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Crystal structures, microtopography, morphologies, elemental compositions, and ionic conductivity
have been investigated for Li5-xLa3(Nb,Ta)O12-y using X-ray diffraction (XRD), field-emission ana-
lytical scanning and transmission electron microscopies (S/TEM), and electrochemical impedance
spectroscopy. Using Rietveld refinements with powder XRD patterns, we determined that the number
of Li atoms in the formula is less than 5 and that Li5-xLa3(NbTa)O12-y crystallizes in the cubic garnet
structure with a space group Ia-3d. Sintering at varying temperatures (750–1000 °C) for 5 h in an
ambient atmosphere produced distinct outcomes. Rietveld refinements disclosed that the sample sin-
tered at 1000 °C (Li3.43(2)La3Nb1.07(2)Ta0.93(2)O12-y, a = 12.8361(7) Å, V = 2114.96(3) Å3) exhibited
the highest ionic conductivity, while the 850 °C sample had the lowest conductivity, characterized
by lower Li concentration and impurity phases (Li(Nb,Ta)3O88, Li2CO3). Analyses, including
XRD and electron microscopy, confirmed the 1000 °C sample as a relatively phase pure with
enhanced Li content (Li/La = 1.2), larger grains (15 μm), and uniform crystallinity. The 1000 °C sam-
ple introduced additional partially filled Li3 (96h) sites, promoting Li migration, and enhancing ionic
conductivity. The resulting XRD pattern at 1000 °C has been submitted to the Powder Diffraction File
as a reference.
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I. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) offer high
energy density and a long lifetime, and hence, they are consid-
ered the preferred electric energy and power sources for
electric and hybrid vehicles, smartphones, computers,
laptops, circuit cards, and other portable devices as well as
for large stationary energy grid storage systems (Ramzy and
Thangadurai, 2010; Mizuno et al., 2013; Kotobuki and
Koishi, 2014). In the past, the deployment of electric cars
and wireless communications, which dated from the end of
the 19th century, was slowed mainly on account of the paucity
of good batteries with suitable electrode materials and electro-
lytes and the associated difficulties in mastering the interfaces
between them. So, in 1899, at an international car competition
in Paris, the only petrol-driven car was disqualified for having
impractically high consumption. The proportion of electric

cars produced in the U.S. between 1900 and 1920, however,
fell from 60 to 4% of the total as they were replaced with
affordable gasoline-powered cars such as the mass-produced
Ford Model T (Mauger et al., 2019). Nowadays, high energy
densities (over 400 Wh kg−1) are required for emerging appli-
cations in electrical transportation, such as electric vehicles
with large driving ranges of 500 km or more, long-endurance
unmanned aerial systems, and space exploration. These
requirements continue to push batteries to the performance
limit, and at the same time, require them to remain safe, envi-
ronmentally friendly, and reliable through hundreds or thou-
sands of rapid charge–discharge cycles. Liquid and polymer
electrolytes, which are currently used in LIBs, lack thermal
stability and are also highly flammable, posing serious safety
concerns (Goodenough and Park, 2013; Dhivya and Murugan,
2014). With all the problems of liquid electrolytes faced by
the contemporary battery industry, there is a strong desire
to develop all-solid-state Li-ion batteries (ASSLIBs) with
inorganic solid-state electrolytes. A variety of highly con-
ductive solid-state ionic electrolytes in crystalline, as well as
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noncrystalline forms, have been studied. Examples of such
electrolytes include NASICON (Na Super Ionic Conductor),
and various solids in different crystalline forms such as gar-
nets, perovskites sulfides, and argyrodites (Bachman et al.,
2016). Extensive research has been carried out in garnet
type ceramics with a variety of crystal structures that can be
considered potential superionic solid-state electrolytes for
ASSLIBs. Moreover, they provide chemical and thermal
stability against the lithium metal anode with a wide electro-
chemical stability window of 0–9 V (Zheng et al., 2018),
which is another important criterion desired for the develop-
ment of the next-generation high-energy-density ASSLIBs.

The general chemical formula of an ideal garnet is
A3B2(XO4)3 where A = Ca, Mg, Y, La, or rare-earth metals;
B = Al, Fe, Ga, Ge, Mn, Ni, or V; and X = Si, Ge, and Al. In
the A3B2(XO4)3 structure (cubic Ia-3d (Thangadurai et al.,
2014)), A, B, and X are eight (antiprismatic, 24c), six (octahe-
dral 48g), and four (tetrahedral 24d ) oxygen-coordinated cat-
ion sites, respectively. O’Callaghan et al. (2006) synthesized
the compounds Ln3Te2(LiO4)3, Li3Ln3Te2O12, (Ln = Y, Pr,
Nd, Sm–Lu) to investigate the structure and ionic-transport
properties. It was demonstrated that these compounds adopt
the garnet structure with lattice parameters in the range
12.1597(14) Å (Li3Lu3Te2O12) to 12.6159(7) Å (Li3Pr3Te2O12),
where Li ions appear only in the tetrahedral (24d) sites in the
space group Ia-3d. The conventional garnets Li3Gd3Te2O12,
Li3Tb3Te2O12, Li3Er3Te2O12, and Li3Lu3Te2O12 have demon-
strated considerably lower conductivity values, approximately
4.4 × 10−6 S cm−1 at a temperature of 285 °C, and their acti-
vation energies range from 0.77(4) to 1.21(3) eV (Cussen
et al., 2011). Thangadurai et al. (2003) were the first to report
the garnet compounds, Li5La3M2O12 (M = Nb, Ta). Both the
niobium and tantalum members have bulk ionic conductivities
around 10−6 S cm−1 at 25 °C with the activation energies for
ionic conduction (<300 °C) 0.43 and 0.56 eV for Li5La3Nb2O12

