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Abstract

Due to its high ionic and low electronic conductivity, the cubic perovskite polymorph of LisxLass«[]1-
2 T10;3 (c-LLTO) is considered a canonical solid electrolyte for battery applications. However, traditional
solid-state synthetic protocols for this high-performing polymorph are multistep, and require high
temperature sintering at temperatures over 1000°C, which creates challenges of processing and precludes
the synthesis of nanomaterials that could be integrated into multifunctional, multicomponent architectures.
In this study, the synthesis of c-LLTO is reported through a one-step solvothermal method in the presence
of a surfactant. With this solution method, not only is it possible to obtain nanocrystals, but also to stabilize
c-LLTO at much lower temperatures than in conventional solid-state syntheses. In addition, the modulation
of solvent and surfactant identities alter the reaction times necessary to facilitate crystallization at multiple
scales of domain size, which suggests that confinement does not play much of a role in the stabilization of

the cubic phase. The changes in particle size and shape were found to impart large differences in the
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measured Li dynamics through NMR, effectively illustrating that by employing a solvothermal synthetic

method enables the tuning of chemical properties for a targeted application.

Introduction

Metal oxides, and more specifically perovskite-type materials, are the cornerstone of several applications,
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including ionic devices,'* catalysis,”” and lasing mediums.® One such material, LisxLassx[]13-2xTiO;3

(LLTO), has been examined for use in solid electrolytes due to its high lithium-ion conductivity and

mechanical hardness,” '°

which is competitive with other families of materials such as garnets and
LiSICON-type structures.'!"!* Perovskite LLTO presents significant polymorphism, as shown in Figure 1,
based on distortions of the B-centered (TiOg)* octahedra, which are accompanied by Li*, La*", or vacancies
in the A-sites, coordinated by 12 oxygen anions per site. The compositional space of LLTO reported in the
literature involves x values of 0 < x < 0.16, and always has Ti*" due to overall charge neutrality, thus

rendering it electronically insulating. This compositional variation also affects the exact polymorph that

forms (Figure 1).
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Figure 1. Representation of the three most prevalent crystal structures in the literature of LLTO, along with their
representative ionic conductivities.

The cubic phase (Pm-3m space group) shows the highest Li+ conductivity, underpinned by the absence of
specific ordering of ions or vacancies in the A sites. It is generally accepted that increasing vacancies or
lithium concentration in the host structure will induce sufficient disorder in the A sites to yield the cubic or
pseudocubic phase.'*!” Distortions based on the simple cubic to other superlattices depend strongly on the
Li*/La*"/vacancy ratios and their relative ordering, which changes the nature of the Ti-O bonds and the
relative positioning of their octahedra forming the backbone of the structure. For the purposes of this report,
crystallographic orientations discussed are based on the Pm-3m parent group, while others have been
reported, and are commented on below. A-site cations and vacancies order along the c-axis whereby La**
ions distribute unevenly in 1a (0,0,0) and 1b (0,0,1/2) sites to produce the tetragonal lattice (P4/mmm) with
parameters a = b = a,and ¢ = 2a, (Where a, represents the equivalent cubic cell parameter) shown in the
middle of Figure 1 as a double perovskite.'®?° In XRD this results in superstructural peak splitting for
reflections with /= 2n + 1.'%1° Orthorhombic (Pmmm) distortions based on tetragonal ordering result from
an arrangement of ions along the c-axis at low lithium concentrations (x > 0.06 in LisLass«[113-2¢TiO3).

This presents crystal parameters such that a # b # ¢ and is accompanied by the slight tilting of the octahedra



to accommodate changes in local electric field gradients (Figure 1). This generally leads to specific
diffraction splitting to three peaks for every XRD line besides the (111) direction, resulting from three

unique crystallographic directions.?!

