Open Access Article. Published on 01 September 2021. Downloaded on 3/4/2026 10:59:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 29156

Received 14th May 2020
Accepted 20th August 2021

DOI: 10.1039/d0ra04324a

Elucidating the influence of molten salt chemistries
on the synthesis and stability of perovskites oxidest

Benjamin Levitas, {22 Spencer Piligian,” Thomas Ireland® and Srikanth Gopalan*@®

In this work, we investigate the synthesis of (Lag gSrg.2)MNnO3 (LSM) in various molten salts to gain insight on
the influence of molten salt ions for synthesizing materials critical for energy applications. LSM
nanoparticles with a size range of ~10-200 nm and with target stoichiometries were formed from oxide
precursors via feeding into KNOs. Furthermore, feeding precursors into the melt compared to mixing
and heating from room temperature results in complete formation of LSM that was otherwise
unattainable using conventional molten salt synthesis methods. In LiCl-KCl eutectic, the high Lux acidity
of Li* and Cl™ establishes a thermodynamic barrier that impedes Sr from reacting with other precursors
in solution and increases Sr stability in the melt compared to the perovskite phase. As a result, LSM will
not form in a LiCl-KCl eutectic under ambient conditions. Thus, this study further explicates the molten
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Introduction

Perovskite type oxides (PTOs) are prevalent in numerous appli-
cations such as superconductors, catalysts, electronics, magnets,
and fuel cells.”™ In particular, La; ,Sr,MnO;_,; (LSM) is a widely
used oxygen electrode material for solid oxide fuel cells (SOFCs)
and solid oxide electrolysis cells (SOECs). Synthesizing LSM,
however, requires sintering temperatures above 1000 °C for as
long as 10 hours.>® The molten salt synthesis (MSS) method is
a viable option to form PTOs at reduced temperatures. The
reaction occurs in the liquid state and proceeds rapidly since
diffusion in a liquid is orders of magnitude faster than in a solid
and thus induces intimate and rapid contact of the precursor
species. For example, the diffusion coefficient for solid state
sintering of gadolinium doped ceria ranges from 10~ ** to 10 %
em? s~ from 800-1100 °C.° On the other hand, in a molten LiCl-
KCI eutectic at 500 °C, the diffusion coefficients for lanthanides
and actinides range from 10> to 10> cm” s~ '.** By contrast, at
500 °C, diffusion in the solid state in inorganic oxides is
immeasurably slow. The rapid diffusion and reaction in the
liquid solvent results in reduced temperatures and times
required to form PTOs."'*> One limitation of the MSS is that the
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salt synthesis for perovskites and can serve as a guide for future syntheses.

salt system be chemically inert and have a low (but non-zero)
solubility for the precursors and the product.

Molten salt systems have been widely studied and are known to
contain rich and diverse chemical environments. For example,
species such as superoxides and dissolved metals, which are usually
nonexistent in a solid-state PTO synthesis, can be found in the
MSS." The overarching chemical basis of molten salt chemistry and
synthesis is understood through the Lux-Flood acid base theory:**

Base — acid + O*~ 1)

The base is the oxygen ion donor and the acid the oxygen ion
acceptor. The fundamental thermodynamic principles driving the
formation of the product phase in the molten salt are thoroughly
described by Kimura." Essentially, reactions occur between the
dissolved species in the molten salt and products precipitate out of
solution once the concentration of the product species in solution
in the molten salt exceeds its solubility limit. Solubilities of species
within the solvent are dependent on their acidity and the oxygen
ion concentration (basicity) within the melt."* Many studies have
been done to synthesize perovskites using the MSS,"” ™ including
LSM,**** but how a particular molten salt influences the thermo-
dynamics and kinetics of nucleation and growth has not been
explicitly studied to the best of our knowledge. Moreover, studies
that have presented the MSS of LSM using salts such as LiCI-KCI*
do not provide elemental analysis of the formed powders to
determine if LSM of the target composition truly forms.

This study investigates the thermodynamic influence of
molten salt cations and anions to synthesize the PTO, LSM, in
five different salt systems. These salts include halide and oxo-
salt eutectics such as LiCI-KCl, LiNO;-KNOj;, and Li,CO;-
K,CO3, as well as single oxosalts such as LiNO; and KNOj.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04324a&domain=pdf&date_stamp=2021-08-31
http://orcid.org/0000-0001-7423-1686
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04324a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011047