and Li5La3Ta2O12, respectively. In fact, in some Li-stuffed
garnets, the excess Li atoms fill octahedral sites in the garnet
structure, increasing Li-ion conduction, suggesting that Li in
the tetrahedral sites might be less mobile than those in the
octahedral sites (Cussen, 2006). The crystal structure of the
compound with the general formula Li5La3M2O12 (M =Nb,
Ta) is recognized as the garnet-like structure (a = 12.889(3) Å
for M = Nb and 12.823(2) Å for M = Ta with the space
group Ia-3d ) (Thangadurai et al., 2003). The infinite chains
of (La3M2O12)n − are arranged in four different directions.
The chains share lanthanum and lithium atoms to have a
strong connection among themselves (Hyooma and Hayashi,
1988). Furthermore, Li5La3Ta2O12 appears to have more
chemical and thermal stability, particularly in contact with
molten metallic lithium, than Li5La3Nb2O12 (Thangadurai
et al., 2004). To date, many efforts have been undertaken to
optimize Li-ion conductivity with a variety of substitutions
in the Ta/Nb sites (Narayanayan et al., 2012; Baral et al.,
2014; Nemori et al., 2014).

The first goal of our work was to study the influence of the
sintering temperature on the structure and ionic conductivity
of the garnet-type compound Li5-xLa3(NbTa)O12-y as prospec-
tive electrolyte for ASSLIBs. The sintering temperatures of
our compounds ranged from 750 to 1000 °C (discussed
below). Crystal structures and grain morphologies of these
samples were determined using the X-ray Rietveld refinement
and analytical scanning and transmission electron microscopy

(S/TEM) methods. Their ionic conductivity values were mea-
sured using electrochemical impedance spectroscopy.
Furthermore, to our knowledge, only limited reports in the lit-
erature have discussed the Li site content (Paolella et al.,
2020). Most reports only assume their materials contain 5 Li
atoms per formula unit. In general, refining Li positions and
occupancies in the presence of higher Z elements such as
La, Nb, and Ta is expected to be difficult with XRD patterns.
Neutron diffraction which probes the positions of atomic
nuclei directly can provide more accurate information about
locations within the crystal structure. In our case, we are inter-
ested in Li content so we attempted to obtain the Li content
and locations using the Rietveld refinement technique and
compare the Li/La atomic ratio values with data obtained by
spatially resolved electron energy-loss spectroscopy
(STEM-EELS). Furthermore, since X-ray diffraction (XRD)
is a nondestructive technique for phase identification, XRD
patterns are especially important for phase characterization.
Therefore, the second goal of this investigation was to deter-
mine the experimental powder reference pattern for
Li5La3NbTaO12 sintered at 1000 °C, which has the optimum
ionic conductivity among the series, and to make it widely
available through submission to the Powder Diffraction File
(PDF) (Gates-Rector and Blanton, 2019).

II. EXPERIMENTAL

A. Materials synthesis

Amaster batch of the garnet compound based on the nom-
inal composition, Li5La3NbTaO12, was first prepared by the
conventional solid-state reaction method.

5Li2CO3 + 3La2O3 + Nb2O5 + Ta2O5

= 2Li5La3NbTaO12 + 5CO2 (1)

The precursor chemicals Li2CO3 (5% excess, Alfa Assar,
99.9% purity), (The purpose of identifying the equipment,
software, or chemicals in this article is to specify the
experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of
Standards and Technology) La2O3 (Alfa Assar, purity:
99.8%, preheated at 750 °C for 15 h), Nb2O5 (Sigma-
Aldrich, purity: 99.9%), and Ta2O5 (Sigma-Aldrich, purity:
99.9%) were weighed according to the required stoichiometry
ratio. The chemicals were mixed thoroughly and set for wet
ball milling with isopropanol in an alumina jar and alumina
balls, size 8 mm with 1:8 mass ratio, precursors mixture to
balls, for 12 h at a frequency of 45 Hz using Planetary Ball
Milling Machine (PQN04) (The purpose of identifying the
equipment, software, or chemicals in this article is to specify
the experimental procedure. Such identification does not
imply recommendation or endorsement by the National
Institute of Standards and Technology). The powder, collected
after drying at 60 °C for 24 h, was pressed into pellets with dry
pressing under the load of 3 tons for 2 min. The pellet on an
alumina plate was placed into the electric furnace at 750 °C
for 5 h in an ambient atmosphere. After heating, the pellet
was crushed into powder, and the previous procedures from
ball milling to heat treatment were repeated. The powder
obtained after the second heating was used as a master batch
to further prepare various pellets of 10 mm diameter and
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sintered at different temperatures: 750, 800, 850, 900, 950,
and 1000 °C for 5 h each in air. The sintered pellets were
then used for further characterization and impedance measure-
ments. For labeling convenience, in the following discussion,
the samples with final sintering temperatures at 750, 800, 850,
900, 950, and 1000 °C are referred to as L750, L800, L850,
L900, L950, and L1000, respectively.

B. X-ray diffraction

For powder XRD and S/TEM analyses, the pellets
described above were crushed to produce a powder.
Preliminary phase characterizations were performed using a
computer-controlled Rigaku SmartLab-SEΘ–ΘX-ray diffrac-
tometer at 10 to 60° 2θ, 1° per min, with Cu Kα radiation
(wavelength of 1.5406 Å). The powder XRD patterns for
Rietveld refinement studies were measured on a PANalytical
Empyrean Debye-Scherrer diffractometer equipped with an
incident-beam focusing mirror and an X’Celerator detector.
The patterns (1° to 100° 2θ, 0.0083557° per step, 4 s per
step, 1/4° divergence slit, 0.02 radian Soller slits) were mea-
sured using Mo Kα radiation with the wavelength 0.7107 Å.
The powder specimen was contained within a 0.3 mm diame-
ter glass capillary tube.

