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1. Abstract

Despite the broad interest in Al-doped lithium lanthanum zirconium oxide (LLZO), the wide range 

of reported ionic conductivities suggests that the effect of processing parameters on the resulting 

phase purity and bulk conductivity is not well understood. Here, we synthesized six separate series 

of LLZO with variations in Al concentration, Li excess, Li addition order, Li source, densification 

method, and mother powder to determine the effect on the composition, phase purity, density, and 

bulk conductivity. We found that a wider range of compositions (6.08-7.61 mol Li, 0.06-0.23 mol 

Al) than previously reported can result in cubic phase stability and that nearly all elements (Li, Al, 

Zr, La) are lost to the MgO crucible during calcination and sintering. The manner in which different 

elements are lost is affected by processing parameters. We observed that Al-doped LLZO shows 

great compositional flexibility in stabilizing the cubic phase, offering an explanation for the range 

of electrochemical performance metrics reported in the literature. 

2. Introduction

Cubic phase Li7-3xAlxLa3Zr2O12 (LLZO-Al) is a promising electrolyte for next-generation 

batteries, due to its high ionic conductivity (~0.75 mS cm-1),1 chemical stability against Li metal,2 

and high fracture strength (~100 MPa) to resist dendrite propagation.1 The resulting interest in 

LLZO has led to the investigation of a large number of synthesis approaches in an effort to 

optimize its properties and inhibit the formation of the low conductivity tetragonal LLZO (t-
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LLZO) phase. Solution-based synthesis methods, such as sol-gel,3,4 Pechini,5 and combustion,6,7 

utilize dissolved precursors, often nitrates, to atomically mix the metal cations before drying and 

calcination.8 In typical solid-state reactions, carbonates, oxides, and hydroxide precursors are 

mixed by dry or wet milling.9–11 These mixtures are calcined at high temperatures of ~750-1130 

°C for at least 4 hours.5,7,10,11 Regardless of the synthesis method, the LLZO powders are then 

densified by pellet pressing and sintering between 900-1230 °C and 40 minutes and 36 hours.12 In 

some cases, sintering aids are introduced.13–16 Clearly, there is a wide variety of parameters that 

can be changed within these three steps of mixing, calcining, and sintering, such as the reaction 

time and temperature, the precursor chemistry, sintering crucibles, and pressure application. 

One major variable of LLZO is the composition. The importance of Al doping was discovered 

by Buschmann, et al. who found that Al from the Al2O3 crucibles diffuses into LLZO, stabilizes 

the high conductivity cubic phase, and forms a Li-Al-O sintering aid.17 Through studies involving 

intentional doping to stabilize cubic phase LLZO (c-LLZO) it is now known that there is a critical 

concentration of vacancies necessary to achieve this cubic phase through supervalent doping (~0.4 

mol of Li vacancies).18,19 This has been demonstrated for numerous supervalent dopants to include 

Al substituting for Li. Since this discovery, the desire to control doping concentrations has led to 

a variety of strategies to avoid direct contact with an Al2O3 crucible through the use of mother 

powder,20 coatings,10 or replacement of the Al2O3 crucible all together with materials such as ZrO2, 

MgO, and Pt.19,21,22 Researchers have established the Al concentration stability window for c-

LLZO to be between 0.17 to 0.4 mol per formula unit and the concentration for maximum 

conductivity between 0.17 to 0.32 mol.10,23–27 At low Al content the t-LLZO phase is stabilized 

while higher concentrations of Al result in Al-rich secondary phases that have primarily been 



4

observed at the grain boundaries.5,10,26,28,29 While Al plays a key role in defining phase stability 

and conductivity, leading to variations in crucible selection, there is a lack of understanding of 

other determining factors of Al concentration. 

In addition to controlling how Al is doped into the LLZO structure during sintering, perceived 

Li losses are generally believed to require the addition of 5-20 wt.% excess Li precursor and 

mother powder during sintering.9,11,17 Huang, et al. qualitatively confirmed that Li loss occurs 

during heating of Ta substituted LLZO at 1250 °C for 2 hours through observation of the formation 

of Li2O on alumina plates above the samples.30 Heyword, et al. tracked the lithium deficient phase 

evolution in in situ X-ray diffraction as a proxy for Li loss and found that as the mol% Li excess 

increased from 10 to 20%, the Li deficient phase evolved at later temperatures (900 ºC vs. no 

appearance as high as 1100 ºC for 1 hour).31 Using inductively coupled plasma mass spectroscopy, 

Wang, et al. observed as much as 99% Li loss with furnace sintered samples and <4% Li loss with 

ultrafast high temperature sintering in Ta-substituted LLZO with 0, 10, and 20% Li excess 

samples.32 For Nb- and Ca-substituted LLZO, Limpert, et al. quantified Li loss of 0.5 mol and 0.17 

mol during 12 hours of 900 °C calcination and 1100 °C sintering, respectively.21 The measured 

losses during sintering were nearly the same when done in either MgO or Al2O3 crucibles (0.169 

mol vs. 0.149 mol). They and Liu, et al., using Ta-substituted LLZO, found that the amount of Al 

substitution increased as the excess Li increased from 0 to 20 wt.% when an Al2O3 crucible was 

used.21,33 The amount of Li loss seems to be independent of excess Li amount, and the conductivity 

(especially grain boundary) was more favorably affected by the use of an Al2O3 crucible than the 

amount of excess Li. This suggests that indeed there is a reaction between Li and alumina that acts 

as both a phase stabilizer and sintering aid. For example, using excess Li and sintering in an Al2O3 
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crucible leads to an increased density from approximately 2.93 to 4.47 g cm-3, which results in an 

increase in total ionic conductivity from 2.48 x 10-6 to 3.66 x 10-4 S cm-1.33 While Li excess is not 

directly correlative with improved conductivity, it is correlative with the expansion of the Al range 

that defines the c-LLZO stability window.7,25 Slightly different results were found in LLZO 

substituted with Ga supervalent doping.34 While Schwab, et al. also observed Li losses, the losses 

depended on Li excess amounts and sintering times; while sintering at 1175 ºC, samples without 

Li excess had no observable Li losses regardless of sintering time and those with 20% Li excess 

had Li losses ranging from 0.57 to 0.94 mol Li with sintering times of 1 to 20 hours.34 Additionally, 

while they also observed Al contamination from the Al2O3 sintering crucible, the Al concentration 

with the sample was independent of the Li excess concentration, unlike the Ta, Nb, and Ca-

substituted samples.21,33,34 These facts emphasize the need to analyze the effects of Li excess on 

LLZO-Al specifically as a function of a variety of synthesis parameters.  

The addition of too much Li can stabilize the lower conducting tetragonal polymorph. In using 

LLZO doped with 0.24 mol Al (nominally Li6.28Al0.24La3Zr2O12), Rangasamy, et al. varied the Li 

concentration in the LLZO synthesis from 5.63 mol to 7.32 mol Li.10 At 6.24 mol Li they found 

that the cubic phase was stable while at 5.63 mol Li, the Li deficient La2Zr2O7 phase was detected 

with c-LLZO, indicating that insufficient Li was present to fully react the precursors or insufficient 

Li was present to account for Li losses in processing. At 7.32 mol Li, t-LLZO was stable, likely 

due to the high Li concentration driving Li ordering within the garnet structure. However, it is 

important to note that in this study the Li represented the total Li in the sample across all present 

phases. Similar findings were observed by Vema, et al. in calcined Li5.92Al0.36La3Zr2O12.29 

Calcined samples with 10% Li excess had 15% t-LLZO while samples without Li excess had no 
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observable tetragonal phase.29 Zhang, et al. observed a similar stability range to Rangasamy, et al. 

and found that 6.35 mol Li corresponded to optimal ionic conductivity.10,35 

In addition to modifying the Li excess, other processing variables have been changed in an effort 

to control the Li concentration in the LLZO during the sintering and densification step. As early 

as the first paper on LLZO, mother powder has been used during the sintering step to mitigate Li 

losses and contamination from Al2O3 crucibles and has since become a common practice.3,5–

7,11,14,17,20–22,34,36 While Cheng, et al. and Huang, et al. investigated the role of different mother 

powders on the resulting densification, phase purity, microstructure, and conductivity of LLZO, 

investigations that quantify the actual Li losses prevented with and without mother powder are not 

known to the authors and, thus, the actual effectiveness of mother powder in preventing Li loss 

and crucible contamination is not known.37,38 This knowledge is especially important when 

considering the material costs associated with the use of the excess powder and the role of crucible 

contamination in affecting the final composition and sinterability of the LLZO. In addition to 

improved densification, pressure-assisted densification methods, such as rapid induction hot-

pressing,10 spark plasma sintering,39 hot isostatic pressing,40 and field assisted sintering41 have 

been pursued as pathways to both improve densification and minimize Li loss due to the 

significantly decreased times required for densification. However, like the role of mother powder, 

investigations into the effectiveness of these methods in minimizing Li losses compared to 

traditional sintering methods is not known to the authors, again, leaving the open question as to 

the effect of pressure-assisted densification on the composition of the resulting garnet. 
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Other unexplored effects of Li include the effect of Li source and Li excess addition timing on 

the final properties of the LLZO. Li precursors for LLZO are commonly Li2CO3 and LiOH, but 

also include LiNO3 and Li2O.9,11,25,42,43 Very few works have investigated the role of the lithium 

source in determining the final properties and composition of the LLZO.31,42 Dermenci, et al. used 

Gibbs free energy and enthalpy of decomposition calculations to determine LiOH to be the lowest 

energy and enthalpy precursor as compared to Li2CO3 and LiNO3, leading to the assumption that 

it was the best option for optimized densification and conductivity.42 In contrast, using 

thermogravimetric analysis, Heywood, et al. determined that both LiOH and LiNO3 decomposed 

~250 ºC below Li2CO3 leading to the assumption that Li2CO3 forms LLZO at lower temperatures, 

making it the ideal precursor for densification and conductivity.31 The limited work and the 

contrasting results among them encourage further investigation into the role of specific precursors 

on the composition, conductivity, structure, and density of the final LLZO products. Additionally, 

while these works suggest the timing of the Li incorporation into the structure is important in 

determining the final product, there have been no other known works that have explicitly 

determined the effects of the Li excess addition timing on the LLZO properties. Of these, only 

Heywood, et al. examined this role directly and found that the addition of the Li excess before 

calcining was more beneficial than directly before sintering, leaving the open question as to the 

effect of the Li excess addition during calcination.31 Though the Li precursor and Li addition 

timing can have an effect on the reaction pathway to Li stuffed LLZO, there has been little work 

focusing on their roles. 

