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Al203 crucible is commonly used during the sintering process of LizLasZr2012 pellets, which always
introduces unintentional Al-containing impurities to the final product. Rare investigations are focused
on the mechanism of this crucible contamination up to now. Based on the study in this work, it is found
that the extra Li2COs in the LizLasZr2012 powder is a crucial factor in forming this kind of Al-containing
impurities in the obtained pellets. The pyrolytic Li2O from Li2COs will react with Al2Os3 at high
temperature, forming liquid Li-Al-O eutectic and further promoting the dissolution of aluminum oxide
crucible. Besides, the extra Li2COs can also affect the compactness and the distribution of Al element in
the pellets, resulting in crystal structure transformation.
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1. INTRODUCTION

Nowadays, replacing the flammable organic liquid electrolyte with much safer inorganic solid-
state electrolyte is considered as an effective way to solve the safety issues encountered by lithium ion
batteries [1-3]. Among all solid electrolytes, Li-containing garnet LizLasZr.O12 (LLZO) has attracted
widest attention due to its relatively high conductivity, chemical stability to metallic lithium and wide
electrochemical stability voltage window [4-5]. LLZO is usually synthesized by traditional solid-state
reaction method due to the scalable synthesis process and low cost. However, the products from solid-
state method exhibit low reproducibility and controllability, arise from the volatilization of Li sources at
higher temperatures [6] or uncontrollable Al contamination from crucible [7-8]. Usually, adding over-
stoichiometric Li sources in the sintering process is considered as an effective strategy to offset the Li
loss [6], however, when it comes to Al20s crucible contamination, no helpful methods have been
reported due to the unclear reaction mechanism between the sample and crucible. It is commonly agreed
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in previous works that amorphous Li-Al-O phase will generate during high-temperature sintering process
[9-14] along with the formation of LiIAIO2 and LiAlsOs impurities. Understanding the generation process
and effecting factors of the formed Li-Al-O eutectic is vital in figuring out the crucible contamination
mechanism, which is also helpful in realizing the performance repeatability of LLZO by solid-state
method.

In this work, we tried to investigate the role of Li2COs in this kind of crucible contamination. It
is reported before [15-16] that Li2COs can be generated under humid air based on the following
equations, so we put the LLZO powder under humid environment for 5 days and employ it as the raw
material to prepare LLZO solid electrolyte. Extra Li2COs3 are also added into the inert gas-protected
LLZO powder to obtain pellets.

LisgLaz42116096(s) + H0(g) = LisaLaz4Zr16095(s) + 2LiOH (1)

LiseLaz42116006(s) + CO5(g) = LissLaz4Zr16095(s) + Li,CO5 (2)

2LiOH + C0,(g) = H,0 + Li,CO4 3)

Results from this research indicate that the contamination of crucible is very sensitive to extra
lithium source, while minute dopant of Al in the garnet is beneficial for increasing the electron
conductivity, and higher Al concentration will bring in deteriorated performance of the solid electrolytes.

2. EXPERIMENTAL SECTION

2.1 Synthesis of LLZO powders

The LLZO powders were synthesized by a conventional solid-state reaction. Li2COs (Aladdin,
AR), ZrO2 (Aladdin, 99.99%), and La20Os (Aladdin, 99.99%) were used as raw materials. Before the
synthesis, the small amount of moisture and adsorbed CO2 were removed from La20s3 by heat treatment
at 900 °C for 6 h. The raw materials were mixed according to the stoichiometric ratio of LizLasZr2012,
and 10% excess of lithium source was added to compensate the lithium loss during high-temperature
sintering. The powders were ball milled with isopropyl alcohol (IPA) at a speed of 500 rpm for 24 h,
then dried at 100 °C by using a vacuum drying oven. Pressing the powders into 25mm diameter pellets
and then put the pellets into alumina crucible, sintering the pellets at 900 °C for 12 h and then grinding
the sintered pellets after their cooling down and the obtained powders were stored in argon-filled glove
box.