The Rietveld refinement technique (Rietveld, 1969),
along with the software suite GSAS-II (Toby and Von
Dreele, 2013), was used to refine the structure of the four
Li5-xLa3(Nb,Ta)O12-y samples (L750, L850, L950, and
L1000). As discussed below, two compositions of the series,
namely, L750 and L1000, have been studied in more detail.
The reference powder XRD patterns were also obtained for
these two samples using a Rietveld pattern decomposition
technique. The reported peak intensities were derived from
the extracted integrated intensities, and positions were calcu-
lated from the lattice parameters. For peaks that cannot be
resolved, the intensities are summed, and an intensity-
weighted d-spacing is reported. From the full width at half
maximum (FWHM) of the diffraction peaks and the profile
parameters, we also modeled the broadening with micro strain
(assuming the sizes were 1 μm (effectively infinite).

C. Scanning and transmission electron microscopy

(SEM/TEM)

For SEM measurements, a piece of a sintered pellet was
cut and mounted on an aluminum alloy sample stub holder
and coated with carbon. SEM of the carbon-coated samples
was carried out with a JEOL JSM 6300 scanning electron
microscope using 10 kV accelerating voltage. Uncoated
ceramic powders were characterized using a Helios
NanoLab 660 dual-beam focused ion beam/scanning electron
microscope (FIB/FESEM, ThermoFisher Scientific) equipped
with a Schottky thermal field emission gun and a high-speed
silicon-drifted (SDD) energy-dispersive X-ray (EDX)
Oxford Instruments X-Max 80 mm2 detector. For FESEM
and EDX analyses, the specimens were mounted on standard
aluminum alloy stubs covered with conductive carbon adhe-
sive tape. FESEM imaging was conducted at accelerating volt-
ages of 1, 5, and 10 kV, beam currents of 50–100 pA, and a
working distance of 2–7 mm with high-performance
Everhart–Thornley (ETD) and in-length (TLD) secondary
electron (SE) or backscattered electron (BSE) detectors.

Since the samples were insulated and analyzed without any
conductive coating, a stage bias of 50 V was applied to miti-
gate severe charging effects. FESEM imaging was carried
out at several magnifications ranging from wide-field views
at ×100 to ×20 000 to ensure the measurements were repro-
ducible and statistically representative. Utilizing a high-speed
large-area SDD EDX detector and an Aztec microanalysis sys-
tem (Oxford Instruments NanoAnalysis) under a computer-
ized control of imaging parameters, pixel-by-pixel spectral
acquisition, and live time data processing, true real-time
X-ray spectroscopic imaging (SI) of the samples was con-
ducted at 5 and 10 kV accelerating voltage to characterize ele-
mental distributions of ceramic powders. Low-dose
transmission electron microscopy (TEM) in bright-field (BF)
mode, selected-area electron diffraction (SAED), and phase-
contrast high-resolution TEM (HRTEM) imaging were per-
formed using a Schottky field-emission Titan 80-300 TEM
(Thermo Fischer Scientific) with a point-to-point resolution
of 0.19 nm at 300 kV accelerating voltage equipped with a
Super-TWIN objective lens, and a OneView IS 4 k × 4 k high-
speed CMOS camera (AMETEK (Gatan)). The instrument
was operated at minimal beam illumination levels with
doses down to 100 e/nm2 to reduce radiation damage to the
samples. Scanning TEM (STEM) using BF and high-angle
annular dark-field (HAADF) modes, electron energy-loss
spectroscopy (EELS), and EDX spectroscopic imaging of
the powder samples was carried out with a probe-corrected
Titan 80-300 (ThermoFisher Scientific) scanning transmission
electron microscope at 300 kV accelerating voltage. For S/
TEM measurements, ceramic powders were deposited onto
lacey carbon 200 Cu mesh grids. No staining agents were
used to enhance the contrast of the TEM images.

D. Electrochemical impedance spectroscopy

For electrochemical impedance spectroscopy (EIS) stud-
ies, sintered pellets were prepared for L750, L800, L850,
L900, L950, and L1000. Silver electrical contacts were
applied to both sides of the sintered pellets by thermal evapo-
ration of silver metal. The silver-deposited pellet was secured
between two copper plates, and the assembly was inserted into
a custom-built sample holder. Impedance measurements were
made on the silver-deposited pellets using a two-probe tech-
nique, an Autolab PGSTAT302 potentiostat (Metrohm), and
NOVA 1.9 software. The impedance measurements were car-
ried out in the 100 kHz to 0.1 Hz frequency range at a 100 mV
RMS AC signal. The impedance was measured under vacuum
at 25, 45, 65, and 85 °C. The total ionic conductivity of each
pellet was calculated from the resistance values obtained by
fitting the impedance data (Lazanas and Prodromidis, 2022)
to an appropriate equivalent circuit, and normalized to the
sample geometry.

III. RESULTS AND DISCUSSION

A. X-ray powder diffraction analysis

The results of XRD structural analyses of the four samples
agree with the structure of the two end-members with compo-
sitions Li5La3M2O12 (Thangadurai et al., 2004; Murugan
et al., 2006; Geiger et al., 2011), namely, cubic with the
space group Ia-3d Li5La3Ta2O12 (PDF4: 01-086-5324).
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Considering the fact that the peak intensities are dependent on
Z2 so the refinement of Li (Z = 3) site occupancy is challeng-
ing in the presence of La (Z = 57), and Ta (Z = 73), we have
tried different starting models. Finally, we have successfully
refined the Li occupancy using the Rietveld method with
“stable” results (convergent least-squares refinements). As
discussed below, the resulting samples sintered at 750, 850,
950, and 1000 °C were all Li-deficient.

Selected X-ray patterns of the powder specimen of
Li5-xLa3(Nb,Ta)O12-y series heat-treated from 750 to 1000 °C
are shown in Figure 1. All these patterns match well with that
of the cubic Li5La3Ta2O12 type; barring the presence of some
minor impurity phases. The results of Rietveld refinements
for the Li5-xLa3(Nb,Ta)O12-y series are shown in Table I and
Figure 2. Table I gives the statistical agreement factors or resid-
ual values, R and wR, whereas, in Figure 2, the observed
(crosses), calculated (solid line), and difference XRD patterns
(bottom) for L1000 are illustrated. The normalized difference
pattern is provided. Above 45° 2θ, the vertical scale has been
magnified by a factor of five. The row of tick marks indicates
the calculated peak positions.

