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ABSTRACT 

 

Selenium-doped lithium lanthanum titanate of composition Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 

0.050, 0.075) was attempted using a two-step conventional synthesis process to investigate the 

potential of the material as a solid-state electrolyte in lithium-ion batteries. Impedance 

spectroscopy data yielded a maximum room temperature bulk conductivity of (1.73 ± 0.10) x 10-3 

S cm-1 (EBulk = 0.35 ± 0.03 eV) and grain boundary conductivity of (1.20 ± 0.10) x 10-4 S cm-1 (EGB 

= 0.37 ± 0.01 eV) for nominal composition x = 0.050. Preliminary stability measurements through 

three-electrode cyclic voltammetry suggests potential for LLTO stabilization against Li metal 

anode through further selenium substitution. However, further work is required to confirm the 

exact elemental composition of selenium-doped samples. 
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1. Introduction 

Owing to desirable properties such as high energy density and long cycle life, lithium-ion 

battery technology has been employed in a wide variety of applications, from portable electronic 

devices to electric vehicles [1]. However, the current use of liquid electrolytes - which consist of 

a lithium salt dissolved in a solution of organic solvents – has led to safety concerns related to the 

thermal stability of the organic solvents and the health and environmental hazard posed by battery 

leakage [2]. Improvements to the energy density of lithium-ion batteries will also be important in 

light of efforts towards decarbonizing the energy system while still addressing growing global 

energy demands. Although lithium metal anodes have very low redox potential  (-3.040V vs. 

standard hydrogen electrode) and could enable higher energy densities, exploration and 

implementation in lithium metal batteries have been stymied by safety issues due to the growth of 

lithium dendrites during the cycling of lithium-metal liquid electrolyte cells, which can lead to 

short-circuiting and the cell exploding [3].  

Inorganic solid-state electrolytes are a promising alternative that can address the safety 

issues of thermal stability and leakage that stem from the organic solvents used in liquid electrolyte 

batteries. Although lithium dendrites can also form in solid-state electrolyte cells, the often higher 

modulus of such ceramic materials can, in principle, slow the detrimental propagation of dendrites 

through the system [4]. It should be noted that an ideal electrolyte must also exhibit a high ionic 

conductivity and remain stable against the electrodes employed. On the former consideration, the 

perovskite-type lithium lanthanum titanate (LLTO) – a series of compounds of the formula 

Li3xLa(2/3-x)(1/3-2x)TiO3 (0.04 < x < 0.16) – exhibits a fairly high ionic conductivity that approaches 

those of liquid electrolytes. Notably, at room temperature the composition Li0.33La0.56TiO3 (x = 

0.11) exhibits the maximum bulk lithium-ion conductivity of the series at 1 × 10−3 S/cm, which 

is only an order of magnitude below commercially employed liquid electrolytes [1]. On the latter 

consideration for stability with the electrodes, however, LLTO has been found to rapidly reduce 

when in contact with lithium metal anodes [5], which increases its electronic conductivity and 

leads to short-circuiting. 

A common strategy towards improving the ionic conductivity of LLTO, which might also 

prove useful towards addressing the material’s stability against lithium metal anodes, is to 

introduce dopants into the ABO3 perovskite structure. The Ti4+ on the octahedral B-site is of 
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particular interest as d0 cations, i.e., transition metal ions without valence electrons in their 

outermost d-orbital, are readily reduced [6]. Because the reduction of Ti4+ to Ti3+ has been 

attributed to the rise in electronic conductivity seen in LLTO against lithium metal anodes [1], the 

partial or complete replacement of the B-site Ti4+ could be a strategy to improve the stability of 

LLTO. While the use of Te6+ for the B-site of a lithium-rich perovskite model (Li1.5La1.5TeO6) was 

found to result in a redox stable material when cycled against lithium metal anode down to 0.1V 

vs. Li, the reported ionic conductivity was 5.8 × 10−5 S cm-1 [7]. This is more than two orders of 

magnitude lower than that of commercially employed liquid electrolytes (~1 × 10−2 S cm-1 [8]).  

