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Abstract
Garnet-type solid-state electrolytes such as Ta-doped  Li7La3Zr2O12 (LLZTO) are promising ceramic electrolytes for all-
solid-state batteries because of their high (electro)chemical stability and ionic conductivity. LLZTO is typically synthesized 
from oxide precursors via solid-state reaction, but use of other precursors such as pyrochlores has also received recent inter-
est. Here, a Ta-doped pyrochlore was prepared using non-aqueous sol–gel methods to serve as precursor for LLZTO. The 
dense LLZTO ceramic was directly obtained via a reactive sintering method with ionic conductivity ~ 0.4 mS/cm, which is 
comparable to LLZTO prepared by solid-state reaction, using only 2 h sintering at 1100 ℃. Investigation of the synthesis 
parameters shows that liquid phase sintering is important for achieving high pellet densities and phase purity. The grain 
size of LLZTO is less than 2 μm, indicating that fine-grained garnet ceramics are accessible with this approach. This work 
reveals an alternate method for the synthesis and processing of LLZTO materials.
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Introduction

Solid-state ceramic electrolytes have received great atten-
tion due to the interest in high energy density batteries 
using lithium anodes and the desire to mitigate the safety 
issues related to lithium dendrite growth in conventional 
liquid electrolytes [1]. Among the various types of solid 
electrolytes, the garnet-type  Li7La3Zr2O12 (LLZO) material 
is one of the most studied due to its high ionic conductiv-
ity at room temperature (>  10−4 S/cm) and chemical stabil-
ity against lithium metal [1, 2]. Aliovalent cation doping 

of LLZO stabilizes the high conductivity cubic phase  at 
room temperature [3–5], with  Ta5+-doped LLZO (LLZTO) 
reported with good ionic conductivity up to 1 mS  cm−1 at 
room temperature [2, 6, 7]. However, a drawback to LLZTO 
is that it is conventionally prepared using solid-state reaction 
(SSR) methods that require long sintering times at high tem-
peratures (Scheme 1a). A typical SSR synthesis of LLZTO 
powders starts with ball milling of the  Li2CO3,  La2O3,  ZrO2, 
and  Ta2O5 precursors and calcination at temperatures > 900 
℃ for longer than 24 h [8], then followed by sintering above 
1100 ℃ for many hours to achieve ceramic electrolytes with 
high relative density [9].

To reduce the temperature and time required for both 
synthesis and sintering of LLZTO, alternate synthetic 
approaches have been investigated by our group and others 
from pyrochlore starting materials [10–14]. The  La2Zr2O7 
pyrochlore is commonly seen as a secondary phase in LLZO 
syntheses [15], and its presence can signify an incomplete 
reaction of the simple oxide precursors or decomposition of 
the formed garnet due to lithium loss (e.g., from excessive 
calcination or sintering times) [4, 16–19].

Our group has recently explored molten salt flux meth-
ods for preparing submicron particles of cubic LLZTO at 
lower temperatures [20, 21] and adapted the process to 
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prepare  Ta5+-doped pyrochlore with nominal composition 
 La2.4Zr1.12Ta0.48O7.04 from La(NO3)3·6H2O,  ZrOCl2·8H2O, 
and  Ta2O5 reactants in a NaOH-KOH eutectic mixture [13]. 
We found that not only could the pyrochlore be added as 
a quasi-single-source precursor to a  LiNO3-Li2O2-LiOH 
molten salt mixture (serving as both solvent and  Li+ source) 
to prepare LLZTO at temperatures as low as 400–550℃, 
but the pyrochlore could also be converted to the garnet via 
reactive sintering (Scheme 1b). In the latter process, which 
we refer to as pyrochlore-to-garnet (P2G), the pyrochlore 
is mixed with LiOH (10 mol% excess relative to the target 
garnet stoichiometry of  Li6.4La3Zr1.4Ta0.6O12) with ball mill-
ing and then pressed and sintered. At temperatures close to 
the melting point of LiOH (462 ℃), the liquid LiOH will 
start to decompose into  Li2O as shown in Eq. 1 [22], which 
then reacts with the pyrochlore to form LLZTO following 
Eq. 2 [13]:

The reactive sintering of the pyrochlore to form LLZTO, 
aided by the liquid phase LiOH, is expected to increase the 
interdiffusion of various species and reaction speed. We 
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found that dense LLZTO pellets could be obtained after sin-
tering at 1200 °C for as little as 2 h and that the grain size 
of LLZTO pellets resulting from this P2G method (2–5 μm) 
was smaller than typical grain sizes observed with conven-
tionally sintered LLZTO (~ 20 μm), even if the LLZTO start-
ing powders were submicron in size (e.g., when prepared 
using molten salt or sol–gel based methods) [13].