Table I also summarizes the nominal chemical formula
and the lattice parameters based on XRD data obtained at
302(1) K. The following results are noted: (1) Li content is
deficient in all samples, particularly for L850 (Li1.7La3Nb1.07(2)
Ta0.93(2)O12-y); (2) Impurity phases present in samples L750
(Li(Nb,Ta)3O8 (0.59%) and Li2CO3 (4.2%), L850 (Li8(Nb,
Ta)2O9, 0.9% and Li2CO3, 5.2%); and L950 (Li8(Nb,Ta)2O9,
3.7% and Li2CO3, 3.3%); (3) L1000 (Li3.43(2)La3Nb1.07(2)
Ta0.93(2)O12-y) did not show visible impurity phases; (4)
Samples annealed at T > 800 °C appear to have slightly
more Nb than Ta, probably due to the presence of impurity
amorphous oxide phases containing slightly more Ta at higher
temperature, i.e., Li8(Nb,Ta)2O9. Therefore, there appears to
be a deficiency of Ta in Li(5-x)La3(NbTa)O12-y; (5) The pres-
ence of the impurity phases gave rise to the somewhat high
values of R and wR values in Table I; (6) There does not
seem to be a well-defined trend about the lattice parameters,
temperature at which the samples were heat-treated and the
Li content. For Rietveld refinements, we fixed both the La
and O contents (need to fix at least one variable during the
refinement process). In reality, there may be a small variation

Figure 1. Powder XRD patterns of Li5-xLa3NbTaO12-y heat-treated at 750, 800, 900, and 1000 °C, measured using Cu Kα radiation at room temperature. The
bottom XRD stick patterns referring respective [hkl] values correspond to the PDF pattern (01-086-5324) for Li5La3NbTaO12 (Gates-Rector and Blanton, 2019).

TABLE I. Rietveld refinement results (R and wR values) and lattice parameter for Li5-xLa3(NbTa)2O12-y sintered at different temperatures.

Sintering temp (°C) Chemical formula a (Å) V (Å3) R (%) wR (%)

750 Li2.77(2)La3Nb1.03(2)Ta0.97(2)O12-y 12.82719(6) 2110.54(3) 5.98 7.66
850 Li1.7La3Nb1.07(2)Ta0.93(2)O12-y 12.8448(2) 2119.26(10) 7.8 12.3
950 Li2.62La3Nb1.11(2)Ta0.89(2)O12-y 12.8668(15) 2130.16(9) 5.81 7.98
1000 Li3.43(2)La3Nb1.07(2)Ta0.93(2)O12-y 12.8361(7) 2114.96(3) 5.44 7.12

Values inside brackets are one standard deviation.
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of the La and O content which may affect the lattice parame-
ters. Moreover, if there are small oxygen content change and
coordination number change around Nb5+ and Ta5+, this
would only be local effect, affecting the local structure.
XRD captures the average structure and will not be able to
provide information about the local structure. Detailed inves-
tigation about the local structure including the change in the
coordination number of Nb5+ and Ta5+ and oxygen vacancy
is beyond the scope of this study.

The FWHM values of the first peak in all samples are
given in Table II. These results indicated that the FWHM val-
ues are the smallest for L750 and L1000 whereas the strain
values have the same trend. All these values correlate well
with the grain size, namely, the smaller the FWHM, the
smaller the strain value and the larger the grain, as demon-
strated by the SEM photographs.

Tables III and IV provide the atomic coordinates for sam-
ples L750 and L1000. Relevant bond distances of L750 and
L1000 are presented in Table V. Figure 3 depicts the general
structure of Li5-xLa3(NbTa)O12-y featuring the LiO4, LiO6, and
(Nb/Ta)O6 polyhedrons, except for Li3 for L1000. Figure 4
illustrates the LaO8 antiprisms. The Li sites in some of these
polyhedrons are deficient due to Li evaporation. It is noted
that the Li atoms in the structures of L750 and L1000 occupy
the same two main sites with similar occupancy, namely, the
Li1 tetrahedral site (24d ) and the Li8 octahedral site (16b). It
seems that Li sites could move around as a function of temper-
ature. Although we located a possible Li2 site (48g) with coor-
dinates (0.125, 0.687(2), 0.563), its occupancy factor is very
small (0.03(2)), which is practically zero taking into consider-
ation of the standard deviation. On the other hand, the addi-
tional Li3 in L1000 occupies a 96 h position (in this case a
disordered site for Li) enabling a greater number of sites for
Li migration, as compared to the samples heat-treated at
lower temperatures, possibly leading to increased conductiv-
ity. Figures 5 and 6 illustrate the distribution of Li sites, Li1
and Li8 in L750 and Li1, Li3, and Li8 in L1000, respectively.
The Li3–O7 distances were found to be 2.42(2) Å, 1.98(2) Å,
and 1.99(2) Å.

The powder XRD pattern for Li3.43(2)La3Nb1.07(2)Ta0.93(2)
O12-y has been submitted for inclusion in the PDF.

Figure 2. Observed (crosses, blue color), calculated (solid line, green color), and difference XRD patterns (bottom, bluish green color) for L1000 (Li3.43
(2)La3Nb1.07(2)Ta0.93(2)O12-y); the difference pattern is plotted using the same vertical scale across the entire 2-θ range. Above 45° 2θ, the vertical scale has
been magnified by a factor of five. The row of tick marks indicates the calculated peak positions.

TABLE II. Full width at half maximum (FWHM) of the first peak of the
powder pattern of Li5-xLa3(NbTa)2O12 with average strain, ppm at different
temperatures.