2.2 Synthesis of LLZO pellet

The as-prepared LLZO powders were divided into four parts, while three of them were added
with 0 wt.% Li2COs, 1 wt.% Li2COs, and 5 wt.% Li2COs under the protection of inert atmosphere,
respectively. The remaining part was exposed directly to moist air (relative humidity is about 70%) for
5 days. The powders were pressed into 15 mm diameter pellets and sintered for 6 h at 1175 °C in an
alumina crucible. The obtained pellets were named as 0%LC-LLZO, 1%L C-LLZO, 5%LC-LLZO and
5D-LLZO, respectively, as shown in scheme 1.
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Scheme 1. The experimental design in this work

2.3 SEM/EDX

Scanning electron microscope (SEM) images were taken by using a Phenom Pro X device to
study the grain size, morphology, and the chemical homogeneity (i.e., the distribution of Al, La, Zr) was
obtained by using an energy-dispersive X-ray spectroscopy (EDX) measurement. For SEM
characterization, the pellets need to be polished with emery paper to clean up the surface of pellets in
advance.

2.4 XRD

X-ray diffraction (XRD) patterns were recorded by an Ultima IV X- diffractometer using Cu K
radiation. Data were collected in a 26 range between 10° and 70°. Special regard was given to the
transformation of crystal structure of LLZO and generation of heterogeneous phases after adding little
Li2COs3 and exposing to moist air. Evaluation of XRD data was performed by Rietveld refinement using
the program GSAS.

2.5 EIS

The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS) using
Autolab (Type: PGSTAT302N). To measure the ionic conductivity of LLZO, Au/LLZ/Au Li-ion
blocking cell was fabricated, where Au was sputtered on both of the top and bottom sides of the sample
and act as ionically blocking electrodes. EIS were recorded with an AC amplitude of 100 mV and a
frequency range from 1 MHz to 1 Hz.
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2.6 ICP

The AIP* concentration of the samples was measured by inductive coupled plasma (ICP) optical
emission spectroscopy (OES) using German Spectro Arcos MV. 50 mg of the samples was dissolved in
concentrated sulfuric acid and diluted to 500 mg L™ to measure the content of AI**. The solution is
diluted 100 times to measure the content of Zr**.

3. RESULTS AND DISCUSSION
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Figure 2. XRD patterns of the obtained powder and pellets

The XRD patterns of the LLZO powders are shown in Figure 2, which can be well indexed by a
typical cubic phase structure with la-3d space group, and the lattice parameter was calculated to a =
12.9803 A by using Rietveld refinement, corresponding well with previous report [17]. As can be seen,
the obtained pellets exhibit different phase structures after second calcination, in detail, the 0%LC-LLZO
and 5D-LLZO pellets can maintain the cubic phase, while the 1%LC-LLZO and 5%LC-LLZO ones
exhibit tetragonal phase with obvious LiAIO2 impurities. It seems that extra Li2COs in the mixture can
affect the stability of the crystal phase of the obtained garnet, prompting the transformation of LLZO
from cubic to tetragonal phase. However, no obvious difference observed for the 5D-LLZO specimen
from the pristine pellet based on the XRD results, might due to the low content of Li2CO:s.
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Figure 3 shows the morphologies of LLZO pellets with different compositions. Generally,
compared with blank 0%LC-LLZO, all of the 5D-LLZ0O, 1%LC-LLZO and 5%LC-LLZO pellets exhibit
more separated particles, resulting in much clear grain boundaries in these samples as seen from Figure
2 panel a to d with dark and alloy-like impurities in-between. SEM-corresponding mapping was also
employed to observe the composition of the impurities, while the distribution map of Al element is
shown in Figure 3e to h. Apparently, the concentration of this kind of impurities increase with more
Li2COs during the second sintering process. Based on XRD results and previous papers [19], this Al-
containing impurity should be LiAIO2, which arise from the reaction between Li2O vapor and Al203
crucible [16]. It can be seen that there is also LIAIO2 impurity formed in 5D-LLZO sample, possibly due
to the reaction between the Li.CO3 formed in moist air [20-23] and alumina crucible, as we discussed in
the introduction. To summarize, LiAlO2 impurity will form in the samples if there are extra Li2COs in
the pellet sintering process, meaning that the extra Li2COs is the main reason for the impurity formation.
Based on the Li20-Al203 phase diagram [24], the molten Li2O will generate from Li2COs at around 1109
°C and then reacted with Al203 to form Li-Al-O eutectic liquid, which has a melting point of 1064 °C. It
can be also found that when no extra Li2COs added in the sintering process, as seen in Figure 3a, there
are also little Al-containing products formed on the surface of the particles, which mainly resulted from
the directly reaction between LLZO and trace Li2O vapor [16]. When there are extra Li2COs existed,
either formed spontaneously or added artificially, the resultant Li-Al-O eutectic liquid as analyzed before
will generate and tend to gather at the grain boundaries, forming uneven distribution of LiAIO:
impurities after the pellets cooled to room temperature [25].