Dopant concentrations and their relative ordering is largely driven by reaction temperature and heat
treatment.?> 2 Conventional solid-state or modified solution-gelation protocols call for high-temperature
sintering (500-1400°C) in order to yicld a single phase material, and often require intermittent grinding

steps to produce homogenous samples. !> 2428

The target phase of this report, Pm-3m, has been generally
stabilized following sintering temperatures near or above 1200 °C.%-° Traditionally, cubic perovskites are
not accessible without some special temperature treatment that impacts the relaxation process upon cooling,
including flash sintering or quenching.'” 3! 32 Additionally, the substitution with some stabilizing fourth
metal has shown to aid in cubic stabilization.?* ** 3 The literature suggests these methods prevent phase
transitions upon cooling to ambient by Li ordering or loss through volatilization sustained at high
temperatures.'> 183336 Control of dopant ratios at such high temperatures preclude many sintering methods
from being a reliable method of targeting metastable oxides. At lower synthesis temperatures and without
heat treatment, the effective ordering of the dopants yields more thermally stabilized polymorphs.
Tetragonal double perovskites have been synthesized in the range of about 700 — 1300 °C. 2% 3739
Orthorhombic phases have been reported at sintering temperatures near or above 600 °C.?:37 As informed
by the discussion of crystallographic substitutions, there is a general trend that cationic order correlates

negatively with sintering temperature, and that naturally, the most ordered titanates are more accessible at

lower temperatures.

Generally, observed differences in ionic conductivities in LLTO samples can be attributed to both crystal
phase and sample morphology, which are outcomes of the chosen synthetic method.'*!¢ The effective ionic
conductivity of any electrolyte material generally depends upon charge carrier concentration and the degree
of ionic motion. For the mobility of Li* through the host, symmetry constraints placed on the A-site result

in bottlenecks that limit the ability of lithium to exchange places with an adjacent vacancy. Additionally



important is the morphology, as polycrystalline secondary structures present additional barriers to ionic
motion through grain boundaries, arising from the incomplete contact of primary particles, and are most
prevalent in solid-solid or sol-gel protocols.'>2*¥ The highest ionic conductivity measured for the undoped
cubic polymorph is on the order of 10 S cm™ at room temperature, first reported by Belous et al. in 1987,
then later by Inaguma et al. in 1993.4%4! This is generally observed for samples where x = 0.1, meaning
that charge carrier concentration is optimized alongside Li* mobility near this concentration. Distorted
structures generally show precipitous losses in ionic conductivity, namely for tetragonal (10° — 10 S cm-
1 and orthorhombic (10 — 105 S ¢m™) lattices, which are attributed to lower lithium concentrations and
structural bottlenecks.'® 22" High quality nanoparticles would open up pathways for fabrication of highly
tailored multifunctional architectures such as inorganic-polymer hybrid electrolytes.*>*> For this, the
dispersion of particulate matter in a host solvent before their incorporation into a polymer matrix, and
therefore engineering smaller particles would be useful for processability (Figure S2). Grain boundary
resistances, which result from a large impedance between the charged surfaces of primary particles,
severely limit applicable charge rates by bottlenecking ionic conductivity by several orders of magnitude
relative to the bulk, particularly for LLTOQ.? 2635343 Measurements of small particulates pressed into an
electrolyte have shown large rises in impedance which severely limit performance.” * 47 However, the
processability of nanoparticles may render them advantageous in the fabrication of high-quality green
bodies that are turned into very dense microcrystalline pellets upon applying conventional sintering

techniques.*®

Efforts in turning away from high-temperature sintering protocols have led to the implementation of
solution-based syntheses for challenging metal oxide products, particularly in the form of nanocrystals.

Solvothermal synthesis has a prominent role when targeting metastable metal oxides more broadly,*" >

as
well as challenging perovskites.’!* Often, the goal of a typical solvothermal synthesis for a metal oxide is

to place a somewhat volatile backbone precursor in an environment that promotes hydrolysis and

polymerization in polar media, much like that of a gelation reaction, which may be stabilized by the



intercalation of cations into the anionic host.”> *® Several papers have shown the formation of LLTO
solvothermally; however, either the thermodynamically favored tetragonal polymorph is made, or the
control over particle morphology was not explored.””’ These methods could also be further expanded by
including a surfactant during synthesis, which pushes the solution past its triple point during temperature
ramping and results in a severe reduction in system dielectric and therefore solubility,®* ¢! facilitating the
crystallization of a capped crystalline material. It is well established that, in these cases, the identities of all
chemical substituents and oven protocols will have influence on the chemistry, size, and shape of the

materials targeted.>>* 62 This strategy has not been explored in the case of c-LLTO.

