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Abstract We present a novel strategy to synthesize pure cubic garnet LizLazZr, O,
solid electrolyte at a relatively low temperature (700 °C) by two steps. During
the process of obtaining Li;La3Zr,O,,, the 8a oxygen vacancy in pyrochlore of
LayZr,O; was used to occupy the “Lil” 8a site which the information of tetrag-
onal phase Li;La3Zr, 01, requires lithium occupation. The lithium ion conductivity
of the obtained cubic garnet Li;La3Zr,O; as high as 1.7 x 10 S cm™! at room
temperature is consistent with the order of record conductivity in the literatures.
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1 Introduction

Solid-state electrolytes play an important role in power batteries that have large
electrochemical windows, high energy densities and good electrochemical stabili-
ties [1-4]. Among the oxide solid Li-ionic electrolytes, cubic garnets with nominal
composition of Li;La3Zr,O;, (LLZO) have been extensively studied as one of the
most promising candidate materials having high conductivities (~10~> S cm™') at
ambient temperature. The garnet-type LLZO was first reported by Murugan in 2007
[5]. It has two different crystal structures [6], one cubic termed as LLZO,, and the
other tetragonal termed as LLZO;. It has been pointed out that LLZO, exhibits ionic
conductivity two orders of magnitude higher than that of LLZO;. Furthermore, in
the process of synthesizing LLZO,, there is always the existence of LLZO,, which
limits its application in solid state lithium ion batteries [7]. Therefore, many efforts
have been devoted to developing single-phase LLZO..

Modified synthesis method and supervalent doping were considered as the main
manners to stabilize the cubic crystal structure [8—11]. Hang et al. investigated the
impact of temperatures on LLZO, synthesized with traditional solid state method, and
found that the sintering temperature determines phase composition, and LLZO, was
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obtained when the temperature is above 1150 °C [12]. Subsequently, Rosenkiewitz
et al. prepared LLZO, successfully by wet chemical techniques at 1000 °C [13].
Meanwhile, the supervalent doping was also effective in achieving the LLZOc.
Thompson et al. showed the effect of substituting Ta>* for Zr** on obtaining LLZO,,
and demonstrated that 0.25 mol of Li vacancies per formula unit contributes to
forming LLZO, [14]. Previous works have been mostly focused on modifying
synthesis method and creating of Li vacancies by supervalent doping. However, these
strategies take the way of changing tetragonal to cubic phase, instead of intrinsically
avoiding the formation of tetragonal phase.

Herein, we report a novel strategy to directly obtain LLZO, by controlling the
oxygen vacancy at 8a site in pyrochlore La;Zr,O7. As is well known, the 8a site in
LLZO is an important Li vacancy resulting in the formation of LLZO,. If introduced
a positive charge at the 8a position in LLZO, it can effectively prevent the Li ion
occupying the 8a position and avoid from forming LLZO;. Using such strategy in
this work, we obtained pure LLZO, successfully. Compared to traditional methods
to synthesize LLZO,, our method features pure LLZO, obtaining by avoiding the
generation of LLZO, and processing at a relatively low temperature. The LLZO,
synthesized using our method demonstrates a decent lithium ionic conductivity of
3.7 x 10* S cm™! for grain and 1.7 x 10* S cm™! for overall.

2 Experimental Section

Chemicals: ZrOCl,-8H,0, La(NO3)3, LiNO3 and NH3-H, O were of analytical grade
and purchased from Sigma-Aldrich, with 99.9% purity. Deionized water was used
in all the experimental process.

