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The nominal Li concentration giving a maximum room temperature Li-ion conductivity
01;~3.45x10"4Scm~! with an E;~0.438¢€V in the system Li;_yLazHf,_4+TayOq; fired in an alumina
crucible at 1130°C for 48 h occurs in the narrow range of x=0.45 +0.05. The samples were prepared by
solid-state reaction and characterized by XRD, SEM, electrochemical impedance spectroscopy and ’Li
MAS NMR measurements.

Published by Elsevier B.V.

1. Introduction

Commercial Li-ion batteries presently use a flammable, organic
liquid-carbonate electrolyte having a LUMO at about 1.0 eV below
the electrochemical potential w; of a lithium anode [1]. The mis-
match between the energy of the LUMO and p; requires formation
of a passivating solid-electrolyte interphase (SEI) layer, which
results in dendrite formation and safety problems on repeated
charging. This problem has motivated search for a solid oxide
Li* electrolyte having a Li*-ion conductivity o;>10-3Scm™! [2]
and the bottom of its conduction band above p ;. With a lithium
anode, Li is not robbed from the cathode in the formation of the
anode passivating layer. Furthermore, solid Li* electrolytes can
minimize the safety problem associated with dendrite formation
upon repeated plating of lithium on the anode by blocking Li
dendrite from reaching the cathode. Oxides with the garnet frame-
work, e.g. Li;_yLasZry_,Tax0q3, fired in an alumina crucible promise
to meet these requirements [3]. We report here an investigation
of another system, Li;_yLazHf,_yTaxO12 to explore the nominal
Li occupancy that gives the maximum oy;. Hf(IV) is even less
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susceptible to reduction by lithium than is Zr(IV). The resul-
tant compounds were structurally characterized by powder X-ray
diffraction and solid-state 7Li NMR. The latter also provides infor-
mation on the dynamic behavior of lithium and is complemented by
variable-temperature impedance spectroscopy measurements that
provide an assessment of the bulk ionic mobility in these materials.

2. Experiment

Members of the Li;y_yLasHf;_,Tay0q; (x=0.1-0.6) series were
synthesized in alumina crucibles by conventional solid-state
(ceramic) reaction of the starting materials taken in stoichiomet-
ric proportion. A small, undetermined amount of adventitious
AI3* in the garnet framework stabilizes the cubic structure to the
high temperature needed for sintering pellets [4]. The precur-
sor materials used was anhydrous LiOH (Alfa Aesar 99.5%, dried
at 200°C overnight; 10 wt.% excess was taken to compensate for
the loss of lithium under annealing conditions), La,O3 (Alfa Aesar,
treated at 950 °C overnight), HfO, (Alfa Aesar, 98%) and Ta;Os (Alfa
Aesar, 99.85%). The reactants were mixed with a mortar and pes-
tle before reacting them at 950°C for 12 h. The resultant product
was reground and pressed into pellets. The pellets were transferred
to an alumina crucible and covered with mother powder from all
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sides, followed by sintering at 1130 °C for 48 h to form single-phase
material.

The products were characterized by powder X-ray diffraction
(XRD) (Philips X'Pert Diffractometer, CuKa radiation) to monitor
formation of the garnet phase. The structures were refined by the
Rietveld method with the Fullprof-fp2k program [5,6]. For this pur-
pose, XRD data were collected at a scan rate of 0.25° 26 min~! with
0.02° step size in the 20 range between 10° and 90°.

The surface morphology of the sintered pellets was investigated
in a scanning electron microscope Quanta FEG650. The relative
densities of the sintered pellets were obtained at room temper-
ature with the Archimedes’ principle and deionized water as the
immersion medium.