In this account, nanocrystals of the cubic polymorph of LLTO (¢c-LLTO, hereafter) successfully synthesized
via solvothermal protocols. These nanocrystals were shown to form stable dispersions in ethanol for over
one week. To probe more closely the influences of reaction environment on phase stability, solvent and
surfactant identities were altered. Overall, the unique stability of c-LLTO via solution-based processing is
established, where size and shape of the material may be tailored toward specific applications, namely for

hybrid solid electrolytes.

Materials and Methods

Ethanol (200 proof); ethylene glycol (99%); lithium acetate (99%); lanthanum (III) nitrate hexahydrate
(99.999%); oleic acid (90%); sodium hydroxide (97%); titanium (IV) butoxide (97%) were purchased from

Sigma-Aldrich and used as received.

The synthetic method was adapted from a previous study.**>* In a typical synthesis, 0.75 mmol of lithium
and lanthanum precursors were dissolved in 15 mL of deionized water, making Solution 1. Then, 1.2 g of
sodium hydroxide was dissolved in 6 mL of DI water, making Solution 2. To make Solution 3, 1.5 mmol
of titanium (IV) butoxide was dissolved in absolute ethanol contained within an argon-filled glovebox. The
solution was removed from the glovebox and 7.5 mL of oleic acid surfactant was added and stirred under

ambient conditions. To create the reaction slurry, Solutions 1 and 2 were added sequentially to Solution 3
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under stirring in open air. The addition of Solution 1 induced a white precipitation due to a rapid change in
solubility of the salts, and the addition of Solution 2 resulted in a total reaction mixture at pH 13. The slurry
was transferred to a 125 mL teflon-lined autoclave (Parr Instrument Co., No. 4748). The vessel was sealed
and placed in an oven, which was ramped to 240 °C at a rate of 4 °C/min. The time at-temperature was
varied from 1-72 hr to evaluate the effect on synthetic outcomes. The vessels were allowed to cool to room
temperature; The reaction mixtures were sequestered, and products washed with ethanol three times, which
were collected by centrifugation. The resulting white powders were allowed to dry in an oven at 80 °C
overnight. Separate sets of optimizations were also performed in a set where 60 mL of ethylene glycol
replaced the ethanol and oleic acid volumes in the mixture. All samples were labeled according to the
solvent choice and oven time (i.e., Et-18 corresponds to the synthetic run within ethanol, held at 240°C for

18hr). A full sample code with description (Table 1) is available in the Discussion Section.

Phase identification was performed via XRD with a Bruker D8 Advance under Bragg-Brentano geometry,
Cu K, radiation (K1 = 1.5406 A, Koo = 1.5444 A) at 40 kV and 40 mA. Coupled-20 angles varied from 10-
85¢ at 0.01¢/step with exposure time of 0.850 s. For certain samples, synchrotron diffraction (A = 0.459029
A) was necessary to elucidate composition changes with reaction time, which was completed at Sector 11-
BM within the Advanced Photon Source at Argonne National Laboratory. To confirm phase identity and
purity, Rietveld Refinements were executed using the GSAS-II software package.®® The size and shape of
samples was evaluated via Transmission Electron Microscopy (TEM) using a JEOL-3010 microscope
operating at 300 kV on 400-mesh lacey carbon copper-backed grids (Ted Pella Inc.) in a bright field
configuration. Lastly, local lithium environments were probed for select samples via 'Li Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR) Spectroscopy using a Bruker Avance-II1 400 NMR

spectrometer and 1.9 mm Bruker HXY MAS probe with a spinning rate of 20.0 kHz.