Figure 3. SEM images and the corresponding EDS-mapping of element Al for LLZO pellets obtained
under different conditions: (a,e) 0%LC-LLZO; (b,f) 5D-LLZO; (c,9) 1%LC-LLZO; (d,h) 5%LC-
LLZO;
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Table 1. The elemental concentrations in the pellets determined by ICP and the calculated density data
of the LizLasZr2012 pellets.

Diameter Thickness  Density
Sample ID Al Zr* Mass -
P (cm) ) (cm) (g.cm™)
0%LC-LLZO 0.13 2 1.4148 0.2783 0.0465 3.8069
5D-LLZO 0.29 2 1.3622 0.2746 0.0482 3.9091
1%LC-LLZO 0.47 2 1.4024 0.3055 0.0504 3.9241
5%LC-LLZO 0.48 2 1.4132 0.3027 0.0487 3.9626
* The Zr concentration was fixed to 2.
20.0k 30.0k
(@) ] (b)
16.0k - o 0%LC-LLZO 250k ’ o 5D-LLZO
Fitting line Fitting line
. . 20.0k
Ng 12.0k - Ng
_§ E 15.0k A
7, B0k Y
' ' 10.0k
4.0k 5.0k |
0.0 e T T T 0.0 - %&— T T T T
0.0 4.0k 8.0k 12.0k 16.0k 20.0k 0.0 5.0k 10.0k 15.0k 20.0k 25.0k  30.0k
Z' (ohm-cm?) Z' (ohm-cm?)
100.0k 400k
3k (c) 3K (d)
2k j 12 J
800k, o 1%LC-LLZO o 5%LC-LLZO
Fitting line 300k 4 1k Fitting line
- A2k 3K Ak PR I P v
g 60.0k g
E £ 200k -
E 40.0k - :
20.0k 4
0.0 e‘f::" T T T T 0 \?: T T T
0.0 20.0k 40.0k 60.0k 80.0k 100.0k 0 100k 200k 300k 400k

Z' (ohm-cm?) Z' (ohm-cm?)
Figure 4. Impedance plots of LizLasZr2012 obtained under different conditions. The solid line represents
simulated data with an equivalent circuit consisting of (RgQg)(RgbQgb)(ReiQel)Q (where R
represents resistance, Q is the constant phase element, the subscripts g, gb and el refer to the

grain, grain boundary, and electrode, respectively).

The elemental concentration in the pellets was also detected by ICP and the results are listed in
Table 1. Apparently, the Al content in 0%LC-LLZO, 5D-LLZO, 1%LC-LLZO and 5%LC-LLZO are
increased in the pellets, further confirming the formation of Al-containing compounds. Besides, we
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calculated the density of the obtained pellets based on the measured dimensions and mass, as shown in
Table 1. All the samples with Li2COs in advance (5D-LLZO, 1% LC-LLZO, 5%LC-LLZO) exhibit
slightly higher density compared with the pristine sample, indicating that the formed Li-Al-O may fill
into the grain boundary, resulting in much compact contact of the particles.