A previously published effort at doping the B-site of LLTO with isovalent transition metal 

cations [9] identified the dopant ionic radius as a potential factor on changes to ionic conductivity: 

smaller ionic radii could shorten and therefore strengthen the B-O bond at the expense of the A-O 

bond. As lithium ions occupy A-site vacancies [1], the weakening of the A-O bond would thus 

increase lithium ion mobility, which might in turn increase ionic conductivity. Looking one row 

above tellurium, VI-coordinated Se4+ has an effective ionic radius of 0.50Å, which is smaller than 

that of VI-coordinated Ti4+ (0.605Å) or Te4+ (0.97Å) [10]. As selenium has similar oxidation states 

and associated coordination numbers to tellurium - lacking a 3+ oxidation state unlike titanium - 

this study sought to investigate the effect of partial Se4+ B-site doping on the ionic conductivity 

and redox stability of lithium lanthanum titanate with a lithium metal anode. The aim of the 

endeavor is to expand upon the extensive body of doped-LLTO literature, which, to the author’s 

knowledge, has focused on transition metal substitutions for B-site doping. Because the LLTO 

series member Li0.33La0.56TiO3 was found to have the largest bulk ionic conductivity at room 

temperature [11], this material was chosen as the base for doping to produce samples of nominal 

composition Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 0.050, 0.075). The goal was to optimize the Se-

content to improve the electrochemical stability of LLTO against a Li metal anode while 

maintaining or improving ionic conductivity to a comparable value to those seen in commercial 

liquid electrolytes. 
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2. Method 

2.1 Sample Synthesis 

Samples of Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 0.050, 0.075) were prepared using a two-

step solid-state synthesis procedure similar to one reported elsewhere [12]. Stoichiometric amounts 

of La2O3 (≥99.9% Aldrich Chem.), TiO2 (≥99.7% Aldrich Chem.), and SeO2 (99.8% Acros 

Organics) were mixed with 10 weight% excess Li2CO3 (≥99.0% Sigma-Aldrich) with an agate 

mortar under a fume hood for 20 minutes. The excess lithium carbonate was added to compensate 

for lithium evaporation during synthesis. For the first step of the process, the homogenized 

precursor powder was calcined in a covered alumina crucible under O2 flow at 1000oC for 12 hours.  

For the second step, a portion of the calcined powder was weighed out and lightly ground 

with 5 weight% polyvinyl butyral (PVB) as binder for 10 minutes. To promote mixing between 

the powder and binder, several drops of ethanol were added to the precursor-PVB mixture to create 

a slurry, which was allowed to dry before being reground for 20 minutes. The binder-containing 

powder was pressed at 5 metric tons to produce cylindrical 0.5g pellets. The pellets were then laid 

on a bed of binder-free mother powder in an alumina crucible, covered with more of the same 

mother powder, and then sintered under O2 flow at 1150oC for 12 hours. The alumina crucible was 

again covered with its lid. A ramp rate of 3oC per min was used for all heating and cooling steps.  

 

2.2 Characterization Techniques – Powder X-Ray Diffraction 

  To identify phases and characterize the structure of the prepared samples, a sintered 

pellet for each composition was ground back into powder.  Powder X-ray diffraction (XRD) 

spectra were then acquired at room temperature using a Bruker D2 PHASER diffractometer with 

LYNXEYE XE-T linear detector, Cu Kα radiation, and the Bruker DIFFRAC.SUITE software. 

XRD patterns were obtained through one-hour continuous scans that swept between 2θ values of 

15 to 90 degrees. Crystal phase candidates were first identified using HighScore Plus; afterwards, 

Rietveld refinements were carried out using TOPAS to identify peaks and obtain lattice 

parameters.   
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2.3 Characterization Techniques – Electrochemical Impedance Spectroscopy 

 To obtain bulk and grain boundary lithium ionic conductivities, symmetric cells were 

prepared by DC-sputtering Au electrodes (60 nm thick) on both sides of the LLTO pellets (≈1.5 

mm thickness and ≈9 mm diameter, see Appendix A). Because the high-frequency semi-circle, 

which corresponds to bulk conductivity [13], tended to partially or completely disappear above 

room temperature, especially for the Se-doped samples, two separate heat-chamber mediated AC 

impedance methods were employed. For the bulk conductivity, impedance measurements were 

made using a Biologic SP-300 Potentiostat over a frequency range of 1 Hz to 7 MHz and 

temperature range of 263.15 K to 298.15 K (room temperature). Because conductivity has been 

found to exhibit Arrhenius behavior, the low temperature range increased the size and visibility of 

the high-frequency semi-circle within the range of the SP-300 potentiostat (max freq. 7 MHz).  