Results and Discussion

For the synthesis of LisxLas;.«[]13-2xT103, the reaction conditions were altered to influence the composition
of the final product, whereas the choice of solvent and surfactants was used to tune the particle size and
morphology. First, attention is paid to the samples prepared in the mixture of ethanol, where oleic acid was
used as the surfactant. Laboratory XRD is presented in Figure 2a for these samples presented alongside
synchrotron diffraction data of the sample Et-18 (Figures S3-4). Note the general peak broadening in all
compounds is indicative of fine nanomaterials, as noted in select TEM images (Figure 2b), where most
particles displayed at least one dimension of 100 nm or shorter. Early formation of a cubic perovskite phase
(Pm-3m, PDF# 00-046-0465) was noted in as little as one hour at temperature, accompanied by a hexagonal
La(OH); impurity (P63/m, PDF# 01-079-539), which is favored to form in basic conditions in the presence
of water.®* © With increased reaction time between 6 and 36 hr, the XRD patterns indicated that the cubic
perovskite phase became the dominant product, and appeared to be nearly chemically pure by the XRD.
There was nearly no meaningful variation with crystal lattice parameters found for these samples with time,
indicating the dopant concentrations were consistent (Table 1), and correlated to the retention of the cubic
phase. A calibration line was constructed from literature values of Li concentration from diffraction data
(Figure S1), which were compared to mass spectra that report titanium and oxygen on-stoichiometry.?" -
72 Using this calibration line, we were able to estimate LisxLassx[]13-2xTiO; to be around x ~ 0.1, as
expected for cubic structures. This outcome highlights the unique access to the cubic phase in a solution
synthesis, despite being metastable at such low temperature, which is similar to the synthetic observations
of related titanium oxides.> >*37-5% 73 The phase composition of LLTO in this synthetic environment only
shows a weak dependence on oven time at this temperature, implying that Li* and La** can incorporate

simultaneously into the TiO¢* backbone.

Table 1. Crystal parameters extracted from fits of the XRD patterns for all samples in this article. Samples are color-
coded to show the respective sets. For the glycol powders where distinct splitting was able to be resolved through
refinement, two lattice parameters. Phase fractions noted for the EG-based powders were extracted from synchrotron
XRD patterns.



Ethanol / Oleic Acid

Sample Code Crystal Parameter (4) Wt. Fractions Cryst(eﬁiﬁ)e Size Extrapolated x Extrapolated Stoich.
Et-72 a= ?;8721((45))’ €= - 23 0. 13(8) Lio41Lao.s3[J0.06T103
Et-48 3.888(5) - 23 0.068(4) Lio22Lao.s9 [J0.19T103
Et-36 3.882(6) - 27 0.084(7) Lig27Lao.ss[0.15Ti03
Et-30 3.884(5) - 22 0.078(5) Lio26Lao.ss [0.16T103
Et-24 3.879(2) - 23 0.095(3) Lios1Lao.s6 [0.13T103
Et-18 3.872(8) - 22 0.11(1) LigssLao.ss [J0.00TiO3
Et-12 3.879(3) - 22 0.095(0) Lios1Lao.s6 [0.13T103

Et-6 3.881(9) - 20 0.086(3) Lig2sLaos7[0.15Ti03

Et-1 3.884(7) - 25 0.078(5) LiozeLaoss [J0.16T103
Ethylene Glycol

Sample Code | Crystal Parameter (a, ) | Wt. Fractions Crystzigi)e Size Extrapolated x Extrapolated Stoich.