Although this P2G method was effective for preparing 
LLZTO with good ionic conductivity and relative density, 
the use of corrosive molten salts to prepare the pyrochlore 
precursor is a limitation of the approach. Not only is it a 
potential safety hazard, but the NaOH-KOH salt fluxes are 
corrosive to alumina crucibles, necessitating more expensive 
zirconia or platinum crucibles. In our studies, we found that 
the zirconia crucible used to carry out the pyrochlore synthe-
sis could easily crack during cooling due to thermal shock, 
while alumina crucibles could be etched by the highly basic 
molten salt, introducing Al contamination to the pyrochlore 
precursors and the resultant LLZTO (Fig. S1). Another con-
cern is the disposal of the highly basic aqueous waste gener-
ated during recovery and washing of the pyrochlore from 
the salt medium.

To address these issues, herein we report a new method 
to prepare the pyrochlore precursor that can be used to 
obtain LLZTO via the P2G process. A non-aqueous sol–gel 
(NASG) combustion synthesis method is employed to form 

Scheme 1  Overall process of synthesizing LLZTO using different methods. a Solid-state reaction (SSR) method. b Molten salt (MSS) pyro-
chlore to garnet (P2G) method. c Non-aqueous sol–gel (NASG) P2G method

582 Ionics (2023) 29:581–590



1 3

the pyrochlore precursors that generates no liquid waste or 
Al contamination. The NASG pyrochlore is subsequently 
transformed to LLZTO using the P2G reactive sintering 
method (Scheme 1c). The synthesized pyrochlore is charac-
terized, and different temperatures and lithium sources for 
the reactive sintering are investigated to elucidate the best 
parameters to give dense garnet electrolytes with high ionic 
conductivity and relative density. These results show that 
with LiOH as the Li source, a dense (> 90% relative density) 
LLZTO pellet with high conductivity (~ 0.4 mS/cm) can be 
sintered in as little as 2 h at 1100 °C.

Materials and methods

Chemicals

Lanthanum (III) 2,4-pentanedionate (“La(acac)3”), zir-
conium (IV) 2,4-pentanedionate (“Zr(acac)4”), lithium 
hydroxide (“LiOH”), and propionic acid (“PA”) were pro-
cured from Alfa Aesar and were of ACS grade purity or 
higher. Tantalum (V) ethoxide (Ta(OEt)5, 99% +), ACS 
grade anhydrous dichloromethane (“DCM”), and lithium 
peroxide (“Li2O2”) were procured from Sigma-Aldrich. 
Due to the moisture sensitivity of Ta(OEt)5 [23], it was 
stored in an Ar-filled glove box until use. Once taken out 
of the glove box, Ta(OEt)5 was added to PA immediately 
to prevent formation of hydrolysis products. Considering 
the strong odor of PA, all preparation steps should be con-
ducted in a fume hood. Neoprene gloves should also be 
used when handling DCM.

Preparation of NASG pyrochlore precursor

The NASG precursor for the pyrochlore was adapted from 
the precursor used in the combustion synthesis of LLZTO 
powders reported in our previous study [24], which con-
sisted of metal acetylacetonates dissolved in a mixture of 
PA and DCM with addition of a polymer to serve as a fuel 
and promote fine particle formation. The main difference 
between this NASG pyrochlore precursor and the afore-
mentioned LLZTO precursor is the absence of a Li source 
and polymer. Also, similar to the MSS method we used for 
preparing the pyrochlore in our previous study [13], the 
mole ratio  of La:Zr:Ta in the pyrochlore precursor was 
3:1.4:0.6 so that the synthesized pyrochlore would have a 
nominal composition of  La2.4Zr1.12Ta0.48O7.04. This would 
enable formation of LLZTO with nominal composition of 
 Li6.4La3Zr1.4Ta0.6O12 after reactive sintering. In a typical 
synthesis (Scheme 2), 887 μL Ta(OEt)5 liquid was added 
to 100 mL PA, followed by 6.543 g La(acac)3 and 3.413 g 
Zr(acac)4 and then mixing with magnetic stirring. Then, 
100 mL of DCM was added, and the mixture was stirred 
until the liquid became a transparent yellow solution. The 
NASG pyrochlore precursor can be stored in a capped bot-
tle in air for months without degradation.