T (°)K 750 800 850 900 950 1000
FWHM (°) 0.068 0.087 0.098 0.081 0.090 0.065
Average strain (ppm) 1936 6384 7084 4868 9454 4018

TABLE III. Atomic coordinates of L750 (Li2.77(2)La3Nb1.03(2)Ta0.97(2)O12-y, sintered at 750 °C).

Atom x y z Occ Uiso Wyckoff

Li1 0.250 0.875 0.000 0.78(3) 0.0200 24d
La4 0.125 0.000 0.250 1.000 0.0169a 24c
Nb5 0.000 0.000 0.000 0.514(3) 0.0189(2) 16a
Ta6 0.000 0.000 0.000 0.486(3) 0.0189(2) 16a
O7 0.2842(2) 0.1068(2) 0.2011(2) 1.00 0.0186(11) 96h
Li8 0.125 0.125 0.125 0.14(3) 0.0200 16b

Values inside brackets are one standard deviation.
aU11, U22, U33, U12, U13, and U23 components are 0.0161(6), 0.0172(3), 0.0172(3), 0.0, 0.0, and 0.0034(9).
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B. Analytical FESEM and S/TEM

SEM images of powder pellets L750 and L1000 in
Figures 7(a) and 7(b), respectively, demonstrated tightly
packed agglomerated grains with significantly varying mor-
phologies produced during densification of the pellets under
3 tons of load. Because of the dense packing and morpholog-
ical complexity, it was, however, sometimes difficult to distin-
guish individual particles and grain facets. On the other hand,
a series of FESEM and STEM images of the powders in
Figures 7(c)–7(h) and Figures 7(i)–7(j), respectively, evi-
dently display larger individual grains with faceting in the

sample L1000 as compared to L750. Furthermore, to charac-
terize the chemical compositions of the garnets, analytical
FESEM was performed at accelerating voltages of 1, 5, and
10 kV on as-received uncoated powders in field-free and
immersion modes applying a 50 V deceleration bias to reduce
severe beam-induced charging of the insulating samples.
Figure 8 presents the results of FESEM observations of the
L1000 garnet powder using SE1, SE2, and BSE (composition)
signals combined with high-speed EDX SI. Monte Carlo sim-
ulations of the beam–garnet ceramic interactions (Drouin
et al., 2007) (see Figure 8, right insets) indicate that for the
chosen operating conditions, the interaction volume was
increased by more than an order of magnitude with accelerat-
ing voltage from 20 nm × 20 nm at 1 kV to about 600 nm ×
600 nm at 10 kV. So, an image in Figure 8(a) acquired at a
low accelerating voltage of 1 kV illustrates the surface topog-
raphy of the ceramic powder due to primarily SE1 electrons
generated within a 20 nm thick utmost subsurface layer. At
5 kV [Figure 8(b)], one notices an edge enhancement effect,
as well as a contrast increase with accelerating voltage and
probe current due to the increasing contributions from the
SE2s induced by BSEs, generated deeper in the sample
[Figures 8(b) and 8(c)]. Compositional BSE imaging at
10 kV accelerating voltage using 50 and 200 pA probe current
[Figures 8(d) and 8(e), respectively] allowed us to reveal grain
facets, otherwise essentially masked by a lower atomic

TABLE IV. Atomic coordinates of L1000 (Li3.43(2)La3Nb1.07(2)Ta0.93(2)O12-y, sintered at 1000 °C).

Atom x y z Occ Uiso Wyckoff

Li1 0.250 0.875 0.000 0.78(3) 0.0200 24d
Li3 0.095(2) 0.678(2) 0.566(2) 0.069(15) 0.0200 96h
La4 0.125 0.000 0.250 1.00 0.0190a 24c
Nb5 0.000 0.000 0.000 0.536(3) 0.0218(2) 16a
Ta6 0.000 0.000 0.000 0.464(3) 0.0218(2) 16a
O7 0.281(2) 0.107(2) 0.199(2) 1.000 0.0160(1) 96h
Li8 0.125 0.125 0.125 0.13(3) 0.0200 16b

Values inside brackets are one standard deviation.
aU11, U22, U33, U12, U13, and U23 components are 0.0175(6), 0.0197(4), 0.0197(4), 0.0, 0.0, and 0.0026(10).

TABLE V. Relevant bond distances (Å) in Li5-xLa3(NbTa)O12-y.

L750 L1000

La4–O7 2.538(3) × 4 2.520(3) × 4
2.628(3) × 4 2.601(3) × 4

Li1–O7 1.904(2) × 4 1.939(3) × 4
Li3–O7 2.42(2)

1.98(2)
1.99(2)
1.98(2)

Li8–O7 2.276(2) × 6 2.235(3) × 6
Nb5/Ta6–O7 1.990(2) × 6 1.986(2) × 6

Values inside brackets are one standard deviation.

Figure 3. Structure of Li5-xLa3NbTaO12-y (L1000 and L750), featuring the
LiO6 octahedrons, LiO4 tetrahedrons, (Ta/Nb)O6 octahedrons, and La ions.
A unit cell outline is provided in the upper right corner. Li3 in L1000 is not
shown.

Figure 4. Structure of Li5-xLa3NbTaO12-y, featuring the LaO8 antiprisms. A
unit cell outline is provided in the upper right corner.
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number phase, likely Li2CO3, which often formed nonuniform
shells around the grains. Corresponding X-ray elemental maps
[Figures 8(f)–8(i)] acquired at 10 kV accelerating voltage and
200 pA probe current demonstrate oxygen (O–K), lanthanum
(La–L), niobium (Nb–M), and tantalum (Ta–M) distributions.
Finally, the results of chemical imaging are summarized in

Figures 8(j) and 8(k) which show a layered image composed
of overlapped X-ray maps and SE signal and a map sum X-ray
spectrum, respectively. In this way, multisignal FESEM com-
bined with real-time chemical imaging enabled us to examine
in detail rough surface microtopography, complex morpholo-
gies, and elemental distributions of the agglomerated garnet

Figure 5. Locations of Li1 and Li8 in the unit cell of Li5-xLa3NbTaO12-y heat-treated at 750 °C (Li1 – yellow and Li8 – green).