EG-72 3.901(4) - 1,000 0.033(4) Lio.11Lao.63 026 T103

EG-18 3.888(1) 0.12 290 0.043(2) L%o,23Lao_59|:|o,1gT%O3

3901(8) 0.88 0032(1) L10_11La()‘63 |:|0_26T103

EG-15 3.886(1) 0.35 720 0.075(0), Li.o.zsLaoA58|:|0.17Ti.03,

3901(0) 0.65 0035(3) Lig.11Lao.e3 |:| 0261103

EG-12 3.878(4) - 360 0.097(3) L%O.SZLaO.Sé N 0.12T%03

3889(4) - 0068(2) Llo,zzLao_sg |:| 0,19T103

EG-9 3.883(0) 0.46 150 0.084(4) Lig27Lag.ss[10.15Ti0;3

3.893(3) 0.54 0.057(5) Lig.19Lag.60[1021TiO3

EG3 3.884(0) 0.47 3 0.081(2) LigasLaoss [0.16T103,

3.897(8) 0.53 0.043(3) Lig.14La.62 [10.24T103

EG-1.5 3-892(1) - > 0.059(4) | LiossLaoeDoTiOs

3.899(4) - 0.041(1) Lig.13La0.62 [J0.25T103

EG-1 3.887(8) 0.53 ) 0.070(5) Lig23Lag.s0[10.18Ti03

3.900(3) 0.47 0.038(7) Lig.12Lag.63 [0.25Ti0;3

Interestingly, a large change in composition was observed for the Et-72 sample. The complex pattern was

indexed with the tetragonal (P4/mmm, PDF # 00-87-0935) polymorph of the perovskite, primarily

identified from the two superstructural peaks labelled in the diffractogram, at 12.16° and 25.27°. Other

peaks that overlap with the parent cubic symmetry were not superimposed in the lattice positions in Figure

2a for sake of clarity. Refinement of this pattern is presented in the Supporting Information (Figure S4).

Traditionally, cubic structures tend to contain more lanthanum than the tetragonal, implying the longer oven




times result in an increase of lithium concentrations, limiting a-site vacancies.!> This suggests that the
ordering of the dopants to form the tetragonal superstructure was limited in the lower oven times, and this
threshold was surpassed between 36 and 72hr. This formation was accompanied by both cubic LiTiO,
(Fm-3m, PDF# 01-079-539) and a hydrous lithium titanate (Li;.31Ho.19) Ti20s -2H,O (Cmmm, PDF# 00-047-
0123) which have been synthesized hydrothermally in similar conditions (Figure S5).°%7* For all samples,
the lattice parameter showed very small variations at different reaction times, without any obvious trend
for the cubic phases (Table 1). A calibration line was constructed from literature values of Li concentration
from diffraction data, which were compared to mass spectra that report titanium and oxygen on-
stoichiometry.?! %72 Using this calibration line, we were able to estimate LisxLaa/;x [11/3-2xTiOs to be around

x ~ 0.1, as expected for cubic structures.
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Figure 2. a. XRD patterns of c-LLTO powders prepared in an ethanol/oleic acid environment with times varied from
1 to 72hr. b. Indicative TEM images of samples Et-12, 18, 24, and 36, depicting various particle sizes and shapes. The
cubic LiscLay;3<TiO3; phase was only indexed in the Et-36 sample and is present in every other sample at a lower time.

For cases where dynamics of lithium environment and Li-ion conductivity are aimed to be established, it
aids in targeting samples with a monodisperse morphology. Generally, particle size and homogeneity were
highest for Et-18, showing nanocrystals of ~20 - 25 nm (Figure 2b). Comparisons of the crystallite size
from pattern fitting (Table 1) suggest the nanoparticle sizes on average were consistent regardless of
reaction time. This morphology is consistent with the formation of micelle or reverse micelle liquid

structures at elevated pressures,’™ 7

where particle growth velocity is limited greatly by diffusion. TEM
images suggest the formation of a somewhat heterogeneous morphology in early reaction times, where the
observed large, faceted nanorods would be consistent with the presence of the La(OH); impurity phase.®*

8 At longer timescales, a heterogeneous morphology is observed despite the chemistry being clean,

depicting larger and more diverse shapes of LLTO present.