Synthesis of pyrochlore through combustion 
of NASG pyrochlore precursor

To obtain the Ta-doped pyrochlore, a typical synthesis 
involved pouring ~ 70 mL of NASG pyrochlore precursor 
into a 100 mL  Al2O3 cup crucible. Then, the crucible was 

Scheme 2  Flow chart of non-
aqueous sol–gel synthesis of 
pyrochlore

583Ionics (2023) 29:581–590



1 3

transferred into a muffle furnace (Carbolite) and heated in 
air to combust the precursor. The optimized pyrochlore syn-
thesis was carried out at 850 °C with a heating rate of 5 °C/
min and hold time of 8 h. Then, the furnace was naturally 
cooled to room temperature. After synthesis, the product 
(~ 1 g white powder) was ground by hand using an agate 
mortar and pestle prior to use in the preparation of LLZTO.

Preparation of LLZTO pellets by reactive sintering 
of pyrochlore

In a typical LLZTO synthesis using the P2G approach, 1 g 
of pyrochlore prepared from combustion of the NASG pre-
cursor and 0.25 g LiOH to serve as lithium source (25% 
excess Li was added) were first ball-milled at 8000 rpm for 
90 min using a SPEX 8000 M vibratory mill using a plastic 
jar with tungsten carbide ball. Then, about 100–150 mg of the 
ball-milled powder was placed in a 7-mm stainless steel die 
and pressed at ~ 300 MPa using a SpecAc manual hydraulic 
press to prepare each green pellet. The green pellet was then 
sintered in a lidded MgO crucible containing LLZTO and 
 Li2O2 powders to create a Li-rich atmosphere [16, 25] (see 
more details in Figure S2). The crucible was placed in an 
 Al2O3 tube and sintered in a Lindberg/Blue M TF55030A 
tube furnace in air. The relative density of pellets compared 
to the theoretical density of the LLZTO of 5.4 g/cm3 [26] was 
determined by the mass, thickness, and cross-sectional area 
of the pellet. Different sintering conditions and Li sources 
were also investigated, with use of 1100 °C sintering temper-
ature and LiOH resulting in LLZTO with best phase purity 
and relative density.

Material characterization

Thermogravimetric analysis (TGA) of the pyrochlore precur-
sor was performed using a Labsys EVO from Setaram. The 
NASG precursor was dried to remove the solvents by heating 
on a hotplate in the fume hood at 120 °C for 2 h. The dried 
sample (~ 20 mg) was put in an  Al2O3 crucible and heated to 
900 °C in air with a heating rate of 5 °C/min. The pyrochlore 
powders and LLZTO-sintered pellets were characterized by 
X-ray diffraction (XRD) using a Malvern PANalytical Aeris 
research edition powder diffractometer with CuKα source. 
Raman spectroscopy was performed at room temperature on 
Ta-doped pyrochlore synthesized at 600 and 850 °C as well 
as on stoichiometric pyrochlore synthesized at 850 °C using 
the same process. The as-prepared powders were hand ground 
and then cold-pressed into pellets for the Raman measurement. 
Raman spectra were measured in a FER-SCI-1024B X-VR 
spectrometer (Teledyne Princeton Instruments) equipped with 
a charge-coupled device (CCD) detector (cooled to -55 °C). 
Excitation using the 532 nm line from a CW diode (100 mW) 
was carried out with a Samba 100 (Hübner Photonics) laser 

source. The scanning time was 10 min for each sample. The 
morphology and elemental composition of the samples were 
characterized using scanning electron microscopy (SEM, FEI 
Nova 200 and Thermo Scientific Helios 5 UX). Transmission 
electron microscopy (TEM) was performed using a NION 
UltraSTEM 100.