For the grain boundary, impedances were measured using a Biologic VMP3 Multichannel 

Potentiostat over a frequency range of 1 Hz to 1 MHz and temperature range of 303.15 K to 353.15 

K. In both methods, an EL-CELL ECC-Combi test cell was used, and data was collected by the 

EC-Lab program. For the grain boundary, high-temperature wire connected the test cell to the 

potentiostat. As there appeared to be good agreement between room temperature impedance data 

obtained from the two devices for the same pellet (Fig. 1), data from the two potentiostats were 

considered to be comparable and analyzed using the ZView4 program.   

 

Figure 1. Comparison of room temperature impedance data obtained from SP-300 and VMP3 

Multichannel Potentiostat for a pellet of composition Li0.33La0.56Ti0.975Se0.025O3 (x = 2.5) 
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2.4 Characterization Techniques - Cyclic Voltammetry 

 Cyclic voltammetry (CV) measurements were conducted with a Biologic VMP3 

Multichannel Potentiostat and the EC-Lab program using a three-electrode EL-CELL ECC-Combi 

test cell set-up (Fig. 2a). Asymmetric cells (Au | LLTO | Separator | Li) were assembled with a 

sputtered Au electrode (60 nm thick) on one face as the working electrode. On the other side, an 

approximately 12mm diameter circular piece of Celgard PP membrane separated the solid-state 

electrolyte (SSE) pellet from a 6mm diameter piece of lithium metal foil, which served as the 

counter electrode. 20 μL of 1.0 M LiPF6 in EC/DEC = 50/50 (v/v) was added to the separator as 

the liquid electrolyte connection. The asymmetric cell was separated from the reference lithium 

metal foil using a stainless-steel spacer nestled within a ≈1.5 cm PTFE ring (Fig. 2b). A ring of 

glass fiber was then looped around the PTFE ring, to which was added 50 μL of the same liquid 

electrolyte used with the polymer membrane separator. The reference lithium foil was loaded into 

the test cell at the final step of assembly using an EL-CELL ECC-RefLoad tool.    

 Because LLTO was found to reduce at and below a potential of 1.8V vs. Li [14], CV for a 

pellet of S00 and S50 were obtained using a voltage range of 1.0V to 2.8V vs. Li to compare the 

stability window of the selenium-doped sample against a lithium metal anode. A scan rate of 0.1 

mV s-1 was employed. The test cell was left to equilibrate for four hours before each experiment.  

    

Figure 2. a) Diagram of three-electrode set-up, where the separator and glass fiber contain 1.0 M LiPF6 

in EC/DEC = 50/50 (v/v) as liquid electrolyte. b) Top view of partially assembled test cell, showing the 

glass fiber, PVDF ring separator, and stainless-steel spacer. 
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3. Results and Discussion 

3.1 X-Ray Diffraction Analysis 

 The powder X-ray diffraction (XRD) patterns taken from a sample of each composition of 

the series Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 0.050, 0.075) are presented together in Figure 3. 

These four compositions will be referred to as S00, S25, S50, and S75, respectively. All four 

compounds exhibit tetragonal lattice centering with a space group of P4/mmm at room temperature, 

matching with a previously reported diffraction pattern for tetragonal Li0.33La0.56TiO3 [15]. At 

lower nominal selenium content (S00, S25, and S50), only minor impurity peaks attributable to 

rutile TiO2 phase [16] are seen, likely from remaining precursor material. For S75, however, 

additional peaks appeared that could not be attributed to a precursor reagent (La2O3, TiO2, Li2CO3, 

SeO2) or a delithiated phase. 

