
and that in Ga0.5-LLZO with an ideal stoichiometry
(Lis 5Gag sLazZr,Oyp). Interestingly, both the as-pro-
cessed and calcined Ga0.5-LLZO samples show con-
centrations of Zr that are less than the ideal value. A
similar finding of lower Zr contents has been
observed in previous work, and the origin of this
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result is currently not well understood [57]. Regard-
less, the results show a relative absence of Li loss
after the SCS reaction and, due to the addition of a
suitable content of excess Li, single-phase Ga0.5-
LLZO powder is formed upon calcination. The
development of optimized sintering protocols and
ionic conductivity measurements of pellets obtained
from the as-processed powders are reserved for
future work. However, the obtained findings suggest
that, with an optimized precursor formulation, it may
be possible to fabricate single-phase Ga0.5-LLZO
powder in a one-step microwave SCS reaction.

Conclusions

In this work, undoped and Ga-doped LLZO powders
were successfully fabricated by microwave-assisted
SCS. Two fuels, glycine and urea, were first utilized
to synthesize undoped LLZO. In contrast to the trend
in calculated T,; values, the SCS reaction with urea
reached much higher temperatures and was sus-
tained over a longer duration. The reduced temper-
atures and incomplete combustion with glycine could
be attributable to more thermodynamically
stable metal-glycine complexes when compared to
urea. Partial crystallization into tetragonal LLZO was
achieved with urea from the heat released in the SCS
reaction; subsequent calcination (950 °C/5 h) of the
powder yielded single-phase tetragonal LLZO. With
urea as the fuel, SCS reactions to produce Ga-doped
LLZO were carried out; partial crystallization of the
product into cubic LLZO was achieved after com-
bustion and full crystallization into single phase
cubic LLZO was attained after calcination. ICP anal-
ysis revealed a relative absence of Li loss for as-pro-
cessed Ga-doped LLZO and a less than 1% difference
between the measured and ideal Li contents for cal-
cined Ga-doped LLZO powder. With further opti-
mization of reaction chemistry and/or a mixture of
different fuels, the synthesis of single-phase cubic
LLZO via microwave-assisted SCS without the need
for a crystallization heat treatment may be possible.
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