7Li static and MAS NMR measurements were carried out at Oak
Ridge National Laboratory on ground powders using a 9.4 T Bruker
Avance NMR spectrometer. ’Li MAS NMR spectra were acquired
at Larmor frequencies of 155.3 MHz. Room temperature MAS mea-
surements were made with a 4 mm MAS probe at spinning speeds
of 15 kHz. ’Li spectra were acquired with an echo sequence (90°-7-
180°) having a 90° pulse length of 2 ps. ’Li chemical shifts are given
with respect to 1M LiCl (6=0ppm) using solid LiCl as secondary
standard (—1.06 ppm).

Ionic conductivity of the pellets was measured using gold elec-
trodes in the temperature range —50 to 100°C in parallel-plate
geometry. ANovocontrol Fourier response impedance analyzer was
used in the frequency range from 10 to 107 Hz and an Agilent
E4991A RF-impedance analyzer was used in the frequency range
106 to 3 x 10° Hz. The same sample cell was used for both frequency
ranges. A small piece of Pt mesh was sandwiched between the sam-
ple and probe electrodes in order to create good contact, and the
temperature of the sample was controlled by a Novocontrol Quatro
Cryosystem with flowing nitrogen gas.

3. Results and discussion

Powder XRD pattern for Liy_yLasHf,_,Tax01, (x=0.1-0.6) series
after their final heating stage are presented in Fig. 1. A small

13000 —

Li7_XLa3Hf2_xTaxO .

Intensity / arb. units

20 30 40 50 60 70 80
20/ degree

Fig. 1. Powder XRD pattern of Li;_xLasHf; ,Tay012 (x=0.2-0.6) after sintering at
1130°C for 48 h.

impurity peak is observed at 20.3° for x=0.2; it is due to forma-
tion of the Li,ZrO3; phase (marked by * in Fig. 1). A few additional
weak reflections were visible in some samples at <1% of the main
peak intensity that could not be clearly identified, corresponding
to a small impurity. Otherwise, all the XRD patterns are virtually
identical and could be indexed to the cubic garnet framework in
space group Ia-3d. Our samples do not show any additional diffrac-
tion lines due to tetragonal symmetry, as reported recently for
Li;LazM5015 (M =Zr,Sn)[7,8]. Murugan et al. [9] have stabilized the
cubic polycrystalline phase of nominal composition LiyLazZr,01;
by conventional solid-state reaction in an alumina crucible at high
temperature (1200 °C).
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Fig. 2. Observed (red dots), calculated (black line) and difference XRD pattern (blue line) collected from LigsLazHf; sTaps012 at room temperature. The lower green tick
marks indicate allowed Bragg reflections from the garnet phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)
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Table 1
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Structural parameters, activation energy, and total ionic conductivity for Li;_yLasHf,_yTayO1>.

Li;_yLasHf; yTayO12 Lattice parameter, Ry RBragg Relative Activation Total conductivity
a(A) density, % energy, E, (eV) (Sem~')at22°C
x=0.2 12.9439(7) 5.27 7.29 92.1 158 x 10*
x=03 12.9399(8) 7.94 9.63 924 0.448 1.83x 104
x=0.4 12.9362(4) 7.77 9.21 92.5 0.440 2.99 x 1074
x=0.45 12.9330(2) 5.61 8.11 93.2 0.438 3.45x 1074
x=05 12.9298(2) 7.19 11.0 93.3 0.465 2.61x10°*
x=0.55 12.9257(2) 5.14 7.07 90.3 2.21x10°*
x=0.6 12.9275(3) 7.54 11.2 88 0.471 220x 1074

Refinement of the XRD patterns was carried out by simultane-
ously varying parameters that include the overall structure factor,
background parameters, unit cell, profile parameters, and isotropic
thermal parameters; the Ta (V) ion was taken to be in Hf (IV) sites.
The typical observed XRD patterns along with the calculated pat-
tern are shown Fig. 2. The goodness of the profile refinements were
determined from the R values, given in Table 1. A decrease in lattice
parameter is observed with an increase in Ta substitution, which is
consistent with the substitution of the smaller Ta (V) (ionic radius,
r=0.68 A in VI coordination) for the larger Hf (IV) (r=0.97 A in VI
coordination ion). Hence, our XRD results indicate that doping of
the cubic garnet structure with Ta was successfully achieved in the
composition range x=0.2-0.6.