Here we seek to clarify the roles of processing parameters on the composition and bulk 

conductivity of LLZO-Al by deriving LLZO processed in MgO through six separate synthesis 
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series with variations in Al concentration, Li excess, Li addition order, Li source, densification 

method, and mother powder. We performed compositional analysis on all the cations with 

inductively coupled plasma optical emission spectroscopy to provide and track the composition 

variation as a function of synthesis step. Paired with X-ray diffraction, electrochemical impedance 

spectroscopy, and density measurements, we analyzed the effect of composition on phase purity, 

structure, conductivity, and density, leading to a more holistic analysis of the LLZO itself. These 

measurements combined revealed a compositional flexibility of the phase space and conductivity 

of cubic LLZO-Al, as well as determined the effects of MgO crucible on the resulting LLZO 

composition. The results illustrate the importance of evaluating composition and its resulting effect 

on solid electrolyte properties when fabricating batteries. 

3. Materials and Methods

3.1.  Synthesis 

The synthesis steps and process variables are outlined in Figure 1a and b, respectively. It is 

referenced within this section and further explained in 4.1.1. Li7-3xAlxLa3Zr2O12 samples were 

synthesized with nominal values of x = 0.15, 0.25, or 0.35 mol. This range was selected as it was 

sufficient to stabilize the cubic phase (Ia-3d space group) and approached the Al solubility 

window, between 0.17 and 0.40 mol Al (Figure 1b, “Al content”). Samples were prepared from 

precursors of La2O3 (Alfa Aesar, 99.99% purity), ZrO2 (Thermo Scientific, 99% purity), and Al2O3 

(Alpha Resources). The Li source was varied and was either Li2CO3 (Alfa Aesar, 99% purity), 

LiOH•H2O (Sigma-Aldrich, ≥ 98.0%), Li2O2 (Alfa Aesar, 95% purity), Li2O (Alfa Aesar, 99.5%), 

and LiNO3 (Sigma-Aldrich) (Figure 1b, “Li source”). Precursors were combined in stoichiometric 

quantities with either 0 to 15 wt.% excess Li2CO3 or 15 mol% excess Li source (Li2CO3, 

LiOH•H2O, Li2O2, Li2O, LiNO3) (Figure 1a, “Li Addition 1”; Figure 1b “Li2CO3 excess”, “Li 
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addition order”). Precursors were ball milled (U.S. Stoneware) (Figure 1a, first step) in ethanol 

with 2 mm yttria stabilized zirconia milling media in a polypropylene bottle for 20 hours then dried 

under infrared heat lamps for 6 hours. The resulting powders were pressed into 25.4 mm pellets 

using a stainless steel die (SPECAC) at 2 tons. The pellets were then placed in a magnesia crucible 

and calcined for 4 hours at 1000 °C in a tube furnace (STT-1700C-2.5-12, Sentrotech) under 

flowing dry air (Airgas) (Figure 1a, second step). The calcined pellets were then ground and sieved 

to pass through 200 mesh. 0 to 15 wt.% excess Li source was added to the powder and the two 

were ground together in a mortar and pestle for 10 minutes to mix (Figure 1a, “Li Addition 2”; 

Figure 1b, “Li2CO3 excess”, “Li addition order”). The mixed powder was then pressed into 25.4 

mm pellets in a stainless steel die at 2 tons then put in a magnesia crucible and calcined for 4 hours 

at 1000 °C in a tube furnace (Figure 1a, third step). The re-calcined pellets were then ground and 

sieved to pass through 200 mesh. Powders are pelletized for calcination in order to increase 

interfacial contact between different particles for improved diffusion and enhanced rate of solid 

state reaction between the mixed precursors. 

The calcined powders were sintered and densified using one of two methods: pressure-free 

sintering and pressure-assisted rapid induction hot pressing (RIHP) (Figure 1a, fourth step; Figure 

1b, “Densification”). Pressure-free sintering and densification was performed by pressing 13 mm 

pellets from the calcined powders using a stainless steel die (SPEX SamplePrep) at 2 tons. The 

pellets were placed in a magnesia crucible either directly or surrounded by its own mother powder 

(Figure 1b, “Mother powder”). They were then sintered in the crucible for 30 hours at 1225 ºC in 

a tube furnace (STT-1700C-2.5-12, Sentrotech) under flowing dry air (Airgas). Powders that were 
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hot-pressed were densified at 47 MPa and 1225 ºC for 40 minutes. After hot-pressing each billet 

(~12.7 mm in diameter, ~8 mm height) was cut into pellets (~1.0 mm thick) using a diamond saw. 

3.2.  Characterization – Phase Purity, Chemical, Electrochemical

3.2.1. X-Ray Diffraction (XRD)

Powder X-ray diffraction (XRD) was performed using a Rigaku SmartLab equipped with HyPiX 

detector and Cu radiation source with a 2:1 Kα1:Kα2 (λ1 = 1.54056 Å, λ2 = 1.54439 Å) emission 

profile to determine the crystalline phases present after each synthesis step and the crystalline 

phases present in the magnesia crucibles after sintering. Data were collected in the range of 5 ≤ 2θ 

≤ 90º in 0.01º steps with a scan rate of 2º min-1 scan rate. 

Rietveld refinement44 was performed in order to determine the lattice parameter(s) of the LLZO 

phase(s) and to approximate phase purity using TOPAS Academic v7.45 The backgrounds were 

modelled using a 12-fold Chebyshev polynomial. Six phases were used in the refinements: 

Li6.4Al0.2La3Zr2O12 (representing cubic LLZO),46 Li7La3Zr2O12 (representing tetragonal LLZO),47 

La2Zr2O7,48 Li2ZrO3,49 LaAlO3,50 and LiAlO2.51 Cell parameters of each phase were allowed to 

refine with symmetry constraints. A single isotropic atomic displacement parameter per phase was 

refined and a single pseudo-Voigt Thompson-Cox-Hastings peak shape was used for all phases. 

Atomic occupancies and coordinates were not refined.

3.2.2. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

LLZO pellets of each composition were ground using a mortar and pestle. 11.25 mL of a 

25:25:50 ratio of H2SO4:HNO3:H2O was combined with 0.75 mL of 30% H2O2 to digest ~36 mg 

of the pulverized LLZO pellet The sample powder and digesting liquids were combined in a 
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standard 50 mL Teflon vessel which was then placed in a microwave digestor (CEM MARS 6 

Microwave) at 260 °C for 35 minutes.52 The resultant contents were then diluted at a 1:5 ratio with 

deionized water. Compositional make-ups of the digested powders were determined via ICP-OES 

using an iCAP 7400 ICP-OES (Thermo Fisher Scientific). Concentrations were normalized to Zr 

values of 1.98 to account for Hf impurities. 

3.2.3. X-Ray Photoelectron Spectroscopy (XPS)

A SPECS Enviro-ESCA utilizing a 15KV monochromatic Al X-ray source was used in ultra-

high vacuum mode for the X-ray Photoelectron Spectroscopy (XPS) studies. Charge correction 

was performed using adventitious carbon (285.0 eV) to accommodate the charging on the MgO. 

3.2.4. Electrochemical Impedance Spectroscopy (EIS)

Each pellet was sanded with 320, 500, and 1200 grit sandpaper. After sanding, Au was sputtered 

in Ar on each side of each pellet using a custom vacuum chamber at 30 W with a base pressure of 

~4x10-6 Torr to form electrodes. EIS was performed on a sintered sample from each composition 

and processing variation at room temperature. EIS measurements were taken from 7 MHz to 1 Hz 

using a perturbation amplitude of 50 mV. A Bio-Logic SP-300 and EC-Lab V11.43 software were 

used to conduct the EIS measurements. An equivalent circuit was used for modeling the data and 

determining the bulk resistance for each sample. All alpha values for the constant phase element 

of each bulk process were in the range of 0.75 to 1 and χ2 values for the equivalent circuit fits were 

on the order of or less than 10-4. ZView 4 software (Scribner) was used to fit the Nyquist plots and 

results were verified with RelaxIS3 DRT (rhd instruments). Bulk conductivity was calculated from 

the bulk resistance as determined from the equivalent circuit, specific specimen thickness, and the 

electrode area. 
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3.2.5. Density

Pellet densities were determined by taking an average of the thickness and diameter over three 

locations each to calculate the volume of the pellet. The volume was then divided into the mass of 

the pellet to obtain the geometric density. Obtaining density through this method allows for an 

understanding of the porosity, and therefore the ionic conduction pathways, throughout the pellet. 

When determining correlation between different measured materials properties, the Pearson 

correlation coefficient and the distance correlation coefficient were calculated to determine the 

linear and nonlinear dependences.

4. Results and Discussion

4.1.  Synthesis and Processing

4.1.1. Synthesis and Processing Variations

 



13

Figure 1. a) General synthesis processing flow. Labeled black squares are the major processing 

steps. Li addition arrows indicate where the optional Li addition steps occur. Red arrows symbolize 

applied heat. More red arrows indicate higher temperatures. b) Diagram depicting the different 

series of variables explored in this study. Boxes directly connected to the “Synthesis Variables” 

box identify the variable that defines each series. The white boxes connected to each of these 

define the specific variations of the series. 

Several series of Al-doped LLZO were made to explore a variety of processing effects on the 

final composition, phase purity, conductivity, and density of LLZO. Each of the six series is 

represented in Figure 1b and are outlined in the Table of Contents of the Supporting Information 
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(SI). The boxes connected directly to the “Synthesis Variables” box in Figure 1b identify the 

variable that defines each of the series. The separate series are, “Li source,” “Li2CO3 excess,” “Li 

addition order,” “Al content,” “Mother powder,” and “Densification.” The variations within each 

series are detailed in the branching boxes and will be discussed below. There are similarities across 

much of the sample series. All samples follow the general synthesis steps outlined in the schematic 

of Figure 1a of ball milling, two calcinations, then sintering/densification. Unless otherwise stated, 

0.15 mol Al is added to each sample based on recent neutron diffraction and NMR studies 

demonstrating ~0.17 mol Al as the minimum Al concentration needed to form a cubic garnet.26,27,29 

Where Li excess is constant, it is typically chosen to be 15 wt.% Li2CO3 since this is among the 

most common precursors and has been found to be a sufficient Li concentration for high c-LLZO 

phase purity in previous unpublished studies. This Li excess is then typically added in two steps, 

with half of it added at the “Li Addition 1” step and half in “Li Addition 2” step in Figure 1a. Two 

calcination steps with two Li addition steps were chosen as this improved sample purity in previous 

unpublished results. Sintering without pressure in mother powder is chosen as the default sintering 

method unless otherwise stated since it is among the most common sintering methods observed 

for LLZO in the literature. 