Ionic conductivity evaluation

The LLZTO pellets after the P2G reactive sintering process 
were polished in ambient atmosphere using 2000 grit SiC 
sandpaper to make a clean and smooth surface and then 
transferred into an Ar-filled glove box. Electrical contacts 
were made using Li/Sn alloy as non-blocking electrodes due 
to its good wetting ability to the surface of LLZTO [24, 27]. 
The Li/Sn alloy (20 wt% or ~ 1.5 mol% Sn) was prepared 
and melted at 230 °C on a hotplate inside the glove box. The 
LLZTO pellet was pressed onto the molten Li/Sn alloy until 
both surfaces were coated. Then, any excess Li/Sn alloy con-
tacting the edge of the pellet was removed using sandpaper 
to prevent shorting of the two sides, and two pieces of Cu 
foil were pressed onto the Li/Sn alloy with tweezers. This 
pellet assembly was placed in a foil poly bag and sealed with 
an impulse sealer with the pieces of Cu foil extending out of 
the seal to serve as electrical connections to the potentiostat.

The assembled pouch cell was taken out of the glove box, 
and electrochemical impedance spectroscopy (EIS) was per-
formed with a frequency range of 7 MHz–1 Hz and a 50 mV 
stimulus voltage at room temperature with a Biologic SP-200 
potentiostat. To fit the impedance data, a (Rbulk/Qbulk)(Rgb/Qgb)
(Ri/Qi) equivalent circuit was used, where “Rgb” refers to the 
grain boundary resistance and “Ri” is the interface resist-
ance. Qbulk, Qgb, and Qi are constant phase elements (CPEs) 
to account for nonideal capacitance. The ionic conductivity of 
the pellet σ (mS/cm) was determined using Eq. 3:

where t is the thickness of the pellet, A is the cross-sectional 
area, and Rtotal is the total resistance, which is the sum of Rbulk 
and Rgb.

Lithium stripping/plating

The Li stripping/plating characteristics were evaluated in 
LLZTO symmetric cells with Li/Sn contacts using galvano-
static cycling. The initial current density was 0.05 mA/cm2, 
which was then increased to 0.1, 0.2 mA/cm2, etc. until the 
cell was short-circuited. At each current density, the cell was 
tested for 100 h or 50 cycles; i.e., in each cycle, the cell was 
polarized in one direction for 1 h, and then, the direction was 
reversed for another hour.

(3)� =
t

Rtotal ∙ A
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Results and discussion

The NASG pyrochlore precursor was calcined between 600 
and 850 °C to understand the effect of combustion tem-
perature on the doped pyrochlore product. For comparison, 
a stoichiometric  La2Zr2O7 (LZO) sample was  prepared  
at 850 °C using the same NASG method but without Ta 
dopant or excess La. XRD characterization showed that 
crystallized doped pyrochlore without secondary phases 
could be obtained at 850 °C (Fig. 1a) and the XRD pat-
terns were similar to those for the stoichiometric LZO. When 
a synthesis temperature lower than 850 °C was used, the 
XRD reflections of the doped pyrochlore were wider and 
less defined, indicating less crystallinity or smaller crystal-
lite size. The small shoulder at higher angles to the high-
est intensity reflection for the pyrochlore at 2θ = 29° could 
originate from  La2O3 (corresponding to the [011] planes) 
(PDF card number 01–083-4961) or  La2O2CO3 (correspond-
ing to the [103] planes) (PDF card number 00–023-0320). 
It has been reported that La(acac)3 will first decompose to 
 La2O2CO3 and then to  La2O3 [28]. Additionally, the powders 
obtained at lower temperature were gray in color, instead 
of white as observed for the sample synthesized at 850 °C 
(Figure S3), which could be from defects from the low 

crystallinity of  La2O2CO3 (the synthesis temperature in this 
work is lower than the typical synthesis temperature reported 
by other groups [29]) or from residual carbon [30].

To further analyze the structure of the Ta-doped pyro-
chlore, the Raman spectra were obtained from doped pyro-
chlore synthesized at 600 °C for 8 h and 850 °C for 8 h 
(Fig. 1b), along with the undoped, stoichiometric LZO 
prepared at 850 °C. The features at around 200  cm−1 and 
900–1100  cm−1 are likely from  La2O2CO3 [31]. The stoi-
chiometric LZO sample displayed broadened vibrational 
modes at around 311, 403 and 511, and 525  cm−1, which 
are consistent with the  4F2g Raman modes (Zr-O stretching 
or bending) expected for the pyrochlore (Fd-3 m, no. 227) 
structure [32, 33]. The broadening of the modes is consist-
ent with the low synthesis temperature used and  previous 
reports [34, 35]. The Raman spectra for the doped pyrochlo-
res were similar to each other except for the much higher 
intensity in the sample prepared at 850 °C (see Figure S4); 
both spectra showed slight shifts in the  4F2g modes to higher 
wavenumbers. Notably, a new band at 803  cm−1 was also 
observed which was not present in the Raman spectrum of 
the stoichiometric LZO, which could be from Ta-O stretch-
ing since similar modes have been seen in amorphous and 
disordered tantalum oxides [36–39].