Figure 6. Locations of Li1, Li3, and Li8 in the unit cell of Li5-xLa3NbTaO12-y heat-treated at 1000 °C (Li1 – yellow, Li3 – grey, and Li8 – green).
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powders with sizes ranging from 4 to 15 μm. The shapes of the
grains gradually improved with sintering temperature from
750 to 1000 °C, displaying multiple facets and size growth.

The results of XRD phase analysis pointing to the high
crystallinity of the garnet powders were directly corroborated
at various structural levels using low-dose (down to 100 e/

nm2) TEM, SAED, and HRTEM. The BF-TEM image of
the L1000 garnet sample in Figure 9(a) demonstrates heavily
agglomerated powders with evidently faceted submicron-
sized grains of various irregular shapes. The SAED pattern
[top left inset, Figure 9(a)] shows point reflections correspond-
ing to the cubic garnet phase near the [111] zone axis. The

Figure 7. (FE)SEM and STEM comparison of the L750
garnet sample (left columns) and the L1000 garnet
sample (right columns). (a and b) Secondary electron
(SE1 + SE2) images of the pellets produced under
pressure of 3 metric tons. Scale bars are 25 μm. (c and d)
Large-area secondary electron (SE1 + SE2) images of the
powders, (e and f) corresponding backscattered electron
(BSE) composition images of the same areas. Scale bars
are 10 μm. (g and h) Higher magnification secondary
electron (SE1 + SE2) images of the powders. Scale bars
are 5 μm. (i and j) HAADF STEM images of the
powders. Scale bars are 1 μm.
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HRTEM image in Figure 9(b) acquired at the edge of the gar-
net grain revealed 0.52 nm (211) and 0.34 nm (−321) lattice
fringes, which, according to a Fast Fourier Transform (FFT)
pattern [top inset, Figure 9(b)], were observed near the [317]
zone axis.

Lithium concentration is a critical parameter primarily
responsible for stabilizing the cubic garnet phase and ionic
conductivity of the electrolyte. Since EELS is well-suitable
to detect lithium due to the large ionization cross section of
the Li K-edge at 55 eV energy loss (Egerton, 2011),
STEM-EELS SI was employed to analyze lithium distribu-
tions in the garnet grains. Figures 10(a) and 10(b) present a
HAADF STEM image of a grain fragment from the L1000

garnet sample and an EEL spectrum acquired over the area
marked by the red box in Figure 10(a). The EEL spectrum
with an assigned power-law background shows the Li
K-edge at 55 eV and the delayed minor La N4,5-edge at
about 115 eV energy loss. The La-N4,5 edge is shifted by
10 eV to account for the delayed offset as expected for high-
shell 4d5/2 and 4d3/2 electrons, e.g., see Paolella et al.
(2020). The Li K map and the La N4,5 map acquired over
the area are shown in Figures 10(c) and 10(d), respectively.
The lithium-to-lanthanum atomic ratio was estimated by lim-
iting measurements to thin crystallite areas with a thickness
t/λ < 0.5 (here λ is the mean free electron path) to minimize
plural scattering effects using the standard ratio quantification

Figure 8. Multisignal analytical FESEM and EDX spectroscopic imaging (SI) of the L1000 powder, scale bars denote 10 μm. (a) Low-voltage secondary
electron (SE1) image, 1 kV accelerating voltage, 50 pA probe current. (b) Low-voltage SE1 image, 5 kV accelerating voltage, 200 pA probe current. (c)
Mixed signal immersion mode secondary electron (SE1 + SE2) image, 10 kV accelerating voltage, 50 pA probe current. (d) Immersion mode BSE
composition image, 10 kV accelerating voltage, 50 pA probe current. (e) Immersion mode BSE composition image, 10 kV accelerating voltage, 200 pA probe
current. (f) Oxygen O–K map, (g) lanthanum La–L map, (h) niobium Nb–L map, (i) tantalum Ta–M map, (j) a layered composite image showing the overlap
of the LaL (red), NbL (yellow), TaM (green), and OK (cyan) X-ray maps and SE image, and (k) map sum X-ray spectrum shown in the log scale. The data
were acquired at 10 kV accelerating voltage using a 200 pA probe current and 50 V bias. Left insets from top to bottom show Monte Carlo simulations of the
beam–garnet ceramic interactions for the chosen operating conditions (1, 5, and 10 kV, 1 nm probe, 2000 trajectories, 0° tilt) performed with the Casino
software package developed by Drouin et al. (2007). Scale bars are 200 nm. Trajectories of electrons that escaped the sample are shown in red.
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method via Eq. (2) as described in Egerton (2011):

NLi/NLa = ILi(a, b, DE)/ILa(a, b, DE)

× sLa(a, b, DE)/sLi(a, b, DE), (2)

where NLi and NLa are the numbers of Li and La atoms per unit
area, ILi and ILa are the integrated Li K and La N2,3 intensities
within an energy window of width ΔE starting close to the
energy threshold of the ionization energy edges, and σLa (α,
β, ΔE) and σLi (α, β, ΔE) are the partial ionization cross

sections integrated over a collection semi-angle β and cor-
rected from the incident beam convergence semi-angle α.
Under chosen operating conditions, the collection semi-angle
β was 16.7 mrad and the incident beam convergence semi-
angle α was 13.7 mrad. The partial ionization cross sections
σLa (α, β, ΔE) and σLi (α, β, ΔE) were calculated using a
Hartree-Slater model with a relative error of 20%, finally giv-
ing the ratio value, Li/La = 1.19. This was in excellent agree-
ment with the ratio value derived from refined XRD analyses,
Li/La = 1.14. The analysis of local elemental distributions of
the constituents in individual garnet grains, including

Figure 9. TEM images of L1000 garnet powder. (a) Bright-field (BF)-TEM micrograph of agglomerated garnet grains and selected-area diffraction (SAED)
pattern (inset) acquired near the [111] zone axis. (b) High-resolution TEM (HRTEM) image demonstrating high crystallinity and (211) and (−321) lattice
fringes at the edge of the grain and corresponding fast Fourier transform (FFT) pattern (inset) oriented near the [317] zone axis.