Synthesis: Precursor A was prepared from ZrOCl,-8H,0O and La(NOs3)3, with
molar ration of La3*:Zr** = 1:1. First, the two solution were mixed together and
stirred for 10 min. Then, the mixture solution was added to dilute ammonia (ammonia:
water = 1:2, volume ratio) with a titration rate of one drop per second. Under
controlled pH = 10-11 with continuous stirring, a white complex precursor hydroxyl
sol was formed, which could be represented as La(OH)3;-Zr(OH)4-nH,O. It was then
washed several times by centrifuge under a speed of 3000 r/min to remove Cl~.
After being air-dried at 120 °C, the precursor A became dry powders. Precursor B
was synthesized by hand-grinding 1 g of the single-source precursor A and 9 g of
nitrate salt (6 g LiNO3 and 3 g La(NOs3)3) with an agate mortar and pestle for a few
minutes till fully mixed. The mixture was transferred into a covered nickel crucible
and heated to a setting temperature for some time, then cooled to room temperature
naturally. The hot ultrapure water was used to wash the product for separation and
purification. After drying in an oven at 120 °C for some time, the target nano-powders,
LLZO,, were obtained. The illustration of the process and formation mechanism of
the LLZO, was shown in Fig. 1. In order to research their electrical performance,
the LLZO, powders were pressed into pellets by universal testing machine under
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Fig. 1 Illustration of the process and formation mechanism of the LLZO,

200 MPa. The pellets were covered with LLZO, powders to compensate possible
loss of lithium, and finally annealed at 1200 °C for 6 h in an alumina crucible.

Characterization: The crystal structure and phase purity of the samples were
examined by means of X-ray Powder Diffraction using Bruker AXS D8-Focus
with Ni filtered Cu Ka radiation (A = 0.154056 nm). Raman spectra were obtained
using Thermo Fisher Scientific Inc 5225 Verona Rd (USA) with a laser wavelength
(780 nm) and the spectra were collected in an extended regime in the range of
100-600 cm™!. X-ray photoelectron spectroscopy (XPS) was carried out at bending
magnet beamline 9.3.2 at the Advanced Light Source (ALS) in the Lawrence Berkeley
National Laboratory (LBNL). XPS data of Li 1s, C 1s, O 1s, Zr 3d and La 4d were
collected at 640 eV from the top surface of LLZO samples in ultrahigh vacuum
with a sampling size of 1 mm in diameter. Binding energy correction of spectra
was done by calibrating to the C 1s photoemission peak of adventitious hydrocar-
bons at 285 eV. The overview of the morphology and the grain size was checked by
Field Emission Scanning Electron Microscope (FESEM; HITACHI SU8010). Elec-
trical conductivity measurements were performed on the prepared circular pellets
using Li-ion blocking Au-electrodes (Au pulp covering the pellets was cured at
550 °C for 30 min) over the room temperature using AC impedance spectroscopy
(Soartron1287A/1260A, 10 mV; 0.1 Hz—-1 MHz).

3 Result and Discussion

According to the strategy of obtaining LLZO, by use of oxygen vacancy, the
pyrochlore La,Zr,O; (LZOp) was an important intermediate product in this method.
In order to characterize the process of phase transformation, XRD and micro-Raman
spectroscopic were examined. Figure 2a shows the XRD patterns of the samples
prepared at different temperature for 48 h. We found that the LZOp can be obtained
at 600 °C which have two additional characteristic peaks (331) and (511) used to
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Fig. 2 XRD plots and Raman spectra of samples calcined at different temperature for 48 h

distinguish the defect fluorite from the pyrochlore [15]. When the calcination temper-
ature is lower than 600 °C, only superlattice diffraction peaks of fluorite La,Zr,O;
(LZOg) were observed at 500 °C. While the temperature approaches to 700 °C, we
found LZOp phase disappear, and a new phase of cubic garnet-type LLZO emerged.