Fig. 1  a XRD patterns of Ta-
doped pyrochlore synthesized 
from combustion of NASG 
precursor at sintering tempera-
tures of 600–850 °C compared 
to stoichiometric pyrochlore 
synthesized at 850 °C from the 
stoichiometric NASG precursor. 
Unless otherwise specified, the 
sintering time is 8 h for all sam-
ples. The  La2Zr2O7 reference 
pattern is for the stoichiomet-
ric, undoped pyrochlore (PDF 
card number 01–085-6855), 
 La2O2CO3 reference is from 
PDF card 00–023-0320, and 
 La2O3 reference is from PDF 
card 01–083-4961. b Raman 
spectra of Ta-doped pyrochlore 
synthesized at 600 or 850 °C 
for 8 h and stoichiometric pyro-
chlore synthesized at 850 °C 
for 8 h
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To analyze the thermal decomposition process of the 
NASG precursor, the dried precursor was characterized 
with thermogravimetric analysis (TGA) between room tem-
perature and 900 °C. Figure S5a shows the sample mass as 
a function of temperature corresponding to three distinct 
weight loss segments. The first part (from ~ 250 to 300 °C) 
corresponds to the decomposition of Ta(OEt)5 in air (to form 
 Ta2O5) [40]. Then, there is rapid weight loss from ~ 300 to 
375 °C, which could be due to the decomposition of zirco-
nium acetato-propionate and the formation of  ZrO2 [41]. 
There might be a combination of reactions [28] taking place 
from ~ 375 to 600 °C, indicating the final transformation 
from La(acac)3 to  La2O3. The theoretical calculated mass 
loss is 58.4%, while the observed mass loss was 52.4%. Con-
sidering the decomposition temperatures of La(acac)3 and 
intermediate  La2O2CO3 are relatively high [28], the differ-
ence between the calculated and observed mass loss is likely 
due to the incomplete decomposition of  La2O2CO3.

The XRD pattern of the sample subjected to TGA analy-
sis was measured afterwards (Figure S5b), and broad reflec-
tions from the pyrochlore structure were observed along 
with some other reflections that could be assigned to  La2O3, 
 La2O2CO3, and tetragonal  ZrO2. The low crystallinity and 
phase purity of this sample could arise from the insufficient 
hold time at high temperatures during the TGA analysis, 
which prevents full transformation of the precursor mate-
rial to the pyrochlore. Interestingly, while most of the mass 
loss was observed by 600 °C, performing the combustion at 
600 °C for 32 h (Fig. 1a) was not effective for crystallizing 
the pyrochlore.

Therefore, to ensure complete decomposition of the pre-
cursor and a phase-pure, crystalline product, a synthesis 
temperature of 850 °C and hold time of 8 h were used to 
prepare pyrochlore particles to be subsequently used in the 
P2G process to form LLZTO. SEM imaging revealed that 
the as-synthesized NASG pyrochlore exhibited agglom-
erated particles with sizes of several tens of microm-
eters after hand grinding (Fig. 2a). These large particles, 
particularly compared to the fine nanopowders resulting 
from the closely related non-aqueous polymer combustion 
synthesis of LLZTO [24], presumably form due to insuf-
ficient carbon templating since no polymer was added to 
the NASG precursor. However, the broad reflections in the 
XRD pattern (Fig. 1) (reference pattern is for stoichiomet-
ric pyrochlore  La2Zr2O7, from reference [42]) suggest that 
the materials have low crystallinity [43] or that the crys-
tallite size is very small from the Scherrer effect [44]. To 
gain  further understanding, the pyrochlore particles were 
ball-milled for 90 min to enable TEM observation. After 
ball milling, the particle size of the pyrochlore could be 
reduced to as small as hundreds of nanometers according 
to SEM imaging (Fig. 2b). TEM analysis (Fig. 2c) showed 
that the pyrochlore particles were polycrystalline, with 

average grain size of 5–10 nm. The fast Fourier transform 
(FFT) indicates the (222) plane in the pyrochlore, which 
should have the strongest diffraction intensity.