The first series is the “Li source” series (Figure 1b). Five different Li precursors were used to 

make LLZO-Al: Li2CO3, LiOH•H2O, LiNO3, Li2O2, and Li2O. These precursors were selected as 

they have a wide range of melting temperatures and decomposition energies to help gain a better 

understanding of Li incorporation mechanisms into and reaction pathway of LLZO. Additionally, 

Li2CO3, LiOH•H2O, and LiNO3 were selected as they are the most commonly used in the literature 

and Li2O was selected as it is the decomposition product for those three precursors. Beyond 
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changing the precursor, all other processing steps were constant: across all samples Li excess was 

set to 15 mol% and added at the “Li addition 1” step (Figure 1a), 0.15 mol of nominal Al was used 

and two calcination steps and pressure-free sintering with mother powder was performed. In this 

case, 15 mol% Li excess was chosen rather than the typical 15 wt.% Li precursor to ensure 

consistent starting Li concentrations between all Li precursors. 

To evaluate the role of excess Li reagent, Li excess is varied to be 0, 10, 15, 20, and 30 wt.% 

Li2CO3. All other processing steps are held constant across the tested samples. The Li excess is 

added in two parts: the first half is added before ball milling (“Li addition 1” in Figure 1a) and the 

second half is added between the two calcination steps (“Li addition 2” in Figure 1a). 

To determine the effect of Li excess addition timing in the reaction pathway to LLZO, three 

different variations are explored for 15 wt.% Li2CO3 in the two step calcination synthesis: addition 

route 1 (7.5/7.5, “7.5/7.5 wt.% Li-exc.”) corresponds to the two step addition, where half of the Li 

excess (7.5 wt.%) is added before the ball-milling step (“Li addition 1”, Figure 1a) and the second 

half of the Li excess (an additional 7.5 wt.%) is added between the calcination steps (“Li addition 

2”, Figure 1a); addition route 2 (0/15, “0/15 wt.% Li-exc.”) indicates a process where all 15 wt.% 

Li2CO3 excess is added between the calcination steps (“Li addition 2”, Figure 1a); and addition 

route 3 (15/0, “15/0 wt.% Li-exc.”) corresponds to all 15 wt.% of the Li2CO3 precursor excess 

added before the ball milling step (Figure 1a, “Li addition 1”). Li excess addition timing is explored 

as previous work by Heywood, et al. suggests that the timing of Li addition impacts the final 

properties of the LLZO.31 However, they only looked at the effect of adding Li excess before 
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sintering and did not evaluate the effect on composition, leaving open questions as to the role of 

Li excess addition timing in the reaction pathway to LLZO and the final Li concentration. 

The Al concentration was varied with nominal values of x = 0.15, 0.25, and 0.35 mol of Al in 

Li7-3xAlxLa3Zr2O12 to determine the effect of Al on the resulting LLZO composition, phase purity, 

conductivity, and density. All other synthesis parameters were held constant: Li2CO3 was used as 

the Li precursor, the Li excess was held to 15 wt.%, a two-calcination process is used where half 

the Li excess is added in each of the two steps outlined in Figure 1a, and pressure-free sintering in 

mother powder is performed.

To determine the effect of mother powder on the phase purity, composition, conductivity, and 

density of LLZO and its role in preventing Li loss, LLZO-Al synthesized from several of the 

LLZO-Al batches above (0, 15, 30 wt.% Li excess; 0/15 and 15/0 wt.% Li excess; 15 mol% Li 

excess; and LLZO with intended 0.25 mol Al) were sintered with and without mother powder 

using Li2CO3 as a precursor. Pressure-free sintering was used in all cases. 

Finally, we explored the effects of sintering with and without pressure on density, composition, 

conductivity, and phase purity. Powder synthesized with 0.15 mol nominal Al and 15 wt.% Li2CO3 

excess, which was added in two equal Li addition steps, was sintered/densified in one of two ways. 

The first way was pressure-free sintering where the LLZO-Al powder was sintered in a tube 

furnace in mother powder at 1225 °C in flowing dry air for 30 hours, which is the standard method 

described above and in Figure 1a. The second method used rapid induction hot-pressing (RIHP) 
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at 1225 °C for 40 minutes in a flowing argon atmosphere with 47 MPa of applied pressure. Argon 

was needed to prevent degradation of the graphite die used for RIHP. 

Given the large volume of data in this study, details of each experimentally measured lattice 

parameters, phase purity, composition, density, and ionic conductivity are presented in the SI. The 

SI table of contents summarizes these data for the reader. Figure 2 shows a representative Nyquist 

plot with the observed spectra (black) and the equivalent circuit fit (blue). The semicircle that is 

used to extrapolate the bulk conductivity is labeled in black. Representative XRD patterns, in this 

case, for the Li source samples, as well as the ICSD patterns for c- and t-LLZO are included for 

reference and are presented in Figure 3 and Figure S1. 

Figure 2. Nyquist plot of LLZO synthesized with LiNO3 precursor at room temperature. Open 

black circles are the observed spectrum, and the blue line is the Z-fit. The semicircle is intended 

to guide the eye and indicates the bulk transport phenomenon through the grains of the LLZO. It 

is labeled with its characteristic frequency at the apex.
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Figure 3. XRD patterns from pulverized and sintered LLZO synthesized from different precursors 

and ICSD standards for t-LLZO and c-LLZO. Tetragonal LLZO pattern is ICSD 246817 and cubic 

LLZO pattern is ICSD 195182.

4.1.2. Role of Li and Al in Determining Phase Stability and Conductivity

Figures 4 shows the correlations between experimentally measured Li and Al concentrations, 

phase stability, and bulk conductivity as a function of processing series where Figure 5 exclusively 

shows the members of each processing series with the highest measured bulk conductivity. The 

black symbols correspond to the ICP determined Li concentration and the red symbols correspond 

to the ICP determined Al concentrations as a function of bulk conductivity from the data from 

Figures S1-S12 and Tables S1-S12. Across nearly all samples, the LLZO phase purity as 

determined by XRD is greater than 98 wt.%. In previous work we have shown that, when 

accounting for these quantities of secondary phases, the composition of the bulk LLZO is 

minimally affected.27 Additionally, previous work by Vema, et al. has shown the Li- and Al-rich 
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secondary phases detected by MAS NMR are significantly decreased and even eliminated when 

using increased annealing times and temperatures of 1200 ºC and 18 hours, leading to all Li and 

>99.1% of Al to reside in the grains of the LLZO.29 In all cases we surpass these sintering times 

and temperatures: we use 1225 ºC and for all samples, except the hot-pressed sample, we sinter 

for 30 hours, suggesting that most, if not all, of the Li and Al reside in the structure of the LLZO 

itself across the samples in our study. Our processing parameters paired with our high LLZO phase 

purity of >98 wt.% across all samples suggests that the ICP compositions are reasonable 

assumptions for the bulk LLZO elemental compositions. The blue regions are the estimated 

tetragonal stability window as defined by the Rietveld results of the XRD performed in this study. 

Surprisingly, the data indicate that the tetragonal LLZO phase is stable when compositions go 

below ~0.06 mol of Al or above ~7.3 mol Li. This concentration of Al is below what is typically 

reported (but not experimentally verified). The white space is the region where cubic phases exist 

at greater than 94 wt.%. The approximate phase boundaries are defined by the dotted lines and 

labeled red for the minimum Al composition necessary to achieve cubic phase stability and black 

for the maximum Li composition allowable for cubic phase stability. 
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Figure 4. Al and Li concentrations (as measured by ICP) as a function of bulk conductivity and 

phase purity from all samples tested in this work. The red symbols are the measured Al 

concentrations and the black symbols are the Li concentrations. Each symbol shape corresponds 

to a specific series of samples as follows: Li concentration series ( ), no mother powder series (

), Li precursor series ( ), Li addition order series ( ), Al concentration series ( ), and pressure-

assisted sintering ( ). The LLZO-Al0.25 7.5/7.5 wt.% Li excess sample (*) was part of the Li 

concentration series, the Li addition order series, the Al concentration series, and represents a 

comparable pressure-free sintering sample to the pressure-assisted sintering sample. Error bars 

indicate the error across all ICP measurements of the given element. Where not visible, the error 
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bars are smaller than the symbol. The blue regions indicate the regions of greater than 5% 

tetragonal phase stability. The white region denotes cubic phase stability of greater than 94% cubic 

stability. The red dotted line indicates the minimum concentration of Al needed for cubic phase 

stability. The black dotted line indicates the maximum concentration of Li allowed for cubic phase 

stability. The black vertical line indicates 0.5 mS cm-1 bulk conductivity. Individual trends are 

shown in the SI. 
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Figure 5. Al and Li concentrations (as measured by ICP) as a function of bulk conductivity and 

phase purity from all samples of the highest conductivities of each processing variation series. The 

red symbols are the Al concentrations and the black symbols are the Li concentrations. Each 

symbol shape corresponds to a specific series of samples. Each symbol shape corresponds to a 

specific series of samples as follows: No mother powder series ( ), Li precursor series ( ), Al 

concentration series ( ), and pressure-assisted sintering ( ).The LLZO-Al0.25 7.5/7.5 wt.% Li 

excess sample (*) was part of the Li concentration series, the Li addition order series, and the Al 

concentration series, and represents a comparable pressure-free sintering sample to the pressure-

assisted sintering sample. It is the highest conductivity of the Li concentration series and Li 

addition order series. Error bars indicate the error across all ICP measurements of the given 

element. Where not visible, the error bars are smaller than the symbol. The blue regions indicate 

the regions of greater than 5% tetragonal phase stability. The white region denotes greater than 

94% cubic phase stability. The red dotted line indicates the minimum concentration of Al needed 

for cubic phase stability. The black dotted line indicates the maximum concentration of Li allowed 

for cubic phase stability. The black vertical line indicates 0.5 mS cm-1 bulk conductivity.