3.1 Raman Spectroscopy

Raman spectroscopy is sensitive to metal-oxygen vibrational modes which can be
used to distinguish the LZOg, LZOp and the phase purity of the LLZO, [16, 17].
To further confirm the phase structure, Raman was examined in Fig. 2b. It can be
observed that there is only one peak E, at 500 °C which could be described as
defect fluorite (LZOg). From 500 to 600 °C, F, and A, were detected and Eg band
became sharp. It indicated that the LZO was pure defect fluorite at 500 °C and pure
pyrochlore at 600 °C. However, at 700 °C the wavenumbers 107 (Tag), 211 (T3g), 302
(T2g) and 401 (Ey/T»,) appeared, demonstrating the formation of pure cubic garnet
structure with 143d space group. Raman spectroscopy results showed that the LZOg
transformed to LZOp from 500 to 600 °C and to LLZO,. from 600 to 700 °C, which
is in good agreement with the XRD results.

3.2 XRD and FESEM Analysis

After sintering at 1200 °C for 6 h for the LLZO, pellet, XRD and FESEM analysis
were performed to characterize the phase stability, and grain size distribution (Fig. 3).
From Fig. 3a, it can be seen that the LLZO, remains cubic garnet structure. Figure 3b
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Fig.3 a XRD patterns of LLZO,, pellet calcined at 1200 °C for 6 h, b FESEM of fracture surface of
calcined LLZO, pellet, ¢ particle size distribution of calcined LLZOc pellet, d a higher magnification
micrograph of calcined LLZO, pellet

showed FESEM image of fracture surface of LLZO, pellet. In Fig. 3b, we observed
the irregular block with the typical grain size distribution of 14-35 wm. At the same
time, we recognize relatively low porosity, similar grain sizes were conducive to
the conduction of Li ions [18]. The corresponding size distribution of LLZOc was
shown in Fig. 3c. The average diameter of LLZO, grains were approximately 23 p.m.
Figure 3d showed a higher magnification micrograph of grains and grain boundary.
The grain and grain boundary can be clearly distinguished which had a significance
to analysis of response to electrical signal for the following AC impedance test [19].

XPS analysis was used to further understand the changes in the oxygen vacancies
and binding energy of LZOp and LLZO, pellet surface. The spectra of O 1s, Zr 3d,
La 4d and Li 1s are shown in Fig. 4. From Fig. 4a, it can be seen that the O 1s have
two obvious satellite peaks at 529.1 eV and 53.4 eV of LZOp which corresponds
to two oxygen sites at 48f and 8b, respectively [20]. The change in the O 1s XPS
spectra from LZOp to LLZO, could be attributed to the structural transform from
cubic pyrochlore to cubic garnet. While, it is noted that there is almost no change
of Zr 3d and La 4d spectra in Fig. 4b, c. In general, the disorder of oxygen ions or
oxygen vacancies will cause the La—O-La and Zr-O-Zr to change [20-22]. This
can be explained by the ordered 8a oxygen vacancies of LZOp which are left in
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Fig. 4 a O 1s,b Zr 3d, ¢ La 4d and d Li 1s XPS data collected from LZOp and LLZO¢ pellet
surfaces

the LLZO, during the transition from LZOp to LLZO,, just like genetic inheritance.
These genetic 8a oxygen vacancies are the key to prevent the formation of LLZO, and
result in the LLZO, formation. Besides, we further observed weak peak at 52.6 eV
of Li 1s for LZOp in Fig. 4d which demonstrated that a small amount of Li—O bond
is present in the LZOp at 600 °C. After obtaining LLZO, at 700 °C, Li 1s peak
exhibited a sharper peak and shifted to a higher binding energy from 52.6 to 55 eV.
It could be a possible reason for forming strong Li—O bond and expansion of cell
parameters after Li embedding into the space of LZOp. Therefore, it can be inferred
from the XPS results that LLZO, inherited the 8a oxygen vacancies in LZOp, which
can prevent the formation of tetragonal phase and directly obtain the cubic phase of
LLZO.