 

Figure 3. XRD patterns of Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 0.05, 0.075), background 

subtracted. LLTO (tetragonal – P4mmm) peaks [15] are identified with circles, impurity peaks 

due to TiO2 (tetragonal – P42/mnm) [16] are indicated with triangles, and new unprecedented 

peaks that appear at x = 0.075 are identified with stars. 
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 While the lack of any impurity peaks attributable to SeO2 might be an indication that 

suggests the LLTO had been successfully doped, it should be acknowledged that SeO2 has a boiling 

point of 315oC at atmospheric pressure [17]. Considering that the first-step of the synthesis 

procedure (calcination) required holding at 1000oC for 12 hours, it is possible that at least some of 

the SeO2 in the precursor mixture might have simply sublimed away. Analysis of XRD spectra 

does not necesarily provide information on the exact elemental composition of samples, especially 

for those without previously confirmed diffraction patterns; however, an indirect clue can be 

gleaned from the lattice parameters, which have been found to increase or decrease due to the 

substitution into the perovskite structure of dopants with different effective ionic radii [1]. The 

lattice constant values determined from Rietveld refinement of the XRD spectra obtained from the 

Se-doped samples is compared with that of the undoped sample in Table 1.   

Table 1. Comparison of refined lattice constant values between LLTO samples of 

varying Se content (x = 0, 0.025, 0.05, and 0.075) 

Lattice Constant S00 S25 S50 S75 

a (Å) 3.873331 3.872449 3.872742 3.870763 

b (Å) 3.874203 3.874254 3.873623 3.871733 

c (Å) 7.760772 7.755625 7.767363 7.743892 

 

The S75 sample exhibited lattice parameters that are consistently smaller than those of 

S00, which likely indicates successful doping as VI-coordinated Se4+ has a smaller effective ionic 

radius than VI-coordinated Ti4+ (0.50Å vs. 0.605Å) [10]. The same, however, cannot necessarily 

be said for the S25 and S50 samples, which exhibited inconsistent shrinking. When plotting the 

lattice parameters against nominal Se-content (Fig. 4), no consistent decreasing trend is seen 

when compared to the undoped sample. Although an overall consistent trend in lattice parameter 

changes as a function of dopant content is not always seen – such as in the case of Ge4+ or Mn4+ 

B-site doping [9] – the specific concern of SeO2 sublimation warrants further investigation into 

the elemental composition of synthesized samples. As such, while the emergence of new 

unidentified peaks for S75 (Fig. 3) could be an indication that the composition is approaching or 

is past the solubility limit of Se4+ substitution into Li0.33La0.56TiO3, the exact value of that limit 

might not be specifically known from the present data.  
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Figure 4. Lattice constant values a) a, b) b, and c) c obtained from XRD patterns of Li0.33La0.56Ti1-xSexO3 

(x = 0, 0.025, 0.05, 0.075). While the S75 sample was found to have an overall decrease in lattice 

parameters compared to S00, no consistent decreasing trend is seen across the series of compositions.  

 

3.2 Obtaining Bulk and Grain Boundary Conductivity Values 

 Complex impedance plots from potentiostatic electrochemical impedance spectroscopy 

(PEIS) experiments taken at room temperature (298.15 K) are shown in Figure 5. Similar to other 

LLTO studies [18], the spectra consists of three regions: a high frequency semi-circle around 1 

MHz related to the bulk conductivity, a larger semi-circle spanning 100Hz to 105 Hz related to the 

grain boundary, and a low-frequency tail, which is often attributed to the lithium-blocking effect 

of the Au electrodes [11]. From a cursory visual inspection of the plots for the different 

compositions, it is notable that the spectra obtained for Li0.33La0.56Ti0.925Se0.075O3 (S75) features 

bulk and grain boundary semi-circles that are larger than those of the undoped LLTO sample while 

those of Li0.33La0.56Ti0.975Se0.025O3 (S25) and Li0.33La0.56Ti0.950Se0.050O3 (S50) are smaller. Although 

the exact composition of the synthesized pellets cannot be determined in the present study, the 

difference in behavior between S75, which is more likely to be Se-doped, and that of S25 and S50 

could suggest that the S75 sample is past some sort of saturation limit for Li0.33La0.56TiO3.   
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Figure 5. Comparison of room temperature complex impedance plots of the a) bulk and b) grain 

boundary semicircles for selenium doped LLTO samples. 