When looking at the aggregate data across all conductivities, there are few clear trends for 

composition, phase purity, and conductivity. Indeed, there are only two samples that showed 

primarily tetragonal stability, with greater than 65 wt.% t-LLZO phase. These correspond to the 

two red stars in Figure 4 with no detectable Al concentration which is reported as 0 mol Al. These 

two samples had lower bulk conductivities, 0.104 mS cm-1 and 0.0597 mS cm-1, relative to the 

highest reported for LLZO-Al, >0.5 mS cm-1. However, the range of conductivities for the mixed 

phase samples of ~20-25 wt.% t-LLZO (0.03 mS cm-1 to 0.695 mS cm-1) and the range of bulk 
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conductivities for the cubic samples with >94 wt.% c-LLZO (0.0039 mS cm-1 to 0.765 mS cm-1) 

are wide and overlap with the conductivity values of the tetragonal samples. While majority 

presence of the cubic phase, and thus some amount of Al in the system, seems to allow for a higher 

bulk conductivity, beyond that there is little correlation between the conductivity and the phase 

stability. In fact, of the three samples that reach among the highest reported bulk conductivities of 

~0.7 mS cm-1, one is mixed phase cubic and tetragonal, and of the samples <0.5 mS cm-1, most are 

>94% cubic phase LLZO. 

From these data, it is clear that despite differences in the final Li and Al concentration, nearly 

all samples resulted in >94 wt.% cubic LLZO (most >98 wt.%). Beyond having the presence of at 

least ~0.06 mol Al in the samples, the actual concentration of Al does not have a clear correlation 

to bulk conductivity when looking at the aggregate of the samples from all experiments (no 

correlation when using the Pearson correlation coefficient and low correlation when considering 

the distance correlation coefficient). This lack of correlation was also observed by Smetaczek, et 

al.53 This is exemplified by the samples with the highest reported bulk conductivity of ~0.7 mS 

cm-1. Though all three of these samples have nearly the same conductivity, their Al concentrations 

range from 0.056 mol Al (~0.1 mol Al loss) to 0.172 mol Al (no detected Al loss). Some of the 

lack of correlation between Al concentration and bulk conductivity could be due to the fact that 

most of the Al concentrations measured in the samples in this study are below the Al solubility 

limit of ~0.35 mol, limiting the effects of secondary phases on conductivity. However, Al has been 

reported to play a role in reducing the conductivity within the cubic phase stability window.23,26,28 

In performing similar experiments, as shown in Figure S10, we observed an increase in the 

conductivity from 0.321 mS cm-1 to 0.600 mS cm-1 as the Al concentration increases from 0.126 
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mol to 0.227 mol, contrary to these previous works. Therefore, while it seems likely that Al does 

play a role in defining the conductivity of the LLZO, there may be other, more important factors, 

like the Li concentration, framework structure, or density, that also contribute to the observed bulk 

conductivity. 

Like the Al concentration, the Li concentration is not correlated to bulk conductivity when 

considering the aggregate of results from all series (either in relation to the Pearson correlation 

coefficient or the distance correlation coefficient). For example, at the highest conductivities 

reached (~0.7 mS cm-1), the Li concentration ranged from 6.12 to 7.22 mol Li. Again, this was 

also observed by Smetaczek, et al. in a microelectrode set up.53 According to the conductivity 

equation (  Ne where N is the number of charge carriers, e is the elementary charge, and  is 

the mobility of the charge carrier), the bulk conductivity should be approximately linearly 

correlated to the number of charge carriers, which was confirmed in previous works.28,54,55 When 

looking at specific series of LLZO created through this work, there were a few instances when the 

Li concentration and bulk conductivity appeared correlated. In the LLZO series made with 

deliberate Al variation (Figure S10) the bulk conductivity increased from 0.32 mS cm-1 to 0.60 mS 

cm-1 as the Li increased from 6.40 mol Li to 6.86 mol Li, following the expected trend stated by 

the conductivity equation. However, when focusing on the Li addition order or Li excess series of 

LLZO, the bulk conductivity did not follow this trend with Li concentration. In the Li addition 

order series, the bulk conductivity decreased from 0.32 mS cm-1 to 0.078 mS cm-1 as the Li 

concentration increased from 6.40 mol Li to 6.87 mol Li. For the Li excess, the bulk conductivity 

jumped two orders of magnitude, from 0.0051 mS cm-1 to 0.32 mS cm-1 between 6.22 mol and 

6.40 mol Li then dropped to ~0.13 mS cm-1 as the concentration increased through 6.92 mol Li, 
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following a similar trend as reported by Zhang, et al. and Dhivya, et al.7,35 These contrasting 

correlations between Li and bulk conductivity observed between different variables repeat what 

was observed in the bulk conductivity relation to Al concentration, i.e. that a number of factors in 

processing can affect the LLZO conductivity and the controlling factor can shift according to the 

processing history of each sample. 
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Figure 6. Composition and conductivity as a function of phase purity for all pressure-free sintered 

samples nominally doped with 0.15 mol Al and 15 wt.% or mol% Li excess. “MP” indicates 

samples sintered in mother powder. “HP” indicates the hot-pressed sample. Red circles ( ) and 

black squares ( ) correspond to the Al and Li concentration, respectively. Purple triangles ( ) 

correspond to the bulk conductivity. Error bars indicate the error across all ICP measurements of 

the given element. Where not visible, the error bars are smaller than the symbol. The dark blue 

rectangle region indicates the samples in that region have primarily tetragonal phase purity (>65 

wt.% t-LLZO). The light blue rectangle region indicates the samples in that region have a mix of 

tetragonal and cubic phase stability (>5 wt.% t-LLZO and <65 wt.% t-LLZO). The white rectangle 

region demarcates the samples with cubic phase stability (>94 wt.% c-LLZO). The light green 

rectangle region demarcates the samples with a mix of cubic and La2Zr2O7 phase purity. The dark 

green region includes the expected or nominal concentrations of Li and Al along with 0.5 mS cm-1 

conductivity. 

To gain a clearer understanding of the overall effects of composition on the phase purity and 

conductivity, Figure 6 shifts focus to the samples designed to have similar Al and Li compositions, 

i.e. the 0.15 mol Al samples with 15 wt.% or 15 mol% Li excess. Data can be found in Tables S1-

S12. The x-axis names each of the different samples whose compositions were analyzed. The red 

circle above each sample corresponds to its measured Al concentration after sintering. The black 

square above each sample corresponds to the Li concentration measured on the sintered pellet. The 

purple triangle above each sample corresponds to the bulk conductivity. Phase stability regions are 

defined by color blocks and determined from Rietveld refinement. The dark blue region labeled 

“tetragonal” includes the samples that stabilized to >65 wt.% of the tetragonal phase. The light 
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blue region labeled “tet + cubic” encompasses the samples that stabilized to a mix of the tetragonal 

and cubic LLZO phases. The mixed stability range is defined by samples with >5 wt.% and <65 

wt.% t-LLZO stability. The white region labeled “cubic” encompasses the samples that stabilized 

to >94 wt.% of the c-LLZO. The light green region labeled “pyro + cubic” highlights the sample 

that stabilized to the cubic phase LLZO with pyrochlore (La2Zr2O7) as a secondary phase. The 

dark green region labeled “expected” shows the nominal concentration of the LLZO. Li 

concentrations both with and without Li excess are shown.  

These samples all share a few key characteristics. First, nearly all the Al concentrations are 

below the nominal 0.15 mol Al, due to losses to the MgO crucible during sintering, which will be 

discussed below. The Al concentration shows clear trends in determining the present phases. 

Generally, above ~0.060 mol Al, the cubic phase is stable as the primary phase. Below 0.060 mol 

both the tetragonal and cubic phases are present. Once no Al is detected in the sample, the primary 

phase is the t-LLZO phase. This contradicts previous work in the literature that determined the 

transition point between t-LLZO and c-LLZO to be ~0.20 mol Al.10,23–27 This deviation from 

previous literature may relate to the measured simultaneous variation in the other constituent 

elements of LLZO and will be discussed below. The mixed phase sample with greater than 0.060 

mol Al has the highest Li concentration measured of these samples (7.61 mol Li). Thus, the Li 

concentration may play some role in defining the phase stability. As stated above, the elevated Li 

concentration of 7.61 mol may induce the ordering necessary for the t-LLZO phase to stabilize. 

While this sample has 5.96 wt.% t-LLZO, on average ~4 wt.% more t-LLZO than those of c-LLZO 

stability, the other samples of mixed phase stability in this subsection of samples have >25 wt.% 

t-LLZO. Therefore, it seems that the Al concentration has a more significant role in defining the 
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cubic stability of the LLZO structure, while the Li concentration can take a wider range while 

maintaining the cubic polymorph. 

While Li losses are occurring, more Li remains than the nominal concentration, i.e. losses are 

typically less than the expected 0.65 mol Li. Nearly all sample compositions fall between the ~7.2 

mol starting amount of Li (accounting for the excess) and the anticipated 6.55 mol Li that is 

nominally designed to be in the system. The samples where Li excess was added in two steps and 

were sintered with traditional sintering had compositions similar to the nominal concentration 

(6.55 mol Li nominal vs. 6.40 mol Li and 6.33 mol Li). Most of the rest of the samples fall in a 

range of 6.67 mol to 7.02 mol Li, with a few outliers above 7 mol Li and below 6.55 mol Li. A 

majority of the cubic samples fall in the range of 6.67 mol to 6.90 mol Li. However, cubic phase 

stability is observed as low as 6.33 mol Li and above 7 mol Li in this subset of samples, which 

falls into the cubic phase stability windows determined by Zhang, et al. and Limpert, et al.21,35 A 

composition of 7 mol Li in LLZO is cited as having substantial Li ordering, leading to a transition 

to the tetragonal phase.35 While the two samples that were primarily tetragonal did have 

compositions of ~7 (both 6.98 mol Li), other samples that were both mixed phase cubic/tetragonal 

and cubic were stable above 7 mol Li. Reported cubic phase stability at Li concentrations as high 

as and upwards of 7 mol have been previously observed.35,56,57 While there are contrasting reports 

on the degree or presence of Li ordering in the cubic phase as Li concentration increases, our work 

combined with the previous findings of Li stability at >7 mol Li suggests that dopant induced 

vacancy formation of Li is not the only strategy that can be used to achieve cubic phase 

stability.21,35 The lack of correlation between Li and Al concentrations observed in this work 

(Figures 4-6) and that of Zhang, et al. and Smetaczek, et al. supports this hypothesis.35,53 The range 
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of Al and Li concentrations that are revealed through compositional analysis suggest that our 

understanding of the structure of LLZO and the role that vacancies and dopant play in determining 

the phase stability and conductivity may be different than what we had previously assumed when 

using the “nominal” concentrations. 