The grain and grain boundary resistance of the LizLasZr2012 pellets were determined by AC-
impedance and shown in Figure 4. A partial semicircle appeared in the high-frequency range, a complete
semicircle in the middle-frequency and another semicircle appeared in the low-frequency range were
observed in Nyquist plots for all the samples. The first semicircle at high frequency range can be
attributed to the grain resistance (Rg), while the complete semicircle at middle frequency range ascribes
to the resistance from grain boundary (Rgb). Electronic conductivities of each pellets were calculated
based on equation 4.

oc=d/RA (4)

Where d, A are the thickness and area of the pellets, respectively, and R is the fitted resistance
from the impedance plots. The calculated data are listed in Table 2, while some preliminary results can
be obtained from the conductivity results of the pellets. Compared with the pristine 0%LC-LLZO, the
5D-LLZO sample exhibit the highest grain conductivity, indicating that minute Al-doping can improve
the conductivity of the bulk particle, however, with more Al dopant embedded into the bulk particle, the
grain conductivity decreased. The electronic conductivities of the grain boundary decrease regularly as
more Al-containing impurities detected, indicating the negative effects of these impurities. Anyway,
when it comes to the total electron conductivity of the pellets, it can be seen the 5D-LLZO exhibit the
highest value, indicating proper Al element is helpful in the performance improvement.

Table 2. Impedance data of the LizLasZr2012 pellets

Ograin GOgrain boundary Ototal
Sample ID (Scm™) (Scm™) (Scm™)
0%LC-LLZO  2.38x10° 1.71x10* 2.09x10°
5D-LLZO 3.27x10° 1.02x10* 2.48x10°
1%LC-LLZO 3.18x10° 1.16x10® 1.12x10®
5%LC-LLZO  1.75x10° 1.75x10”7 1.73x1077

4. DISCUSSION

Itis reported in previous papers that the Li-Al-O eutectic liquid have great effects on the sintering
process of final LLZO, resulting in increased pellet density [26-28], which is also verified in this
research. The formed Li-Al-O eutectic liquid formed at the grain boundaries in the pellet sintering
process due to the lower energy sites at the grain boundary for solute atoms than in the bulk. Besides,
the formation of amorphous Li-Al-O phase in the grain boundary can also facilitate the sintering of
LLZO, thus blocking the Li loss at high temperature [29-30].

The extra Li2COs leads to the formation of LiAlO2 impurity, results in denser ceramics, but more
Li2COs also induce phase transformation from cubic phase to tetragonal one. The cubic phase of LLZO
is usually stabilized by strict Li vacancy [31], since extra Al element is helpful in creating Li vacancy,
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more Li vacancy from excess Al element will lead to instability of the cubic phase. Results from our
research suggests that even excess Li2COs is usually added to offset the Li loss during the pellet sintering
process, however, the excess amount should be regulated strictly to balance the pellet density as well as
the cubic phase stabilization.

5. CONCLUSION

In this paper, we made some investigations on the Li2COs3 additives on the performance of LLZO
solid electrolyte. Results indicate that extra Li2COs will increase the formation of Al-contained
impurities, which gathered at the grain boundaries in the sintered electrolyte. The formed Al-contained
impurities have great effects on the morphology as well as the electronic conductivities of the pellets
due to the phase transformation from cubic to tetrahedron, which should be paid more attention in the
electrolyte preparation process. The Al contamination from crucible arise from extra Li2COs will occur
under a lower concentration of Li2COs (exposing the powder in air for 5 days), thus resulting in poor
reproducibility and controllability in LLZO from solid-state synthesis.
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