Because the high-frequency semi-circle tended to shift to frequencies beyond the 1 MHz 

range of measurements at temperatures above room temperature (298.15K), values for grain 

boundary and bulk conductivities were extracted separately as shown in Figure 6 and Figure 7, 

respectively: the grain boundary from the 303.15K to 353.15K (high temperature) PEIS series and 

the bulk from the 263.15K to 298.15K (low temperature) PEIS series. The grain boundary 

conductivity was also extracted from the room temperature data. 
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Figure 6. a) Representative image of semi-circle fitting (red lines) for high-temperature 

grain boundary conductivity impedance series of S25 sample, with frequency range of 

fitting for 30oC data indicated in boxes. b) High-frequency end of impedance data series 

(max freq. 1 MHz), showing partial or no bulk feature.    
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Figure 7. a) Grain boundary portion of low-temperature impedance data series of S25 

sample. b) Representative image of semi-circle fitting (blue lines) of low-temperature 

data with frequency range of fitting for -10oC data indicated in boxes. 

 

Bulk and grain boundary resistance values were then used with corresponding pellet 

dimensions (see Appendix A) to determine conductivity values according to the following equation: 

𝜎 =  
𝑡

𝑅2𝐴
                                                                               (1) 
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 Arrhenius plots produced from bulk and grain boundary resistance values for the four Se-

doped compositions (S00, S25, S50, and S75) are shown in Figure 8. From the resulting linear fits, 

values for activation energy were obtained and shown in Table 2 along with conductivity data. The 

activation energies are fairly comparable with each other, with a slight increase seen between S00 

and some of the Se-doped compositions for bulk and grain boundary. 

 

Figure 8. Arrhenius plots for the a) bulk conductivities and b) grain boundary conductivities 
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Table 2. Ionic conductivity data and activation energy data of Se-Doped LLTO 

 S00 S25 S50 S75 

σbulk        

[S cm-1] 

 

(1.24 ± 0.04) x 10-3 

 

(1.66 ± 0.10) x 10-3 

 

(1.73 ± 0.10) x 10-3 

 

(6.38 ± 0.28) x 10-4 

σGB           

[S cm-1] 

 

(5.11 ± 0.13) x 10-5 

 

(7.17 ± 1.34) x 10-5 

 

(1.20 ± 0.10) x 10-4 

 

(3.81 ± 0.11) x 10-5 

Ebulk [eV] 0.34 ± 0.02 0.34 ± 0.01 0.35 ± 0.03 0.35 ± 0.03 

EGB [eV] 0.37 ± 0.03 0.39 ± 0.02 0.37 ± 0.01 0.37 ± 0.01 

 

3.3 Bulk and Grain Boundary Conductivity Comparison 

Calculated values for room temperature bulk and grain boundary conductivity were plotted 

with error bars in Figure 9. Beginning with the bulk conductivity, the value obtained for undoped 

Li0.33La0.56TiO3 is (1.24 ± 0.04) x 10-3 S cm-1, which is larger but fairly close to previously reported 

values obtained from similar compositions of LLTO: ≈ 1 × 10−3 𝑆 𝑐𝑚−1 for Li0.35La0.55TiO3  [19] 

and 1.1 × 10−3 𝑆 𝑐𝑚−1 for Li0.3La0.57TiO3 [20]. As the x = 0.11 member of the LLTO series is 

believed to exhibit the highest bulk ionic conductivity at room temperature, the larger bulk 

conductivity found here would appear to make sense. Looking then at the Se-doped pellets, the 

bulk conductivities of S25 and S50 appear to be larger than that of S00, at values of (1.66 ± 0.10) 

x 10-3 S cm-1 and (1.73 ± 0.10) x 10-3 S cm-1 respectively.  

 

Figure 9. a) RT Bulk and b) grain boundary conductivity values for Se-doped LLTO 
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In the literature, comparable bulk conductivity can be seen with the B-site doping of Al3+, 

with the composition (Li0.39La0.54)1 + y/2AlyTi1–yO3 (y = 0.02) exhibiting a bulk conductivity of (1.58 

± 0.01) x 10-3 S cm-1 at 300K [18]. Considering that VI-coordinated Al3+ has an effective ionic 

radius of 0.535Å, which is larger than the effective ionic radius of 0.50Å for VI-coordinated Se4+ 

[10], the results obtained here appear to agree with previous findings that suggested a link between 

B-site substitution of smaller cations with increased ionic conductivity due to the strengthening of 

the B-O bond [9]. Of course, the exact compositions of the Se-doped samples have yet to be 

determined, and there remains the question of the extent of Se-doping for S25 and S50 based on 

the inconsistent changes in the lattice parameters seen for these compositions. The decrease in bulk 

conductivity for S75 might be explained by the emergence of new phases seen in the XRD spectra 

(Fig. 3), as large amounts of substitution can lead to detrimental distortions in the B-site octahedra 

that impede lithium migration [9]. Again, however, because the exact composition of the nominally 

Se-doped samples is unknown, the actual maximum value for bulk conductivity and corresponding 

Se-content have yet to be determined. 