As stated above, the increased Li window beyond 7 mol and beyond that required for charge 

balance with only Al doping paired with the lower Al concentrations than previously reported for 

phase stability (0.06 mol Al vs. ~0.20 mol Al) indicate that charge balancing and the structural 

transition from tetragonal to cubic can be controlled through other mechanisms than just the dopant 

concentration. If Li site vacancies are required for the transition to the cubic phase and maintaining 

charge balance, the vacancies must be introduced through other ways beyond Al doping. It may 

be the case that the vacancies are not as essential as previously believed in stabilizing the cubic 

phase, or it may be that the fluctuation and losses of the Zr, La, and Li during processing (as will 

be discussed further below) contribute to achieving charge balance and cubic phase stability. In all 

cases, it seems that even with cubic phase stability, the compositions of the samples can vary 

widely, perhaps giving insight as to the wide array of electrochemical results that have been 

reported in the literature and giving flexibility in the methods chosen for LLZO processing.12,58 

4.1.3. Relationship of Lattice Constants with Phase Purity, Composition, and Bulk 

Conductivity
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Figure 7. Cubic lattice parameter as a function of wt.% c-LLZO phase present across all samples 

tested in this work. Each symbol shape corresponds to a specific series of samples. Errors are 

reported in the SI and not included as most errors are smaller than the symbol size. Each symbol 

shape corresponds to a specific series of samples as follows: Li concentration series ( ), no 

mother powder series ( ), Li precursor series ( ), Li addition order series ( ), Al concentration 

series ( ), and pressure-assisted sintering ( ). The LLZO-Al0.25 7.5/7.5 wt.% Li excess sample 

(*) was part of the Li concentration series, the Li addition order series, and the Al concentration 

series, and represents a comparable pressure-free sintering sample to the pressure-assisted 

sintering sample. The symbols of the samples where LaAlO3 is detected from XRD are colored 
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red. Where error bars are not visible for the lattice parameters or phase percentage, they are smaller 

than the symbol.

There are a few clear trends across the cubic lattice parameter and the LLZO phase stability. 

This can be observed in Figure 7 and Tables S2, S4, S6, S8, S10, and S12. First, all studied samples 

are >95 wt.% LLZO, showing overall exceptional phase purity. Only 5 samples are <90 wt.% c-

LLZO or >20 wt.% t-LLZO, again displaying remarkably high c-LLZO phase stability across all 

processing and synthesis parameters tested as well as resulting compositions, suggesting, again, 

the favorability of the cubic phase. Second, nearly all samples are clustered in the same cubic 

lattice parameter window of 0.01 Å between 12.964 Å to 12.974 Å. These values align well with 

previous literature.9,17,26,28,58 Therefore all samples of >94 wt.% cubic LLZO can be considered to 

have similar lattice parameters, despite the variation in processing. The only samples that lie 

significantly outside of the 12.964-12.974 Å range are the two samples with >65 wt.% t-LLZO 

stability with lattice parameters of 12.98 Å and 12.99 Å. While this increased c-LLZO lattice 

parameter may indicate a transitional cubic state between the c-LLZO and the t-LLZO, the 

heightened lattice parameter may be an artifact of the heavily overlapping peaks of the t-LLZO 

and the c-LLZO (Figure S13), which would have a greater effect in the majority t-LLZO samples. 

This phenomenon of invariant lattice parameters extends to the lattice constant as a function of the 

Li and Al composition (Figures S14, S15). In both cases, the lattice parameter does not change as 

a function of either the Li or Al concentration. This aligns well with some previous work,28,34 but 

contradicts work by Parascos, et al. that claims a decrease in lattice parameter with an increase in 

Al concentration, though the overall decrease is less than 0.01 Å.26 The constant lattice parameters 

as a function of the processing variation and composition found in this work paired with minimal 



32

changes in previous literature suggest that these variables have little effect on the overall structure 

of the LLZO, perhaps due to the fact that the Al is substituting into an interstitial site rather than a 

framework structure site. Therefore, any changes in composition are likely limited to a change in 

occupancies or local distortions in the lattice, which will be discussed further below. 

Figure 8. Cubic lattice parameter as a function of bulk conductivity across all samples tested in 

this work. Each symbol shape corresponds to a specific series of samples as follows: Li 

concentration series ( ), no mother powder series ( ), Li precursor series ( ), Li addition order 

series ( ), Al concentration series ( ), and pressure-assisted sintering ( ). The LLZO-Al0.25 
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7.5/7.5 wt.% Li excess sample (*) was part of the Li concentration series, the Li addition order 

series, the Al concentration series, and represents a comparable pressure-free sintering sample to 

the pressure-assisted sintering sample. Where error bars are not visible for the lattice parameters, 

they are smaller than the symbol. The blue region is the region in which samples are >25 wt.% t-

LLZO. The white region includes samples with cubic phase stability of greater than 90% c-LLZO. 

Figure 8 is the cubic lattice parameter determined by Rietveld refinement as a function of the 

bulk conductivity for each sample synthesized in this study. Values for both the lattice parameter 

and the bulk conductivity are also shown in Tables S1-S12. As with the phase purity and 

compositions, the lattice parameters are independent of the bulk conductivity. This aligns well 

with previous experimental reports on Al-doped LLZO and computational reports on LLZO doped 

on the La and Zr site.27,59 Since the lattice parameter is defined by the overall framework 

structure,60,61 this suggests that structural framework is not a predictor of the bulk conductivity and 

that changes in the structure that affect the conductivity are likely related to shifts in the local 

structure or occupancies. These shifts will be discussed further below. 

4.2.  Li, Al, La, and Zr Losses in LLZO Processing 

Through extensive experimental studies the results demonstrate significant mass transfer of Li, 

Al, La, and Zr during high temperature synthesis. As a general trend, there are decreases in Li and 

Al concentrations, especially during the sintering phase while decreases in Zr and La are present 

largely during calcination (Figure 9; Figures S1, S3, S6, S8, S10, S12; Tables S1-S6). The Li and 

Al losses can both generally be observed through a decrease in the final composition as compared 

to the intended starting compositions. However, the Zr losses are observed through the increase in 
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Li and Al concentrations during calcination of each sample as illustrated by the black arrows in 

Figure 9. Figure 9 shows this trend in the Li excess series, though it is generally observed across 

all processing series (Figures S1, S3, S6, S8, S10, S12). The reported Li and Al concentrations per 

formula unit (y-axes of Figure 9a and b) are calculated by normalizing the ICP concentration of 

each element by the ICP concentration of Zr. Since gains in Li and Al are not likely, the increase 

in their concentrations during calcination can be attributed to Zr losses. Likewise, the constant La 

concentrations during calcination suggest a relative loss of La during calcination. These combined 

elemental losses result in significant variation in composition compared to nominal starting values, 

but still result in cubic LLZO with high ionic conductivity. These losses are likely occurring to the 

MgO calcination/sintering crucible and are likely facilitated by concentration gradients, Li or Li-

rich secondary phases, and intermediary reaction phases, such as La2Zr2O7 and Li2ZrO3. 

Figure 9. a) Li concentration and b) Al concentration in mol as a function of processing step and 

Li excess concentration. Red boxes correspond to 0 wt.% Li excess, blue boxes to 10 wt.% Li 

excess, purple boxes to 15 wt.% Li excess, green boxes to 20 wt.% Li excess, and yellow boxes to 

30 wt.% Li excess. The processing step from ball milling to sintering progresses from darkest to 
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lightest color in each sample. Dashed lines indicate the nominal Li and Al concentrations. Arrows 

show the increase in Li and Al concentrations through calcination. 

4.2.1. Li Losses 

The 0-30 wt.% Li excess series captures many of the Li loss phenomena that were observed 

across the multiple series in this work and will be examined here to explain the origin of potential 

Li losses during processing. Contrary to findings by Limpert, et al. and Liu, et al. and in line with 

findings by Schwab, et al., the amount of Li lost from the nominal excess amount increases as the 

amount of Li excess increases, as shown in Figure S4.21,33 For example, in the 0 wt.% Li excess, 

~0.17 mol Li is lost from the nominal excess (comparable to the ICP detection limit of ~0.15 mol 

Li) while for 30 wt.% Li excess, ~1.52 mol of Li is lost from the expected nominal Li concentration 

including the excess. The main difference between this work and those of Limpert, et al. and Liu, 

et al. is the dopant.21,33 While Al was the dopant used here, Limpert, et al. and Liu, et al. used Nb 

and Ca co-doping and Ta-doping, respectively. Since the Li and Al precursors would be intermixed 

throughout the pellets, there may be an increased formation of Li-rich liquid phases that would be 

proportional to the amount of Li excess in the system throughout the pellet, which is what is 

roughly observed in Figure S4. Meanwhile in the samples where Al is only diffusing in from the 

crucible, as is the case for Liu, et al. and Limpert, et al., these Li-rich liquid phases associated with 

the Li2O-Al2O3 eutectic phase may be largely reacted into the LLZO by the time the Al diffuses 

throughout the pellet, decreasing the effect of Li loss as a function of Li excess.62 Similar to the 

Al, the Ga substitute is also hypothesized to act as a sintering aid, likely leading to the similar 

results observed between LLZO-Al and LLZO-Ga.34 Overall, this difference in Li loss highlights 

the importance of the effect of doping element on the final properties of the LLZO. While there 
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was still an overall increase in the Li concentration corresponding to the increase in Li excess, the 

amount of Li excess added to a sample to obtain the desired Li concentrations will depend on the 

dopant, i.e. Al, Nb, Ta, Ga, etc. 