3.3 The Formation Process from LZOF Transformed
to LLZOc

According to XRD, Raman and XPS results, the schematic of the formation process
from LZOg transformed to LLZO, can be illustrated in Fig. 5. For LLZO, there are
three different Li sites: “Lil” (8a) site occupied the center of tetrahedral, “Li2” (16f)
site and “Li3” (32 g) site occupied the center of two different distorted octahedral
[23]. In contrast, there are only two different Li sites in LLZO,.: “Lil” (24d) site
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Fig. 5 Schematic of the process formation from LZOF transformed to LLZO¢

occupied the center of tetrahedral and “Li2” (96 h) site occupied the center of distorted
octahedral [24]. Therefore, different Li site means different structure and phase of
LLZO crystal. In this work, we use oxygen vacancy occupying 8a site to hinder
the formation of LLZO, and contribute to obtain the LLZO. by use of pyrochlore
LayZr, 07 (LZOp).

As illustrated in Fig. 5, LLZO, was obtained as follows: (a) the defect fluorite
LayZr,O; (LZOg) consists of 4 La occupied the 16d site, 4 Zr occupied the 16c
site, 14 O occupied the 48f and 8b sites, and disordered oxygen vacancies; (b) after
heating at 600 °C, the disordered oxygen vacancies located at 8a and the defect
fluorite La,Zr,O7 (LZOg) transformed to LZOp; (c) when the temperature increases
to 700 °C, the introduced Li occupied at 24d and 96 h, leading to and the formaiton
of LLZO,. Therefore, we propose that oxygen vacancies are formed in LZOg first,
then disordered and migrated to 8a position, giving rise to LZOp. At last, the Li
embedded into the space outside the 8a position, enabling the formation of LLZO..
The process of forming LLZO, is shown in Fig. 5d—f.

3.4 AC Impedance Spectroscopy Analysis

The ionic conductivity of LLZO, at ambient temperature was determined by AC
impedance spectroscopy of sintered pellet with attached symmetrical Au electrodes.
A typical Nyquist plot of the LLZO, pellet measured at ambient temperature was
displayed in Fig. 6a. The impedance data were fitted with an equivalent circuit shown
in the inset of Fig. 6a. The grains resistance and grain boundary resistance are repre-
sented as Rg and Rgb in the equivalent circuit. Constant phase elements (CPE) were
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Fig. 6 aNyquistplot of a LLZO. pellet with Au electrodes measured at room temperature. b Arrhe-
nius plot for frequency of the bulk ionic conductivity of LLZO,. (Inset) Measurement schematic
displaying LLZO, pellet

used to fit [25]. The formula o = d/(A - R) was used to calculate the lithium ionic
conductivity 6. Where d is the thickness of pellet, A is the area of Au electrodes and R
is the value of fitted resistance by CPE [4]. The measurements showed an offset of the
impedance response at high frequencies, a semicircle for intermediate frequencies,
and a tail for low frequencies. We attribute these to grain resistance, grain boundary
resistance, and double layer capacitance due to ion blocking by electrodes, respec-
tively [26]. Arrhenius plot for frequency of the bulk ionic conductivity of LLZO is
shown in Fig. 6b. Notably, a high ionic conductivity of 3.7 x 10™* S cm™! for grain
and 1.7 x 10~* S cm™! for overall, which is in good agreement with the literature [8,
10]. Compared with the modified synthesis method and supervalent doping method,
the control of oxygen vacancy is a novel strategy to obtain pure LLZO, with high
ionic conductivity.

4 Conclusion

In summary, we prepared pure LLZO, by utilize of oxygen vacancy of LZOp at
700 °C for the first time. In this process, we used oxygen vacancy occupied 8a site
use of LZOp which formed LLZO, of L1 site, and then the introduced Li occupied
24d and 96 h site and formed LLZO,. Through this novel strategy, we can directly
obtain pure phase LLZO, at lower temperature (700 °C), rather than the LLZO, by the
traditional method. When the LLZO, was used as solid Li-ionic solid electrolytes, it
exhibited a high conductivity of 1.7 x 10 S cm~!. In a word, this method provided
a new idea for the synthesis of solid electrolyte materials with high ionic mobility.
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