Figure 10. STEM-EEL SI of a grain fragment of the L1000 garnet powder. (a) HAADF STEM image of faceted powder grain. (b) EEL spectrum acquired over
the area marked by the red box in (a) showing an assigned power-law background (red curve) and the Li K-edge at 55 eV and the delayed La N4,5-edge at about
115 eV. The net Li K edge and the net La N4,5 edge are shown in green and the calculated Hartree-Slater ionization cross sections for the edges are shown in blue,
respectively. (c and d) The Li K map (green) and the La N4,5 map (red) acquired over the marked area.
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lanthanum, niobium, tantalum, and oxygen, was completed
using STEM-windowless EDX SI, as shown in Figure 11.
The results indicated mesoscale-to-nanoscale inhomogeneities
at the level of individual grains induced under thermochemical
and mechanical processing, particularly by adding Li2CO3 to
compensate for lithium losses during sintering. So, aggregated
particles containing oxygen, but not lanthanum, niobium, and
tantalum which were assigned to Li2CO3 often formed non-
uniform shells surrounding garnet grains. Aggregated parti-
cles containing oxygen, but not lanthanum, niobium, and
tantalum [see Figures 8(f)–8(i)] were assigned to Li2CO3

that often formed nonuniform shells surrounding garnet
grains. At different stages of the multistep fabrication process,
thermochemical and mechanical processing conditions could
essentially influence surface structures, intergrain contacts,
local electronic structure, and transport properties of the garnet
ceramics.

C. Ionic conductivity

In general, our EIS measurements revealed two-time
constant ionic conductivity behavior, reflecting the contribu-
tions from both the bulk grains and grain boundaries of the
garnet samples. Typical Nyquist plots (imaginary vs. real
impedance) measured at 25 °C for samples L750 and L1000
are shown in Figure 12. An equivalent circuit consisting of
(RQ)b(RQ)gb [inset of Figure 12(a)] is used to fit the experi-
mental data, where R and Q represent the resistance and cons-
tant phase element, respectively, for both the bulk grain and
the grain boundary. These Nyquist plots are similar to those
of Li5La3M2O12 (M = Nb, Ta) (Thangadurai et al., 2003),
showing bulk resistance at the higher frequency region (left
side of the plot) and some grain boundary contributions at
the lower frequency region. Moreover, the Nyquist plot of

L750 and L1000 measured at 85 °C [Figure 12(b)] showed a
small tail at the lower frequency region as the result of mobile
ion blockage in the electrolyte/electrode interfaces
(Mariappan et al., 2013). This data was fit to the equivalent
circuit (RQ)b(RQ)gbQel,with the interfacial constant phase ele-
ment (Qel) added in series. The magnitude of capacitance of
the bulk crystal and grain boundary regions was calculated
from the constant phase element using the relation, Eq. (3).

C = Qo(v
′
m)

n−1 (3)
where Qo is the constant phase element, v′

m is the characteris-
tic angular frequency (rad s−1) at which the imaginary part of
the impedance (–Z′′) has the maximum value, and n is a
numeric parameter obtained from the fitting of the Nyquist
plot (Hsu and Mansfeld, 2001). For L1000, at 25 °C, the char-
acteristic frequency (defined as fc = (2πRC)−1) in the bulk
crystal and grain boundary regions was 5276.82 and
0.22 Hz, respectively. Similarly, for L750, at the same temper-
ature, the value of the characteristic frequency in the bulk crys-
tal and grain boundary regions was 1189.89 and 1.42 Hz,
respectively. The average bulk capacitance was found to
have a value of 40 pF/cm2, while the average grain boundary
capacitance had an average value of 40 nF/cm2. The larger
capacitance gives rise to the relatively low characteristic fre-
quency of the grain boundary response. Neither capacitance
value varied systematically with measurement temperature
nor sample processing temperature.

The total conductivity of the pellets was calculated using
the formula, Eq. (4).

stotal = t/(RtotalA) (4)
where Rtotal is the sum of the bulk resistance and grain boun-
dary resistance (Kotobuki and Kiyoshi, 2013) obtained from

Figure 11. STEM-windowless EDX SI of a grain fragment of the L1000 garnet powder. (a) HAADF STEM image of an individual powder grain. (b) Sum X-ray
spectrum acquired in the area marked by the red box. (c), (d), (e) and (f) Lanthanum La L (red), niobium Nb L (yellow), tantalum TaM (magenta), and oxygen O K
(turquoise) X-ray maps acquired over the marked area. The peaks at about 0.6, 1.3, and 4.2 keV are minor characteristic X-ray peaks of lanthanum, the La Mζ1 at
0.638 keV and the La Lλ1 at 4.126 keV, and tantalum, the Ta Mζ1 at 1.328 keV.
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the analysis of the impedance plots, and t and A are the thick-
ness and cross-sectional area of the pellet, respectively.
Figure 13 represents the plot of σtotal (total conductivity in
S cm−1 at 25 °C) vs. processing temperature. The total con-
ductivities of L750 and L1000 at 25 °C, obtained from ac
impedance data, are 1.71 × 10−8 and 7.12 × 10−8 S cm−1

within an 8.5% uncertainty and 11.6% uncertainty, respec-
tively. Similarly, for L800, L850, L900, and L950, the total
ionic conductivities at 25 °C were calculated to be 6.15 ×

10−9, 1.92 × 10−9, 1.34 × 10−8, and 4.78 × 10−8 S cm−1,
respectively. From XRD results, the low values of the total
conductivities for L750, L850, and L950 were due to a com-
bined result of low Li content and the presence of impurity
phases.