Interestingly, when observing samples that were sintered with and without mother powder 

(Figure S8, Table S7), the mother powder does not seem to play a consistent role in preventing Li 

loss. Only the samples where all Li excess was added before ball milling had higher Li 

concentrations when mother powder was used compared to samples sintered without mother 

powder (7.61 mol vs. 6.90 mol Li and 7.27 mol vs. 6.12 mol for Li2CO3 15 mol% Li-excess and 

15/0 Li addition, respectively). In these samples, those sintered in mother powder had higher Li 

compositions than the calcined powder, suggesting that the Li in the mother powder may diffuse 

to the sintering LLZO, though it is not entirely clear why there would be a driving force for Li to 

preferentially diffuse to the sample as the Li concentrations should be the same. The effect of 

comparable increase in Zr loss, as will be discussed below, may impact the observed Li 

concentrations after calcination. For the samples where the Li excess was added in two steps or 

where Li excess was only added between calcinations the samples with and without mother powder 

had similar Li concentrations: their values were within or very close to the error of ±0.15 mol. This 

finding suggests that adding Li between calcination steps can prevent Li loss and negate the need 

for mother powder, at least in relation to Li composition. While the mechanism is not entirely 

clear, it may be that the Li is volatile or more stable in the LLZO when Li excess is added at a later 

stage and that the precursor phase may decrease the driving force for Li migration from the mother 

powder to the samples or increase the loss of Zr from the LLZO. Regardless, it appears that 

effectiveness of mother powder in preventing Li loss is not consistent and may be dependent on 
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the timing of the Li addition, suggesting that multiple processing parameters are affecting the final 

Li concentration beyond the explicit addition of Li or presence of Li mother powder.

4.2.2. Al Losses

Another common observation throughout the series tested above was the decrease in Al 

concentration during sintering. This was particularly noticeable in the loss of all previously 

detectable Al in the LLZO samples made from Li2O2 and Li2O, with 0.079 mol and 0.149 mol Al 

lost, respectively. In previous works on LLZO, either undoped or synthesized with other dopants, 

Al was often observed in the final, sintered product.13,17,21,33,34 The appearance of Al in the samples 

has been attributed to the diffusion Al from the Al2O3 calcination and sintering crucibles.17 Several 

groups noted that an increase in the Li excess correlated to an increase in the amount of Al diffused 

into the LLZO.13,21,33 Limpert, et al. observed an increase from 0 mol Al to 0.550 mol Al for 

samples ranging from 0 wt.% Li excess to 20 wt.% Li excess.21 In the case where there was no 

change in Al concentration with increasing Li excess, the substitute shared the same site as the Al, 

suggesting that the amount of Al uptake was limited by co-occupation of the sites.34 Liu, et al. 

determined that the increase in Al uptake originated from an interaction between the Li salts and 

the Al2O3.33 This aligns with the observation of Li0.5La2Al0.5O4 at the grain boundaries of LLZO-

Ta sintered in Al2O3 by Li, et al. as well as the Li2O-Al2O3 phase diagram produced by Cook, et 

al. that shows liquid phase formation between the two at temperatures as low as 1055 °C.13,62 In 

all above cases where undoped LLZO uptakes Al from the Al2O3 crucible, there is a clear potential 

chemical gradient of Al between the LLZO and the Al2O3, creating a driving force for Al to diffuse 

into the LLZO. 
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In our case, the potential gradient is flipped. Here, the Al concentration is in the LLZO-Al and 

an Al sink is present in the form of the MgO crucible. Al2O3 is only able to form a solid solution 

up to 0.01% with MgO at temperatures close to where we are sintering (1300 °C vs. 1225 °C).63 

While this does not seem significant, the total amount of Al, considering the 0.5 g size of the 

individual pellets, the <0.1 mol Al lost per sample, and the comparatively large size of the MgO 

crucible relative to the pellets, 0.01% solubility could be sufficient to lead to the observed Al losses 

in the LLZO. 

It may be, as hypothesized by Liu, et al., that the Li salts facilitate the diffusion of Al.33 In our 

case, the heightened Li concentrations of 15.60 mol Li and 9.51 mol Li in the twice calcined 

powders of Li2O2 and Li2O, respectively, was correlated to the loss of all Al from the samples 

while Li concentrations of <7 mol Li in the Li2CO3 and LiOH did not lead to any observed Al loss. 

Meanwhile, LiNO3, with a Li concentration between the two at 7.64 mol Li after the second 

calcination, had ~50% Al losses. Across all samples and series, increases in Li concentration in 

the calcined LLZO powders (>~7 mol) led to larger decreases in the Al concentration on sintering 

(i.e. Figure S4 and Figure S6) as compared to calcined samples with <7 mol Li. As mentioned 

above, a similar observation was made by Liu, et al., Limpert, et al., and Li, et al, but with an 

increase in Al concentration in the LLZO with an increase in Li concentration.13,21,33 Interestingly, 

similar results were obtained by Schwab, et al. with LLZO-Ga: they observed Ga loss after 

sintering for more than 10 hours in an Al2O3 crucible in samples with greater than 10% Li excess, 

suggesting a similar loss mechanism for both substitutes.34 These works, combined with our own 

observations, suggest that Li (in the LLZO, in the precursors, or in intermediary phases) plays a 

role in facilitating diffusion of Al. 
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Additionally, the loss of Al is very highly linearly correlated to the Al composition of the LLZO 

after the second calcination. In Figure S10, the Al concentration increasingly drops by more 

significant amounts, 0.058 mol, 0.085 mol, to 0.164 mol, as the Al concentration in the calcined 

powder goes from 0.184 mol, 0.263 mol, to 0.391 mol Al. This may be due to the higher 

concentration gradient of the Al between the LLZO-Al and the MgO crucible, which would be 

predicted to contribute to the greater comparative losses by Fick’s First Law of Diffusion. 

The Al loss in the system is consistently ~0.035 mol Al greater or 1.6 times as much without the 

presence of mother powder as compared to the same samples sintered with mother powder. Based 

on the hypothesis that the loss of Al is due to the concentration gradient between LLZO-Al and 

MgO, this suggests that a mother powder bed between the crucible and pellet can act as a buffer 

layer for this diffusion. The Al will first diffuse from the mother powder, initially protecting the 

pellet from Al loss. However, over time (30 hours) at high temperatures (1225 °C), the mother 

powder will lose enough Al that there will be a concentration gradient at the pellet interface, 

leading to some losses of Al to the MgO through the depleted mother powder. The difference in 

Al in the sintered pellet with and without mother powder provides another piece of evidence to 

suggest that the Al is lost through the interface with the MgO. 

There appear to be minimal Al losses when densification is pursued through hot-pressing in a 

graphite die (Figure S12, Table S11). The lack of Al losses may be due to the change in the material 

directly contacting the LLZO. Carbon is not known to uptake Al, potentially minimizing Al losses 

and emphasizing the importance of material selection when considering sample contact during 
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sintering. Additionally, the decreased sintering time of 40 minutes vs 30 hours could play a role in 

decreasing the Al losses. In summary, not only the choice of surrounding material of the 

sintering/densifying pellet is important, but also the process in which the samples are sintered 

could affect the Al losses in the system. 

4.2.3. Zr and La Losses

In many of the above LLZO series, an increase in the Li and Al is observed through the 

calcination steps. This is clearly illustrated in the Li excess series of LLZO samples. Al is not 

likely to be increasing in the sample as there is no external source to provide Al. While some Li 

increases may be expected at the addition of excess Li between the two calcination steps, the 

observed increases are greater than expected. For example, in the 0/15 Li excess sample of the Li 

addition variation series, the total Li addition is 0.4 mol lower than what is measured after the 

second calcination (Figure S6). As Li is not being added to the LLZO sample to concentrations 

greater than expected values, there must be another reason for the increase. The molar 

concentration of the Li and Al in the samples are determined by normalizing by the ICP detected 

Zr concentration. If the Li and Al are not increasing, the Zr concentration must be decreasing 

during these steps, leading to the rise in the observed Li and Al concentrations. While the Li and 

Al phases increase in concentration, the La concentration remains constant. Since it is likely that 

the concentration of Zr is decreasing as the processing proceeds, the constant La concentration 

indicates La losses may simultaneously be occurring. Interestingly, Schwab, et al., when 

normalizing to the La concentration, observed a decreased Zr concentration after the first 

calcination paired with a constant La concentration in LLZO-Ga, though origins of the losses were 

not known and other measured elements (Li, Ga) did not see the same increases as observed in this 

work.34 In this work, the finalization into the cubic phase and return of Li and Al concentrations 
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to approximately what is expected (if anything, lower than expected for Al), indicates that the Li 

and Al losses “catch up” with the Zr and La losses, and stabilize into the expected LLZO cubic 

phase. 

The loss of Zr may have similar origins as the loss of Al. In cases where the Li excess is larger, 

there appears to be a larger increase in the Li concentration, indicating a larger decrease in Zr 

concentration. For example, in the 0/15 sample of the Li addition variation series, after the first 

calcination, there are no observed Li losses (Figure S6). However, once 15 wt.% Li excess is 

added, the Li composition after the second calcination is ~1.4 mol vs. the added ~1 mol of Li. 

Likewise, in the 15/0 sample of the same series, the Li concentration jumped ~0.6 mol between 

ball milling and the first calcination, when only Li losses are expected. However, after the second 

calcination, there was no change in the Li concentration. The Zr losses appear to be correlated to 

Li excess and happening largely during the calcination steps, suggesting that Zr is lost during the 

reaction of the precursors or the intermediary phases into LLZO and facilitated by Li 

concentration. It is known that the Li2ZrO3 phase is formed as an intermediary to LLZO and is in 

a melt state at the calcination temperature.64 It may be that this phase, or other similar Li- and Zr-

rich phases, are playing a role in the Zr loss.