To prepare LLZTO, the as-synthesized pyrochlore 
particles were ball-milled with the Li source (LiOH). 
SEM imaging of this ball-milled mixture (Fig. S6) shows 
that the particle size is like that seen for the ball-milled 

Fig. 2  a SEM image of as-synthesized pyrochlore made via NASG at 
850 °C for 8 h (after hand grinding). b SEM and c TEM image and 
FFT of pyrochlore after ball milling
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pyrochlore without LiOH (Fig. 2c), suggesting that the 
particle sizes shown in Fig. 2b reflect the primary/actual 
particle sizes of the pyrochlore used for reactive sintering. 
The reactive sintering process to realize the pyrochlore-to-
garnet (P2G) transformation was carried out by heating the 
green pellets comprising the ball-milled mixtures at dif-
ferent temperatures and sintering times. The XRD pattern 
of reactively sintered pellets (Fig. 3, top trace) shows that 
phase-pure LLZTO could be synthesized at 500 °C for 2 h 
with a good match to the structure for  Li6.5La3Zr1.5Ta0.5O12 
(PDF 04–018-9024) [45], indicating complete transforma-
tion of the pyrochlore to garnet without other secondary 
phase formation. However, the relative density of the pellet 
reactively sintered at 500 °C was very low (~ 50%), while 
higher densities > 90% could be obtained using sintering 
at 1100 °C for 2 h. The SEM images (Figure S7) show that 
the P2G pellet prepared at 500 °C has a lot of porosity. 
Furthermore, the dark contrast in the backscattered elec-
tron (BSE) image suggests the presence of phases with low 
molecular weight in the pellet, possibly unreacted LiOH, 
which is not observed in the XRD pattern.

To understand the role of LiOH on the LLZTO formation 
process, different Li sources were used to prepare the P2G 
mixture, including  Li2O2,  Li2O, and  Li2CO3. Figure 3 shows 
the XRD patterns of the reactively sintered LLZTO pellets 

obtained from mixing the pyrochlores with these other Li 
sources sintered with the same conditions (25% excess Li, 
1100 °C, and 2 h). When using  Li2O as the Li source, phase-
pure LLZTO was obtained, but the relative density (less than 
80%) was lower than that for the LLZTO pellet sintered with 
LiOH. Using  Li2O2 as the Li source resulted in LLZTO but 
with some secondary phases (likely  Li2CO3) also observed. 
When using  Li2CO3, a high intensity reflection at 2θ ~ 30° 
was observed, which is most likely from unreacted  Li2CO3. 
Another pellet was prepared using stoichiometric amounts of 
 Li2CO3, but this reflection was still observed, likely because 
of the use of a closed crucible (Figure S2), which was uti-
lized to create a Li-rich atmosphere during sintering but may 
also restrict the release of  CO2 from  Li2CO3 during decom-
position and can promote its re-formation [16]. From these 
results, we conclude that LiOH is the best choice as lithium 
source for reactive sintering of the pyrochlore to form phase-
pure LLZTO.

Several pellets prepared from pyrochlore/LiOH mix-
tures were sintered at 1100 °C for 2 or 6 h to measure the 
relative densities that could be obtained using these con-
ditions. Figure 4a shows that the average relative density 
of the LLZTO pellet after sintering for 2 h (n = 12 pellets) 
is around 92%, while pellets sintered for 6 h had density 
around 95% (n = 42). Although there was a larger range of 
relative densities for pellets sintered for only 2 h, the average 
densities were only slightly different, indicating that the P2G 
process can be completed in a short time after the sintering 
temperature is reached.

The Nyquist plots obtained from performing EIS on 
representative pellets sintered at 1100 °C for 2 and 6 h are 
shown in Fig. 4b. The total ionic conductivities determined 
from the fitting (see Figure S8) were ~ 0.4 mS/cm for both 
types of LLZTO pellets (0.37 mS/cm for 2 h sintering and 
0.34 mS/cm for 6 h sintering). As expected, the ionic con-
ductivity tends to increase with the relative density for both 
kinds of pellets (Fig. 4c). The relationship between tempera-
ture and ionic conductivity was also investigated for pellets 
sintered at 1100 °C for 2 h to determine its activation energy 
(Figure S9). EIS measurements were performed between 30 
and 100 °C, and a linear fit of the ln(σ) (S  cm−1) vs 1/T  (K−1) 
plot was taken. Based on the slopes of the linear fits, the 
activation energy was determined to be 0.41 eV, which cor-
responds well to other values (0.39–0.42 eV) in the literature 
and our previous work [18, 24, 46].