To explore the robustness of the synthetic method, both the solvent and the surfactant were swapped
simultaneously for equal volumes ethylene glycol (EG). In the literature, the polar glycol has been identified
as an excellent solvent and directing agent in colloidal syntheses.”””” XRD and representative TEM images
are presented in Figure 3 along with refined synchrotron diffraction of select EG-xx samples in Figures
S6-S10. In the EG-based runs, the formation of ¢c-LLTO was noted in as little as 1 hour of synthesis, and
the size of the nanocrystals was particularly small, with diameters near or below 10 nm. An apparent
shoulder was observed near 40° in the sample EG-1 (Figure 3a), which could initially be taken as indicating
the presence of a secondary LixTiO; in a very low concentration. - #', However, this peak was not observed
in the synchrotron diffraction pattern of the same sample (Figure S10) or in the subsequent diffraction
patterns of other samples, suggesting it may be a noise artifact, and, thus, not important in the overall phase

stabilization of ¢c-LLTO (Figure S10).
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Compared with the ethanol/oleic acid environment, a c-LLTO phase is clearly the dominant product across
a more robust timescale. It was observed that phase purity was obtained for the set of Et-xx, and a biphasic
evolution was noted to take place on a faster timescale when ethylene glycol was used as
solvent/surfactant.’® 7® 7 82 Interestingly, the TEM images of the EG-xx set depict the size evolution of
particulate which quickly crystallizes into sizes that exceed several hundred nanometers. It is evident that
the particles form agglomerations and collect to form the larger monocrystalline structures noted anywhere
after 3 hours at-temperature. As the particles are allowed to collect and reform more quickly, the result is
the production of much thicker, highly faceted particles. The Scherrer analyses of these patterns suggest a

large increase in crystallite size with reaction time (Table 1), consistent with TEM observations.

13



Compound PDF

Li,i0, | 01-075-1602

[aTiO, | 00-034-0596

L pe

e
[ ]
EG-72 a © = -
s JL‘ pnsinnd A ® o
L W

Intensity (a.u.)

b.




Figure 3. a. Powder X-ray Diffraction patterns of c-LLTO powders prepared in an EG environment, times varied
from 1-72hr. b. Representative TEM images of samples EG-1, 1.5, 3, 9, 18, and 72. The cubic LizLay3.<TiO3 phase
was only indexed for the c-LLTO phase for one sample, EG-72.

While the formation of c-LLTO in these systems happens faster, with increased ability to tune particle shape
and size, XRD suggested that there is the stabilization of two, unique crystal phases that could be indexed
with a cubic lattice of the same symmetry as LLTO. The presence of these lattices was more easily discerned
from synchrotron XRD data (Figure 4) in a Debye Scherrer geometry, in the form of splitting of all peaks.
A phase transition to tetragonal or orthorhombic structures based on the parent Pm-3m would not split the
(111) crystallographic direction. Thus, corresponding Rietveld fits of the patterns were used to extract cell
parameters and weight fractions, presented in the Figures S6-10. As noted in the Experimental Section,
select powders were examined via synchrotron radiation, but only those made in EG displayed evidence of
multiple phases, so they are the only ones for which phase fractions were reported in Table 1. The early
evolution at 1hr of a smaller crystal lattice parameter (3.887(8) A, higher angle 20 peak envelope) was
observed in a nearly even concentration with a larger lattice parameter (3.900(3) A). As time increased, the
nucleation and growth of the larger crystal parameter was favored over the smaller one. This may have

several implications for the phase stability of the cubic titanate in these conditions.

Examining the self-diffusion of cations in these slurries may be an interesting follow-up to correlate cationic
mobility and influence on the final composition of the titanate crystallized. In contrast, during the reaction,
it is evident that there is an apparent reorganization of elements as the reaction proceeds, since the different
cell parameters was assumed to represent distinct Li/La ratios based on the literature. 2! 672 Specifically,
the time-dependent evolution of the larger crystal parameter is associated with slightly higher lanthanum
content over the lithium in the LisxLaz;s.x [ 13-2xT103 stoichiometry. EG-18, which stabilized with the major
product Lio.11Laos3 [10.26T103 according to our assumptions, has lower lithium content when compared to
several ¢-LLTO phases reported in the literature. 3!->* 3% 6! This observation implies that Li/La ratios may

not be as critical in the stabilization of the cubic phase, contrary to literature conclusions, as is the synthetic

15



method. Follow-up work is necessary to verify this hypothesis. The growth of the larger crystals at longer

reactions times implies transition between two cubic lattices as more lanthanum incorporates.
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Figure 4. Synchrotron XRD patterns of ¢c-LLTO powders prepared in an EG environment with times varied from 1-
18hr. Plots denote the (110), (111), and (211) peaks from left to right, which denote consistent peak ratios, which are
consistent with two unique cubic phases. Rietveld Refinement data for all samples depicted can be found in Figures
S6-S10.