Since it is highly unlikely that a Zr phase should be subliming, it appears that the MgO crucible 

may again be playing a role in the elemental loss. Looking at the MgO-ZrO2 phase diagram, Zr- 

and Mg-based phases can form solid solutions at temperatures slightly higher than what is reached 

here (>1240 °C). In addition to the possibility that the Zr is lost to the MgO directly, it may also 

be that the Zr-rich liquid phase is left behind in surface crevices of the MgO crucible after 
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calcining. Since the losses of the La are proportional to those of the Zr, they may be lost through 

similar mechanisms or pathways. Though a ternary diagram of La-Mg-O is not known, the similar 

ratios of the elemental distribution between the La2Zr2O7 pyrochlore phase suggests this phase 

may be involved in facilitating Zr and La losses. In fact, in samples with pyrochlore present, such 

as the 0 wt.% Li excess sample and the sample nominally doped with 0.25 mol Al, perceived Li 

concentrations increase without mother powder where in most other samples there is no perceived 

change in Li concentration with or without the mother powder (Figure S8, Table S8, Figure S9). 

This suggests that the La2Zr2O7 preferentially facilitates Zr and La losses to the MgO crucible and 

that the mother powder can play a role in buffering these losses. Therefore, it may be that there are 

several factors that can lead to the Zr loss during sintering, including those associated with losses 

of other elements, such as La. 

Figure 10 is a schematic of the elemental losses that are occurring through processing, as 

observed by the ICP measurements. The white “synthesis step” region in the middle mirrors Figure 

1a and shows the processing steps in synthesizing LLZO. The “losses” section is in yellow below 

the processing steps. The box is below the step at which these elements, in bold in the box, appear 

to largely be lost, i.e. Zr, La, and Li are potentially lost in the calcination phases while Li and Al 

are largely lost in the sintering stage. Potential phases that either facilitate or lead to the loss are 

featured below the bolded elements and where the elements are physically lost to are in the white 

boxes below. The blue boxes show the evolving elemental composition of the LLZO after each 

processing step. We assume we are starting with nominal Li6.55Al0.15Zr2La3O12. The stoichiometry 

of a given element is subtracted from when losses occur in preceding step, as defined by the yellow 

boxes. In the end, the cubic, Al-doped LLZO stabilizes due to the accumulation of elemental losses 
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throughout the procedure, albeit into cubic LLZO samples with a wide range of Li, Al, Zr, and La 

compositions. 

Figure 10. Schematic showing the processing steps of Al doped LLZO in middle white squares, 

the lost elements and their potential associated phases are in yellow on the bottom half of the 

schematic, and the losses by element in the top half of the schematic as measured at the end of 

each processing step. The bottom row of boxes indicates where the elements are lost to. Enough 

relative losses occur throughout the process in each element that cubic LLZO is generally 

stabilized. 

4.2.4. Effect of Crucible on Composition of LLZO

As further evidence to support the hypothesis that the lost elements (Li, Al, Zr, La) in the LLZO 

go to the MgO crucible, a clear discoloration of the crucible is observed where LLZO has contacted 

the MgO. Figure 11 shows three angles of a magnesia crucible used for calcination and sintering 

of only LLZO for this work. The outside of the crucible is shown in Figure 11b and cross sections 

of the crucible are shown in Figure 11a and c. The “LLZO contact” label is written approximately 
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where the LLZO samples touched the crucible, either during calcination or sintering. The purple 

arrow indicates the discoloration of the sample from calcination from an off-white to a peach color. 

Figure 11a is the cross-section of the side and bottom of the crucible. The peach color is both 

where the samples contacted (the bottom of the crucible) as well as further down into the bottom 

and sides of the crucible. Figure 11b is the outside of the crucible. In calcination, the ~25 mm 

pellets rest on the upper edge of the crucible wall. A peach semi-circle shape can be seen from the 

edge of the wall, extending radially from the contact point. Figure 11c is a cross-section of the 

bottom of the crucible where the sintered pellets sit. The peach color splits the cross-section in 

half. In all cases, it seems that wherever there is contact with the LLZO during sintering or 

calcining, there is a discoloration of the MgO crucible, further suggesting an effect of the LLZO 

on the crucible. Since there is no other clear compositional or structural change in the LLZO 

beyond the elemental losses, it seems likely that the change in the MgO is due to the diffusion of 

the elements lost from the LLZO structure into its own surface and structure. The continued 

diffusion beyond the surface suggests that the MgO acts as a sink for some or all of the lost 

elements (Al/Zr/Li/La) to diffuse from the LLZO and that the impurities readily diffuse through 

the material.
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Figure 11. Magnesia crucible used for calcining and sintering pellets. a) Cross-section of the 

crucible with one of the walls and bottom of the crucible shown. b) Outside of the crucible. c) 

Cross-section of the bottom of the crucible. The “LLZO contact” label indicates the surface where 

the LLZO was in contact with the crucible. The purple arrow indicates the peach color that appears 

where the LLZO made contact and where the color spread.

To further check the hypothesis that these elements are diffusing into the MgO, the XRD of the 

crucible, both in the white and peach sections was performed and is shown in Figure S16. In both 

cases, the diffraction peaks are primarily those of MgO (space group Fm-3m). While the secondary 

phases are difficult to identify due to their low peak intensities, there are clear differences in the 

relative peak intensities of the magnesia itself. For example, the peak height intensity ratio between 

2 = 42º and 2 = 62º shifts from 2.7 to 2.0 when comparing the white MgO to the peach MgO. 

Relative intensities are related to the occupancy and static and dynamic disorder of the atoms in 

that particular plane. Therefore, this shift in the peak intensities suggests a change in the atomic 

occupancies of the structure. Due to the presence of Mg sites in all of the planes contributing to 

LLZO
contact LLZO

contact

LLZO contact
a) b)

c)
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these two peaks ((200), (020), (002) for the peak at 2 = 42° and (2-20), (20-2), (02-2), (220), 

(202), (022) for the peak at 2  62°), this change in relative intensity could potentially be due to 

the substitution of Al, Li, La, or Zr for Mg. In addition to the change in color and XRD peak 

intensity variation, preliminary XPS data shows that the peach-colored areas of the MgO, again 

the areas that have been in contact with LLZO, have increased intensities of Zr compared to the 

white, untouched areas of the MgO. This further supports the notion that the Zr is leaving the 

LLZO or its precursors and going towards the MgO. Since XPS is specifically a surface sensitive 

technique, these results suggest that the Zr, in addition to potentially entering the MgO, is leaving 

the LLZO and enriching the MgO surface or remaining stuck to the surface in the form of Zr-rich 

secondary phase, such as Li2ZrO3 or La2Zr2O7. 

Regardless, the discoloration of the MgO crucible and simultaneous decrease in Li, Al, Zr, and 

La (as observed through the increased Li and Al concentrations prior to sintering) suggests that 

the MgO crucible, though initially used to replace Al2O3 crucibles that doped LLZO with Al, is 

also playing a role in defining the composition of the LLZO by providing a sink for Al, Zr, La, 

and Li loss. This is especially important as the loss of Al can play a role in controlling the 

conductivity of the cubic LLZO, both through its site blocking and defect trapping, as well as 

through the phase transition from the low conductivity tetragonal phase to the high conductivity 

cubic phase, as discussed above.27,65–68 Similarly, the presence of Li vacancies is theoretically what 

leads to the transition from the tetragonal phase to the cubic phase as well as controlling the number 

of charge carriers, both of which contribute to defining the bulk conductivity.18 Meanwhile, the 

losses of La and Zr provide for an unexpected flux in the charge balance and structure of the LLZO, 

supporting the hypothesis that compositional control of the cubic phase may go beyond that of the 
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dopants. Additionally, as discussed below, this flux may directly affect the conductivity by altering 

the framework structure. Interestingly, the losses of Li, Ga, and Zr reported by Schwab, et al. in 

LLZO-Ga processed in Al2O3 crucibles suggests that other crucible materials may also be acting 

as sinks to LLZO elements.

As discussed above, it seems that Li, either as a precursor, intermediary phase, or in LLZO, may 

be playing a role in facilitating the observed Al losses in the LLZO. This is further supported by 

the lack of color change observed at the contact points between the Al2O3 tube used in the tube 

furnace and the MgO crucible. This lack of color change suggests a fundamental difference 

between the Al2O3 and the LLZO-Al and its precursors that is leading to this interfacial interaction 

with the MgO. It may be that the comparative thermodynamic stability of the Al in the Al2O3 vs. 

the LLZO-Al is higher, leading to a lower likelihood for the Al to leave the Al2O3 for the MgO. 

4.3.  Overall Effects of Processing and Composition on Density
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Figure 12. Density of all samples tested as a function of a) bulk conductivity and b) Li 

concentration. Each symbol shape corresponds to a specific series of samples as follows: Li 

concentration series ( ), no mother powder series ( ), Li precursor series ( ), Li addition order 

series ( ), Al concentration series ( ), and pressure-assisted sintering ( ). The LLZO-Al0.25 

7.5/7.5 wt.% Li excess sample (*) was part of the Li concentration series, the Li addition order 

series, the Al concentration series, and represents a comparable pressure-free sintering sample to 

the pressure-assisted sintering sample.

Figure 12 is an accumulation of density data taken from each of the samples across the different 

LLZO-Al series described above. There are a few key trends that appear once the results from all 

samples are accumulated. Figure 12a is the bulk conductivity as a function of density. The dotted 

line at 3.9 g cm-3 (~75% relative density) indicates the minimum density necessary to achieve 

heightened conductivity levels. Below, bulk conductivity levels are restricted to <0.15 mS cm-1. 