From SEM imaging of the pellet fracture surface 
(Fig. 4d, e), the average grain size for the pellet sintered 
for 2 h was determined to be ~ 2 μm. When the sintering 
time was increased to 6 h, the grain size increased on 
average with a nonuniform distribution (for size distri-
bution, see Figure S10) of grain sizes (Fig. 4f, g). The 
lithium stripping/plating experiment performed on a P2G 
pellet sintered at 2 h (Fig. 4h) shows that the pellet could 

Fig. 3  XRD patterns of LLZTO pellets prepared from P2G method. 
The NASG pyrochlore was reacted with different Li sources: LiOH, 
 Li2O,  Li2O2,  Li2CO3, and  Li2CO3 (without 25% excess Li) at 1100 °C 
for 2 h unless otherwise indicated
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sustain a current density of 0.2 mA/cm2 for 100 h without 
requiring any externally applied stack pressure or heating 
and shorted at 0.3 mA/cm2. This is better than results 
from sintered SSR LLZTO powders also coated with 
Li/Sn alloy, which shorted at 0.05 mA/cm2 [27]. While 
the LLZTO grain size and distribution did not appear to 
affect the ionic conductivity of the P2G pellets, it could 
play a role in the Li stripping/plating properties [47, 48], 
which will be investigated in future studies.

The small grain sizes seen in the LLZTO P2G pellets sin-
tered for 2 h can be explained by the nanosized dimensions 
of the pyrochlore particles after ball milling, which could 
potentially help to promote uniform nucleation of LLZTO 
during reactive sintering. During the reactive sintering pro-
cess, the pyrochlore nanoparticles react with molten LiOH 
to form cubic LLZTO (Scheme 3). Considering the LLZTO 
grains form directly from reaction of the pyrochlore nano-
particles with LiOH/Li2O in a short time, we should also 
expect a relatively small grain size for LLZTO.

Interestingly, despite the polycrystallinity of the pyro-
chlore particles prepared from the NASG precursor, the 
grain size, microstructure, crystallinity, and conductivity 
of the LLZTO were similar to those from LLZTO pellets 
prepared via P2G from pyrochlore nanocrystals made in the 
molten salt flux [13]. These differences in the pyrochlore 
synthesis method and microstructure apparently did not sig-
nificantly affect the reactive sintering or properties of the 
resulting LLZTO. This shows that the NASG method for 
preparation of the pyrochlore could be a more facile approach 
for obtaining the LLZTO precursor than the molten salt syn-
thesis method.

In summary, we have developed a new reactive sintering 
method based on a NASG pyrochlore precursor to synthesize the 
garnet-type LLZTO electrolyte. By leveraging the liquid phase 
formed in situ during sintering, we can significantly reduce the 
sintering temperature and time to obtain LLZTO. Compared 
to the previously reported, molten salt synthesis of the pyro-
chlore, the NASG synthesis also avoids corrosion-induced Al 

Fig. 4  Characterization of LLZTO pellets prepared using P2G with 
LiOH and reactive sintering at 1100  °C. a Relative densities and b 
Nyquist plots of impedance spectra from LLZTO pellets obtained 
using sintering time of 2 (red) or 6 h (blue). c Relationship between 
relative density and ionic conductivity from LLZTO obtained using 

sintering time of 2 (red) or 6 h (blue). SEM images of fracture surface 
of pellets with sintering time of 2 (d, e) or 6 h (f, g). h Lithium strip-
ping and plating on LLZTO pellet obtained using sintering time of 
2 h; insets show zoomed-in figure for each current density
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contamination. Sintered LLZTO ceramics from P2G show a 
high relative density (> 90%) and high ionic conductivity (~ 0.4 
mS/cm). The reactive sintering method gives us an alternative 
way to prepare dense LLZTO material with greatly reduced sin-
tering time compared to many other LLZTO synthesis meth-
ods at a relatively low sintering temperature. Additionally, the 
LLZTO grain sizes obtained using this P2G method are smaller 
than those from conventional sintering of LLZTO particles. 
Further characterization and electrochemical analysis will be 
applied to evaluate the potential benefits of the smaller grain 
sizes in future studies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11581- 022- 04837-4.
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