Different techniques have been used to probe the location of lithium ions within the lattice of LLTO;
however, these are often limited by the small size and low Z value of Li*. To examine the relative changes
in lithium environments across different synthetic environments, solid-state 'Li (I = 3/2) MAS NMR
spectra were taken for samples Et-18, EG-18, and EG-1, as shown in Figure 5. MAS spectra were
collected at 20 kHz in efforts to reduce the effects of anisotropic line shapes, producing more easily
deconvoluted central peaks. All samples had high intensities, proving the incorporation of Li" into the
samples. Clearly, there were large relative differences in the spectra, inferring that modulating the

synthetic method, in turn, imparted LLTO compositions with different local lithium environments.
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The ultrafine nanoparticles of several nm in diameter in EG-1 led to a striking spectral broadening with
the resonance centered about 1.43 ppm. This observation suggests that Li* is not only incorporated into
the lattice, but it does so in highly disordered arrangements, given the width of the peak. This broadening
of the spectra went along with as a lower s/n ratio. Sample Et-18 had slightly larger particles and
presented two components centered at 0.25 and 0.17 ppm, corresponding to two unique A-site Li
contributions. In this synthetic environment, the two lithium have quite different FWHM (Table 2)
values, implying the signal relaxations are quite different within the same phase. The much larger crystals
of EG-18 led to spectra that had similar aspects, but with slight changes in their position: one
environment shifted to a higher chemical shift (Li 1, 0.88 ppm) and the other to a lower chemical shift (Li
2, -1.68 ppm). Since there are two unique cubic phases in these samples, it is currently not possible to
suggest the origin of these shifts concretely. However, since Et-18 was suggested to be one phase, the
existence of two lines in the other samples may not have their origin in the small phase differences
evidenced by diffraction. Given the sensitivity of the ’Li nucleus, the relative changes in peak positions
are quite minor, as only small shifts in the central +1/2 transition have been reported for various phases

and therefore dopant concentrations in the literature.33-%
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Figure 5. ’Li NMR MAS spectra of the samples Et-18, EG-18, and EG-1 powders taken at 294 K, collected at 116.64
MHz with a 20 kHz spin rate. Reconstructions of the spectra for their principal components may be found in the

Figures S11-13.

Sample Component  Position, 6 (ppm) FWHM, A (ppm) %
Lil 0.25 0.90 23

Er-18 Li2 0.17 4.98 76
Lil 0.88 1.42 90

EG-18 Li2 -1.68 1.88 10
EG-1 Lil 1.43 17.9 100

Table 2. Spectral deconvolution parameters for the reconstruction of the ’Li MAS NMR spectra shown in Figure 5.

Previous descriptions of similar LLTO compositions via NMR have been made for samples that vary in

terms of bulk phase and particle size.33-*>%" Many interpretations have been made in the literature, and

may be used to describe MAS spectra of LLTO compounds presented here. According to Bohnke et al.,*

asymmetry in MAS spectra for LLTO may be attributed to describe disorder at the A-site with a

distribution of activation energies for 3-D motion for a c-LLTO polycrystal synthesized via a traditional
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solid state reaction. This assumes that the vacancy and lanthanum concentrations about an individual A-
site is not ordered, and that Li* does not necessarily occupy the ideal crystallographic position precisely.
These observations did not aim to address potential impacts of domain size on spectral features, however.
It has been shown in cross-polarization HETCOR studies that nano-sized LLTO prepared via a solution-
gelation method after a lithium/proton exchange in acid exhibits a motion-limited lithium environment

with a large FWHM near the surface sites in a ¢c-LLTO particle through confinement.*