The density of the pellets has a direct effect on the bulk con-
ductivity. High density indicates the presence of relatively thin
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Fig. 3. (a) AC impedance of Li;_yLasHf; 4Tay012 (x=0.2-0.6) at room temperature
from 10 MHz to 10 Hz. The inset shows the high frequency tail measured from 1 MHz
to 3 GHz. (b) ACimpedance spectra of Lig s LagHf; 5Tag 5012 (x=0.5) at =50 and 100 °C
with fitting data.

grain boundaries. For members of the series Li;_yLasHf;_,TaxOq;
(x=0.1-0.6), the highest relative densities were observed for
Ta=0.45 and 0.5 (see Table 1); it is, therefore, expected that the
highest total lithium conductivity would be observed for these
compositions.

The Nyquist plots at room temperature for the series are pre-
sented in Fig. 3a. The shapes of the impedance plots are similar
to those previously reported for garnet-type materials, and the
appearance of a low-frequency tail (high Z' values) indicates block-
ing of the mobile ions by the Au electrodes in these materials.
The impedance spectra were fitted to an equivalent circuit, and
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Fig.4. (a) A plot of total conductivity at room temperature versus Ta concentration.
(b) The Arrhenius plot for lithium ion conductivity of the LigssLaszHf}.55Tag4s5012
sample. The black circles represent the data and the red line is the fit to the data. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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resistance and capacitance values were extracted for the bulk, grain
boundary and electrodes, separately. Fig. 3b shows an example for
the x=0.5 sample at —50 and 20°C. The geometrical capacitance
of the Ry, was calculated to be ~10-'2Fcm~2, where R, has been
assigned to represent the bulk resistance. For the intermediate-
frequency arc Ry, and low-frequency R, the capacitance values
are ~107'9Fcm=2 and ~10-8 Fcm™2 respectively. With increas-
ing temperature from —50 to 20 °C (Fig. 3b), the contribution of the
grain-boundary resistance becomes smaller and the first intercept
with the real axis at high frequency moves from ~3.1 kHz at —50°C
to 484 kHz at 20°C, which reflects the enhanced Li ion mobility
in the bulk at higher temperature. The bulk conductivities (oy;) of
pellets of Li;_yLasHf;_4TaxO1; (x=0.1-0.6) observed at room tem-
perature were attained by fitting the impedance spectra; they are
tabulated in Table 1. A plot of the bulk conductivity versus molar
Ta concentration, X, in nominal Liy_yLasHf,_,Tax0q, is presented in
Fig. 4a. The ionic conductivity is highest for the composition x =0.45
and is of the same order as that previously reported for the nomi-
nal Li;La3Zr, 01, structure [7]. The temperature dependence of the
bulk lithium-ion conductivity of Ligs5LasHf 55Tag 4501, material
prepared by solid state synthesis is shown in Fig. 4b; it can be
expressed by the Arrhenius equation.

o= 2ex (_—E“)
T p kBT

where o is the ionic conductivity, T the absolute temperature, A
the pre-exponential constant, kg the Boltzmann constant, and E,
the activation energy for the ionic conductivity. E, was determined
from the slope of the log (o T) versus 1/T plot. The calculated E, in
the temperature range of —50-100 °C for the different Ta concen-
trations is given in Table 1.