As for the grain boundary conductivity, the room temperature value obtained for the 

undoped composition is in fairly good agreement with a previous finding for La0.57Li0.29TiO3: 4.68 

x 10-5 S cm-1 at 303.15K [14] vs. (5.11 ± 0.13) x 10-5 S cm-1 at 298.15K (this study).  The increase 

in grain boundary conductivity for S25 and S50, however, is harder to explain with the current 

data at hand. Beyond questions about the Se-content of the pellets, grain boundary conductivity is 

often influenced by the synthesis process [1]. For example, it has been established that increased 

sintering temperatures can result in larger grain sizes, which reduces grain boundary regions and 

thus increases overall ionic conductivity [18]. While some variability would be expected because 

the preparation procedure involved hand-grinding with an agate mortar and pestle, there is still a 

statistically significant difference between the average grain boundary conductivities of S00 and 

that of S25 and S50. Although the sintering environment - specifically one with minimal moisture 

and carbon dioxide - has also been found to play a role in the presence of secondary phases and 

the quality of contact between grains [21], the samples prepared in this study had been synthesized 

under a flow of ultra-high purity oxygen (Airgas). Considering the grain boundary conductivity of 

7.36 x 10-5 S cm-1 reported for a sample of Li0.34La0.55TiO3 that had been sintered under flowing 

oxygen [21], the grain boundary value of (1.20 ± 0.10) x 10-4 S cm-1 exhibited by S50 perhaps 

warrants investigation into the micro-structure after first confirming sample composition.  
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3.4 Stability of Se-Doped LLTO  

 Cyclic voltammograms (1.0V to 2.8V vs. Li) obtained from freshly assembled asymmetric 

cells (Au | LLTO | Separator | Li) for a pellet of nominal compositions S00 and S50 are shown in 

Figure 10. For the sake of clarity, the first cycle for the S00 pellet, which featured a large vertical 

artifact of the initialization process, has been omitted.  

 

Figure 10. Voltammograms for pellet of composition a) S00 and b) S50 taken at scan 

rate of 0.1 mV s-1. Sputtered Au as working electrode, lithium metal as counter separated 

from LLTO by membrane, and separate lithium metal as reference. Reduction occurs in 

both samples, but the onset appears to occur at a lower potential for S50 than S00.   
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In good agreement with the literature [1], the undoped LLTO began to be reduced at a 

potential around 1.7V vs. Li, which was also seen in the subsequent two cycles. Furthermore, the 

decreasing maximum value of the anodic current from Cycles 2 to 4 for S00 is likely indicative of 

lithium intercalation into the LLTO structure, an irreversible reaction that has been observed below 

potentials of 1.8V vs. Li [14]. This intercalation is the reason for the increased electronic 

conductivity of LLTO at such low potentials, which makes LLTO in its undoped form ill-suited as 

a solid-state electrolyte against very reducing anodes such as lithium metal.  

Intercalation and, therefore, reduction also appear to occur in the Se-doped sample (S50). 

Notably, however, the onset of reduction in the first cycle appears to have occurred at a potential 

of around 1.4V vs. Li, which is lower than had been seen for the S00 sample. This result perhaps 

lends some credence to the potential of Se4+ B-site substitution to stabilize LLTO against a lithium 

metal anode. However, further refinement and investigation into stabilizing LLTO will necessitate 

first identifying the exact elemental compositions of nominally doped samples. It should also be 

noted that subsequent cycles of the S50 cell did not show any signs of reaction when sweeping 

down towards and back from 1V vs. Li. Previous studies had found the maximum amount of 

lithium intercalation into LLTO to be capped by the number of available A-sites in the perovskite 

structure [14]. Therefore, it would seem that the S50 sample rapidly reduced to full lithium 

intercalation capacity in only the first cycle, perhaps indicated by the appearance of the second 

peak at potentials closer to 1V vs. Li. The disparity in intercalation rate between the two samples, 

however, might be related to how well the separator used in the respective test cell assemblies kept 

the lithium metal foil from direct contact with the LLTO pellet: handling mistakes during the 

assembly process could have left small holes in the separator that allowed for direct contact.  