It was likely both relative disorder and particle size may impact the observed differences of the MAS and
can be true simultaneously. To evaluate the lithium dynamics for these samples, 7; relaxation
measurements are presented in Figure 6 and summarized by Table 3. The dynamics measured were all
fitted with two relaxation components (one-component attempts are available in Figures S14-16).,
suggesting that there are two types of lithium relaxations in these samples. This agrees with the MAS,
where the samples Et-18 and EG-18 are deconvoluted to show two domains each. This could either be
due to differences between the chemistry in the phases, or the morphologies associated with each
synthetic run. The XRD revealed that the Et-xx samples were composed of a single cubic phase,
functionally ruling phase identity as the determinant for relaxometry components. Therefore, local Li*
environments are associated more closely with changes in morphology as opposed to the biphasic nature
of the EG-xx samples. The relative percentages of the components for the 7; match quite well to that of
the MAS. For instance, the narrow component in the MAS spectra of Et-18 (FWHM = 0.90 ppm, 23%)
matches well in relative percentage to the faster recovery dynamic in the relaxation (~ 0.29 s, 22%). The
same is true for each component of the deconvolution. In the case of EG-1, it may be either that the small
size of the particles or a larger relative disorder contribute to a wide FWHM making the individual
environments indistinguishable by the MAS spectra, but still presents relaxation values which can be
decoupled. Additionally, there is also a faster relaxation dynamic in the EG-18 samples, which are also
the largest crystals by several orders of magnitude compared to EG-1 or Et-18, based on TEM presented

in Figures 2b and 3b. There is a general trend that the smallest particles tend to have the slowest
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relaxation kinetics. While not causal, there is reasonable evidence to suggest that both particle size and
the kinetics of lithium relaxation are likely impacting the observed differences in the MAS spectra. This
does not, however, rule out local disorder differences between the three samples, which may also be
impacted by particle size itself. As grains increase in size, the ratio of surface sites to the bulk of the grain
gets smaller necessarily, implying that the small EG-1 particles contain the highest surface fraction, and
the large EG-18 particles with the least. It follows that EG-1 particles displayed broader MAS spectra and
slower relaxation times, and as the relaxation for the larger particles decreased, so did the broad
component of the MAS. These data imply that while nanoparticles are better dispersed in solvents
(Figure S2) and allow for the fabrication of hybrid electrolytes more easily, there is highly likely a
tradeoft for interfacial ionic conductivities which may limit functionality. Currently, explorations of

utilizing these materials in functionalized hybrid electrolytes with polymer matrices are underway.
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Figure 6. 'Li T, inversion recovery method to probe the dynamics of the samples Et-18, EG-18, and EG-1 taken at
294 K.

Sample Component  Relaxation (s) % R’ x
o [ BT TOBSSE [ OST T o | o
EG-18 - ST T 09995 | 175410

Table 3. Fit parameters for the reconstruction of the “Li T; dynamics shown in Figure 6.

Conclusion
A single-step solvothermal protocol was developed for the synthesis of the cubic perovskite of the

composition LisxLazsx[]132xTi03. This work highlights the importance of solvent and surfactant choice
when targeting a monodisperse and chemically pure sample. By choosing ethylene glycol as a solvent and
surfactant, a much faster rate of crystallization and crystal growth was observed with enhanced control over
particle morphology as compared to a system based on ethanol/oleic acid. This observation came at the
expense of purity, with the stability of two unique cubic chemistries implying a complex stabilization
process. This is an important feature not previously reported and implies that the phase stability is not only
achieved by relative metal concentrations, but also the mechanisms of crystal growth employed in each
synthetic method. By "Li SS-NMR, it was revealed that decreasing particle size was associated with broader
MAS peaks and slower corresponding relaxation dynamics found through T; measurements. The
framework presented suggests that metastable oxides like LLTO are accessible by solution processing at
much lower temperatures than by solid-state synthetic methods, offering unique control over the shape and

size of resulting crystals.

Associated Content
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Supporting Information

Other supporting data includes calibration lines for dopant concentrations, suspensions of the various
perovskites, and detailed XRD fitting information. This material is available free of charge via the
Internet at http://pubs.acs.org.
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