Previous studies of Li* transport in the garnet framework have
suggested that the octahedral site (M =Hf, Ta) of the framework
controls the relative Li* occupancies of the interstitial tetrahe-
dral and octahedral sites [9-14]. Li self-diffusion in the garnet
framework can be probed directly by diffusion-controlled 7Li
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Fig. 5. Static ’Li NMR spectra of Li;_yLasHf;_4Ta,O1, (x=0.2-0.6). The spectra show
the minimum line width at x=0.5.

spin-lattice relaxation. 7Li NMR spectra of Liy_yLazHf,_,TaxO12
(x=0.2-0.6) are presented in Fig. 5 as a function of the Ta substitu-
tion level, x. The static 7Li NMR spectra display a central transition
(—1/2 — 1/2) resonance at 0.1 ppm, whose ’Li resonance position is
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Fig. 6. (a) Static ’Li NMR spectra of Lig sLasHf; s Tag 5012 as a function of temperature. (b) The line shape is fit as a sum of broad (Gaussian) and narrow (Lorentzian) component

associated with fixed (slow) and mobile (fast) lithium ion domains.
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Fig.7. Temperature dependence of the concentration of fast lithium ions, Ay, in static
7Li NMR spectra of Lig sLasHf; 5Tag5012.
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Fig. 8. Line width (FWHM) of 7Li static (M) and MAS (O) NMR spectra of
Li;_yLazHf,_,Ta,O1; as a function of x. The ’Li MAS NMR FWHM are reduced a fac-
tor of ca. 4 relative to those of static spectra due to the absence of heterogeneous
broadening. Both static and MAS spectra show the narrowest line width at x=0.5.
The fraction of highly mobile lithium ion, A{(*) plotted separately, peaks at the same
composition.

insensitive to the composition change of the solid electrolyte. The
line width at half maximum height, FWHM, shows a minimum
value at x=0.5 that increases as x varies from this optimally nar-
row value. FWHM is a monitor on Li-ion mobility as a function of
temperature in garnet materials [15,16]. The temperature depen-
dence of the 7Li resonance of LigsLasHf; 5Tags012 is shown in
Fig. 6a. Here it is clear from the line shape that the resonance is
a composite of a broad and a narrow component, which can be
assigned to ’Li populations with higher and lower ion mobilities.
Fig. 6b-d shows representative deconvolutions of the composite
line shape. The fractions of fast and slow Li ions in the sample can
be determined by fitting the spectra as the sum of two compo-
nents with Lorentzian (fast) and Gaussian (slow) line shapes. The
fraction of the more mobile component, Ay, is plotted in Fig. 7. A¢
increases linearly with temperature over the temperature range
investigated.

The FWHM of the static “Li spectra of Fig. 5 are plotted in
Fig. 8, along with the FWHM determined from the MAS spectra (not
shown). The MAS line widths are reduced a factor of ca. 4 from the
static spectra, but otherwise they show the same response as a func-
tion of Ta substitution level. Afis compared with the line widths for
the composition series. The minimum in FWHM and maximum in
Aroccur concurrently and show that the greatest lithium ion mobil-
ity occurs for the composition with x=0.5. Based on FWHM, x=0.5
shows the narrowest line width, indicating that bulk Li mobility
is highest for this concentration of Ta. This is in contrast to the
impedance data, which showed the highest ionic conductivity for
Ta=0.45. However, the NMR data were taken on powder samples
and represent the bulk o; whereas the impedance data reflects the
total oy; including both the bulk and grain-boundary contributions.

4. Conclusion

The effect on the Li* conductivity of pentavalent Ta substitution
for tetravalent Hf in nominal Li;_yLasHf,_4Tax0O1; has revealed an
optimum Ta concentration per formula unit of x=0.45 for a total
Li* conductivity of 3.45 x 10~4Scm~! at room temperature (22 °C)
whereas NMR data gave an optimum x = 0.5 for the bulk conductiv-
ity. The maximum Li conductivity in this system is smaller than that
in nominal Liy_yxLaszZr,_,TaxO1; but it occurs in the same narrow
range of x where the neutron data [4] indicate that short-range
order of the Li* ions in the interstitial space is initiated. We sug-
gest that the two types of Li* mobility observed by NMR reflect
a progressive transition from short-range order to disorder with
increasing temperature near room temperature.
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