Regardless, it should still be recognized that there is a membrane separator wetted with 

liquid electrolyte preventing direct contact between the LLTO pellet and lithium metal foil used as 

the counter electrode. As shown in figure 11, Se-doped LLTO pellets appear to readily reduced in 

contact with lithium metal, changing colors from cream to black as had been observed previously 

[5]. While the exact Se-content is currently unknown, it seems likely that nominal Se content of 

2.5%, 5%, or 7.5% substitution is not enough to account for the large remaining amount Ti4+ 

content, which can readily reduce and increase the electrolyte’s electronic conductivity. This is 

especially as precursor SeO2 could be sublimating away during the calcination process. 
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Figure 11. Picture of S50 sample pellet after accidental contact with a piece of lithium 

metal foil during the test cell assembly process in a glove box. Area of contact almost 

immediately changed color from cream to black. 

 

4. Conclusion  

Samples of nominal composition Li0.33La0.56Ti1-xSexO3 (x = 0, 0.025, 0.050, 0.075) were 

prepared using a two-step conventional synthesis method. Values for bulk and grain boundary 

conductivities were extracted along with associated activation energies from impedance data. 

From these results, the composition Li0.33La0.56Ti0.950Se0.050O3 (S50) was determined to have the 

largest conductivities at room temperature: bulk conductivity of (1.73 ± 0.10) x 10-3 S cm-1 (EBulk 

= 0.35 ± 0.03 eV) and grain boundary conductivity of (1.20 ± 0.10) x 10-4 S cm-1 (EGB = 0.37 ± 

0.01 eV). Initial stability measurements obtained using three-electrode cyclic voltammetry were 

also attempted, tentatively suggesting the possibility of LLTO stabilization against a Li metal 

anode through larger nominal Se-content substitution.   

However, there remains uncertainty as to the exact composition and Se-content of the 

doped samples, particularly those of composition S25 and S50, for which inconsistent lattice 

parameter shrinking was determined from Rietveld refinement. While the apparent stability of the 

S50 sample down to 1.4V vs. Li is promising, elemental composition analysis is required to verify 

the success of and validate any claims about properties brought about through Se4+ B-site doping 

into the perovskite structure of LLTO.  
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If experiments to determine the composition of synthesized samples prove fruitful, 

investigations into the micro-structure and grain boundaries of Se-doped samples may be of 

interest to investigate potential mechanisms for the increase in grain boundary conductivity 

observed with samples of composition S25 and S50. Further work might also focus on pushing 

larger percentages of Se-substitution, especially for optimizing synthesis in light of potential SeO2 

sublimation during calcination if a two-step conventional synthesis method is pursued. It might 

even be of interest to attempt a full replacement of Ti4+ for Se4+, in a similar spirit to the lithium-

rich perovskite Li1.5La1.5TeO6 [7], to understand possible trade-offs between stability and ionic 

conductivity for Se-doped LLTO. 
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6. Appendices 

Appendix A 

Table 3. Dimensions of sintered Se-doped LLTO pellets used for impedance 

spectroscopy measurements (measured using digital calipers) 

 S00_1 

(Pure) 

S00_2 

(Pure) 

S25_1 

(x=0.25) 

S25_2  

(x=0.25) 

S50_1  

(x=0.50) 

S50_2  

(x=0.50) 

S75_1           

(x=0.75) 

S75_2                     

(x=0.75) 

Diameter 

[cm] 

0.893
± 0.002 

0.895
± 0.003 

0.906
± 0.004 

0.909
± 0.009 

0.892
± 0.003 

0.891
± 0.004 

0.911
± 0.004 

0.911
± 0.004 

Thickness 

[cm] 

0.145
± 0.005 

0.153
± 0.004 

0.155
± 0.006 

0.155
± 0.001 

0.145
± 0.003 

0.154
± 0.004 

0.154
± 0.003 

0.159
± 0.002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