Above this line, the bulk conductivity can range as high as 0.76 mS cm-1, which is among the 

highest conductivities reported for LLZO-Al.1,36,40 In previous works on LLZO, an increase in 

conductivity as the density increased was also observed, with minimum densities for high 

conductivity ranging between ~83% relative density and ~95% relative density.13,33,69 It is 

important to note that in these reports, they could not distinguish the grain from the grain boundary, 

so they reported the total conductivity, meaning that the grain boundary character could play a role 

in their results where they are not directly accounted for in ours. Regardless, similar patterns arise 

between our samples and previous works. Liu, et al. and Huang, et al. also observed a step-wise 

increase in conductivity, in some cases as much as 2 orders of magnitude, after a minimum density 

threshold was achieved.33,69 In both of those works, the conductivity remained roughly constant 
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after the minimum relative densities of 83% and 95% were reached. While our minimum threshold 

for heightened conductivity is lower, potentially due to the contribution of the grain boundaries to 

their reported conductivities or due to variation in processing parameters between our studies and 

theirs, it seems that there is a maximum amount of tortuosity in the sample that can be tolerated 

before the bulk conductivity is affected. In the case of our data set, that maximum level of 

tortuosity corresponds to 3.9 g cm-3 or ~75% relative density of the pellet. Above that, the limiting 

factor for bulk conductivity is no longer the density and other factors, such as the composition, 

phase purity, and processing, play a more prominent role in defining the conductivity. As all of 

these samples had a variety of processing histories, their conductivities varied once density was 

no longer the controlling factor. In comparison, all the above-cited studies focused only on one or 

two processing variables, leading to a plateau after the minimum tortuosity was overcome for high 

conductivity. These results indicate that to maximize the bulk conductivity, only a minimum of 

3.9 g cm-3 is needed, and from there, other aspects that control the conductivity can become the 

focus of conductivity optimization. Interestingly, the threshold of 75% relative density for 

maximized Li conduction aligns well with previous work performed on the sulfide solid 

electrolyte, Li6PS5Cl.70 In their case, a plateau in total conductivity occurs at 75% relative density 

after the grain boundaries no longer have a detectable effect on the conductivity.70 The similar 

results in maximum tortuosity for maximizing bulk conductivity suggests that this minimum 

relative density is more generally applicable across the different solid electrolyte classes. 

Figure 12b shows the pellet densities as a function of Li composition. The dashed lines 

correspond to the best fit line of the data and are added to highlight the observed trends. There is 

a low correlation (based both on Pearson’s and distance correlation coefficients) between the Li 
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concentration and the density. Though not strong, this low correlation between Li concentration 

or Li excess and density has been previously observed by several groups,13,30,33,69 though Huang, 

et al. observed a plateau at ~95% relative density after a minimum Li concentration was reached 

and Schwab, et al. observed a peak in higher relative densities of ~94% with 5% Li excess.30,34 In 

this work, an increase from 2.99 g cm-3 to 4.42 g cm-3 was observed in the range from 0 wt.% Li 

excess to 20 wt.% Li excess with a decrease to 3.47 g cm-3 at 30 wt.% Li excess. With respect to 

the density, the Li precursor and its related melt plays a role as a sintering aid.21 Further, the loss 

of material to the crucible may play a role in the reaction mechanism and resulting densification. 

Therefore, the increase in Li precursor leads to both an increase in the final Li that is present, as 

can be observed in Figure S4, and an increase in the amount of melt phase that is likely to have 

formed and assisted in the densification of the pellet. Table S1 also highlights the density as a 

function of the Li precursor. The density for the Li2CO3, LiOH, and LiNO3 are 4.09 g cm-3, 4.54 

g cm-3, and 4.61 g cm-3, respectively. The increased density increases as a function of the melting 

temperature of each of these precursors. Li2CO3, LiOH, and LiNO3 have melting temperatures of 

~723 °C, 462 °C, and 253 °C, respectively. This suggests that the earlier introduction of the melt 

phase may enhance the final density of the sintered phase, even when the precursors are mostly 

reacted by the sintering step. In all, it seems that the composition has an important role in defining 

the final density in pressure-free sintering and densification and given the flexibility of the 

composition in achieving phase purity and bulk conductivity, it may be beneficial to focus on the 

Li concentrations when pursuing sufficient density of the electrolyte.

4.4.  Processing Flexibility and the Composition-Structure Relationship

To emphasize the complexity of the processing matrix on the resulting conductivity of LLZO, 

the samples with the highest conductivities are again examined. Even though they all reach >0.5 
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mS cm-1, which is among the highest reported conductivities for LLZO-Al, they were all processed 

differently. The first sample had 15 wt.% excess Li2CO3 added in two stages in the synthesis 

process, then hot-pressed to form LLZO-Al0.17 with 7.22 mol Li and cubic phase stability with 

some pyrochlore secondary phase. The second sample had 15 mol% excess LiNO3 added at the 

start of the synthesis process, then was sintered in mother powder to form LLZO-Al0.07 with 6.83 

mol Li and cubic phase stability. The third sample had 15 wt.% Li2CO3 excess added at the start 

of the synthesis process, then was sintered without mother powder to form LLZO-Al0.06 with 6.12 

mol Li and mixed cubic and tetragonal phase stability. The fourth sample had 15 wt.% Li2CO3 

excess added in two steps, then was sintered in mother powder to form LLZO-Al0.17 with 6.70 

mol Li and cubic phase stability. The fifth sample above 0.5 mS cm-1 had 15 wt.% Li2CO3 excess 

added in two steps, then was sintered in mother powder to form LLZO-Al0.23 with 6.86 mol Li 

and cubic phase stability. 

Generally, when looking across these highest conductivity (>0.5 mS cm-1) samples in contrast 

to the lowest conductivity samples (<0.1 mS cm-1), it appears that the maximum bulk conductivity 

is achieved when a balance of charge carriers, vacancy concentration, and cubic phase stability is 

reached. This is achieved through sufficient Al doping (>0.16 mol Al) combined with a Li 

concentration range of 6.70-6.85 mol Li, leading to optimized structures for maximized Li 

conduction in LLZO-Al by increasing charge carrier concentration, Li-Li neighbor interactions, 

and vacancy concentration. This balance is schematically illustrated by the blue curves, axis, and 

structures in Figure 13. At lower Li concentrations and a sufficient concentration of Al, the bulk 

conductivity is lower due to the decreased number of Li ion charge carriers and corresponding 

decrease in Li-Li interactions as shown in the bottom left schematic. At high Li concentrations, 
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there are an insufficient number of vacancies in the Li ion sublattice, decreasing the overall 

conductivity as shown in the top left schematic by the small number of vacancies available for 

conduction. At Li ion concentrations between 6.70-6.85 mol Li and >0.16 mol Al, there is a 

balance of Li ion charge carriers, Li-Li interactions, and vacancies, leading to heightened 

conductivities, as schematically shown by the increased Li ion conducting arrows in the top right 

structure in Figure 13. In the cases where the Al or Li concentration are outside of this ideal range 

and a high bulk conductivity is still achieved (i.e., the LiNO3 precursor sample and the 15/0 Li 

addition sample), pronounced losses of Zr and/or La are observed during the first calcination. 

These increased Zr losses are also observed in the LLZO-Al0.17 and LLZO-Al0.23 samples as 

compared to the LLZO-Al0.13 sample (nominally the LLZO-Al0.25, LLZO-Al0.35, and LLZO-

Al0.15 samples, respectively). These increased Zr (and also La) losses during the initial reaction 

from precursors to LLZO may impact the framework structure, i.e. Zr vacancies may lead to 

changes in the M-O bond length, bottleneck size, and Li-Li site distances, all of which appear to 

favorably affect the bulk conductivity of the LLZO. This increase in conductivity with early Zr 

losses is shown schematically by the green axes, curve, and structures in Figure 13. Overall, the 

optimal compositions for high bulk conductivity generally balance cubic phase stability, high Li 

concentrations, and Li vacancies, though they also appear to be impacted by the losses of 

framework structure ions during processing. 
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Figure 13. Schematic of potential structural contributions to conductivity. Zr (left) and Li (right) 

compositions as a function of bulk conductivity. Blue curve and axis correspond to the relationship 

between Li concentration and bulk conductivity. Green lines correspond to the relationship 

between Zr concentration and conductivity. Structures shown are schematics of the structure at 

that relative composition related to the Li ions/vacancies in the sublattice structure (blue structures) 

and Zr ions/vacancies in the framework structure (green structure). Blue spheres are Li ions, white 

spheres are trapped Li vacancies, purple spheres are Al ions. Arrows in the schematics illustrate 

Li ion conduction paths and parentheses indicate nearest neighbor interactions that lead to low 

activation energy motion. Red “x”s indicate paths blocked by the existence of Al and trapped 

vacancies. Green spheres are Zr ions and grey spheres are La ions. 

5. Conclusions
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In this work, we synthesized several series of LLZO-Al samples to discern the overall effects of 

composition and processing on the final phase purity, conductivity, and density. During calcination 

and sintering, we found that Li losses were limited to an average of ~0.6 mol Li while unexpected 

Al, Zr, and La losses were occurring, likely through Li-assisted or intermediary phase-assisted 

diffusion to the MgO crucible. The magnitude of the Al losses defined the phase purity of the 

samples, with samples <~0.06 mol Al exhibiting tetragonal phase stability, which is much a lower 

Al concentration than typically reported. Additionally, it was found that the Li melt phase was 

likely essential in the incorporation of Al into the LLZO and stabilization of a dense, high 

conductivity, cubic LLZO. While the Al composition was critical in defining the cubic phase 

stability, the cubic LLZO can be stabilized with a wide range of Li concentrations (6.08 mol to 

7.61 mol Li). This wide compositional window for cubic LLZO brings to light the compositional 

flexibility of the cubic LLZO structure. Using impedance spectroscopy, we show that this 

flexibility in phase purity can also be expanded to the bulk conductivity, where Li composition, 

Al composition, and phase purity do not have clear individual roles in defining the conductivity. 

This flexibility and the confluence of several parameters, such as composition, precursors, Li 

addition timing, and density, can lead to multiple successful processing routes for achieving ≥0.7 

mS cm-1. While previous works tended to focus on one processing parameter at a time, the 

simultaneous exploration and aggregation of multiple variables reveals the wide compositional 

flexibility of the cubic phase and highlights the ability of a variety of successful processing paths 

to result in high conductivity garnet. 

These findings allow for a greater understanding of the origins of the variable results achieved 

in past findings, encouraging future works to use compositional analysis to fully understand the 
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effects of processing on final electrochemical properties. Additionally, the demonstrated ability to 

achieve high conductivity through multiple paths opens up the design principles in achieving high 

conductivity LLZO to encompass a wide variety of processing parameters, compositions, and 

phases. The heightened Li compositions also encourage future work to gain a greater 

understanding of the mechanisms for cubic phase stability, especially as the expected vacancies 

present due to doping are below that expected for cubic phase stability based on previous works. 

6. Supporting Information 

The Supporting Information is available free of charge. 

Composition as a function of processing step for all samples; bulk conductivity, density, phase 

purity, and lattice parameters for all densified samples; Rietveld fit for majority t-LLZO sample; 

lattice parameters as a function of Al and Li concentration; XRD of MgO crucible. 
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