We used the brick layer model (BLM) to estimate the spe-
cific conductivity of both the grain and the grain boundary
regions. Although the measured values of Rg and Rgb are of
the same order, the volume they occupy in the sample is

Figure 13. Total conductivity (σtotal) (S cm−1) Li5-xLa3NbTaO12-y at 25 °C vs. processing temperature (°C).

Figure 12. Nyquist plots obtained from EIS measurement. (a) Nyquist plots (25 °C) of Li5-xLa3NbTaO12-y sintered at 750 °C (L750) and 1000 °C (L1000), with
an inset showing schematic for equivalent circuit model((RbQb)(RgbQgb); R is the resistance, Q is the constant phase element, subscript, b = bulk and gb = grain
boundary) and (b) nyquist plots (85 °C) of Li5-xLa3NbTaO12-y sintered at 750 °C (L750) and 1000 °C (L1000), with an inset showing schematic for equivalent
circuit model ((RbQb)(RgbQgb) Qel; R is the resistance, Q is the constant phase element, subscript, b = bulk, gb = grain boundary, and el = electrolyte/electrode
interfaces.).
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significantly different. In the BLM (Mariappan et al., 2013), it
is assumed that the permittivities of grains and grain boundar-
ies are identical and that the relevant length scales can be esti-
mated from the capacitance measured from each region, such
that Cg/Cgb = d/D, where d is the thickness of the grain boun-
dary, and D is the grain diameter (Mariappan et al., 2013).
With this assumption, the specific conductivity of the grain
can be expressed as σg= t/(RgA), while that of the grain boun-
dary is given by σgb = (1/Rgb)(t/A)(Cb/Cgb). Based on the aver-
age capacitance values, we obtain an average Cb/Cgb = d/D =
0.001, which results in an average σb = 6.05 × 10−7 and σgb =
9.72 × 10−9 S cm−1 for the L1000 sample at 45 °C. The two
orders of magnitude difference between σb and σgb are consis-
tent with reports in the literature, e.g., see Mariappan et al.
(2013).

The temperature dependence of the conductivity is
expressed by the Arrhenius equation:

s = A exp (−Ea/kBT) (5)

where A is the pre-exponential factor, T is the absolute temper-
ature, Ea is the activation energy, and kB is the Boltzmann
constant (Hummel, 2011). Figure 14 shows the Arrhenius
plots. (log σtotal vs. 1000/T ) for total ionic conductivity for
the samples L750, L800, L900, and L1000. The activation
energies obtained in the temperature range of 25–85 °C vary
from 0.59 ± 0.02 to 0.67 ± 0.02 eV for these samples. This
range is somewhat higher than that of both end members
Li5La3Nb2O12 (0.43 eV) and Li5La3Ta2O12 (0.56 eV)
(Thangadurai et al., 2003). The sample L1000 had the highest

ionic conductivity among the members of the Li5-xLa3(Nb,Ta)
O12-y solid solution series, most likely due to better crystallin-
ity, compositional uniformity, and high Li content, as con-
firmed by analytical FESEM and S/TEM-EELS-EDX.
However, this value is still lower than that of the solid solution
end member Li5La3Ta2O12 (1.3 × 10−6 S cm−1 (Weppner
et al., 2006)), mainly due to the Li deficiency. Future work
includes improvement of the synthesis procedure of retaining
the Li content in the samples.

IV. SUMMARY

A master batch of the prospective garnet-based ceramic
electrolyte for all solid-state lithium ion batteries with the
nominal composition Li5-xLa3(Nb,Ta)O12-y was prepared
using Li2CO3, pre-heated La2O3, Nb2O5, and Ta2O5, with con-
ventional solid-state technique at 750°C. Subsequent samples
taken from the master batch were individually heat-treated at
750 °C (L750), 800 °C (L800), 850 °C (L850), 900 °C
(L900), 950 °C (L950), and 1000 °C (L1000). X-ray
Rietveld refinements corroborated the structure to be cubic
Ia-3d and that all samples are Li-deficient. At lower heat-
treatment temperatures, the Nb/Ta ratio was found to be nom-
inally 1:1, but at higher temperatures, Ta evaporated slightly.
We also found that in sample L1000, the Li site (Li3) occupied
a partially filled (96h) position, resulting in a greater number
of sites for Li migration.

FESEM examination of the powders showed rough sur-
face microtopography, complex morphologies, and partially
coalescing crystallites. The grain shapes ranged from 4 to

Figure 14. Arrhenius plots (log σtotal vs. 1000/T ), the box with the error bar represents the data point and regular line for linear fitting, for Li5-xLa3NbTaO12-y

sintered at different temperatures (L750, L800, L900, L1000).
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15 μm in diameter and becoming more regular with sintering,
displaying faceting and size growth and demonstrating higher
ionic conductivity due to the larger grain size. Multisignal
FESEM/EDX and probe-corrected STEM/EDX/EELS analy-
ses confirmed the purity and expected compositions of the
examined garnet ceramic powders indicating local inhomoge-
neities that usually occurred at the level of individual grains
being induced by thermochemical and mechanical processing
and the presence of lithium carbonate to compensate lithium
losses during sintering. The atomic ratio Li/La for the
L1000 sample was estimated as 1.19, in excellent agreement
with the value from XRD, Li/La = 1.14. The X-ray powder
diffraction reference pattern of L1000 has been submitted to
the Powder Diffraction File (PDF).

Impedance spectroscopy revealed ionic conductivity
behavior, in general, with two-time constants indicating con-
tributions from both bulk and grain boundaries. The lowest
ionic for L850 was assigned to lithium loss and the presence
of impurities. The sample L1000 had the highest ionic con-
ductivity due to better crystallinity, high Li content, and com-
positional uniformity, as confirmed by XRD, analytical
FESEM, and S/TEM analyses.
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