Open Access Article. Published on 01 September 2021. Downloaded on 3/4/2026 10:59:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Oxosalts directly provide oxygen ions to the precursors in
solution and thus increase the basicity, whereas halides do not
provide oxygen ions and increase the acidity. The cations are
thus varied between Li" and K' to directly compare the high
acidity of Li* to the more basic K*.** This study focuses on using
oxide precursors for LSM. Past studies detailing LSM MSS use
nitrate precursors,*** which are hygroscopic, require specific
storing conditions, and lack easy bulk preparation for scalable
production of LSM. Furthermore, we apply a feeding procedure
that has been previously employed to synthesize LaCoOj;
nanoparticles with dramatically reduced particle size compared
to when LaCoOj; precursors were heated up to the dwell tem-
perature*(see ESIT for all methodologies). However, the present
study also highlights how effectively this feeding procedure
facilitates the formation of LSM. Moreover, the feeding proce-
dure provides a way to bypass certain pitfalls of conventional
MSS methods for LSM production. A combination of X-ray
diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDX),
and Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
reveals that PTO structures can form in all salts tested, but
the increased Lux acidity of a molten salt impedes pure phase
formation of LSM. In doing so, we present a deeper under-
standing of molten salt chemistries in the context of LSM
formation, which can be applied to synthesize other relevant
highly ordered, complex PTOs for energy applications.

Results and discussion

Influence of molten salt anion on LSM formation

The XRD patterns for high temperature calcined (HTC) LSM,
molten salt attempted synthesis in Li,CO;-K,CO; eutectic,
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LiNO3;-KNOj; eutectic, and LiCl-KCl eutectic are shown together
in Fig. 1. Each of the three attempted MSS LSM patterns contain
peaks that correspond to LSM when compared to the HTC
pattern, yet there are a significant number of peaks matched to
secondary phases besides LSM. In particular, when the
synthesis was performed in Li,CO3;-K,CO; and LiNO3;-KNO3,
peaks for leftover SrCO; are present. Li,COj; is identified in the
Li,CO;3-K,CO; pattern since Li,CO; has an extremely low solu-
bility in water®® and remained in the powder mixture even after
washing for more than 20 times. While the LiCI-KCl synthesis
pattern does not contain any leftover reactants, there are peaks
matched to Li,MnOs;. In fact, Li,MnOj; is indexed for all three of
the patterns of molten salt synthesized powders. Since the LiCl-
KCl synthesized powder did not contain any leftover SrCO;
based on XRD, this powder was analyzed using SEM EDX to
compare the elemental composition to HTC LSM. As shown in
Fig. 1b and c, the Sr L-line around 1.8 keV in the LiCI-KCl
synthesized powder is substantially lower than the corre-
sponding peak for HTC LSM. Moreover, the major Mn K-line
around 5.9 keV for LiCl-KCl synthesized powder is dimin-
ished to that in the HTC LSM spectrum. These two results
indicate that (1) LSM does not appreciably form in any of the
eutectic molten salts analyzed under these conditions and (2)
the La;_,MnO; perovskite that forms in LiCI-KCl is Mn-
deficient compared to HTC LSM perovskite as a result of the
Li' reacting with the leftover Mn,O; precursor.

The molten salt syntheses were repeated, but instead the
amount of molten salt eutectics was adjusted relative to the LSM
oxide precursors. The XRD patterns are presented Fig. S2-S4.F
Adjusting the amount of Li,CO;-K,CO; has no apparent effect
on the formation of LSM, since amorphous SrCOj is present in
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(a) XRD patterns of attempted molten salt synthesized (MSS) LSM powders in different molten salts at 600 °C for 2 hours compared to LSM

synthesized via high temperature calcination (HTC) at 1200 °C for 10 hours. The precursor powders were mixed oxides in stoichiometric
amounts, and the powder to salt mass ratio was 1 : 8. (b) EDX spectra for the LiCl-KCl attempted MSS and (c) EDX spectra for the HTC LSM, which
compare the intensities of the Sr L-line highlighted in red to show LSM does not appreciably form when LiCI-KCl is used.
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all three patterns and pure phase LSM is not present. The peaks
for Li,CO; are present in all three patterns for the same
reasoning as described above. Again, Li,CO; requires a signifi-
cant amount of water to completely separate the product
powders from salt and thus is not a suitable candidate for large
scale productions using the MSS. As a result, this salt system
was not investigated further. Adjusting the amount of LiNO;-
KNO; relative to LSM oxide precursors yields many secondary
phases coinciding with the perovskite peaks. As seen in Fig. S3,T
pure phase LSM is not achieved for any salt amount tested. The
patterns for attempted LSM in LiNO;-KNO; contain numerous
peaks besides those corresponding to LSM as shown in the HTC
pattern. When the amount of LiCI-KCI was varied relative to
LSM precursors, the XRD patterns indicate small peaks corre-
sponding to Li,MnOj;. However, no peaks for SrCO; are present,
which suggests that LSM may form to some extent as opposed to
LiNO3;-KNO; or Li,CO3-K,COj3, which had SrCO; peaks present
in the respective XRD patterns. As a result, additional syntheses
were conducted for 8 hours to further investigate the possibility
of LSM formation in LiCl-KCI. Nonetheless, the EDX spectra for
each attempted synthesis shown in Fig. S4b-ef shows that the
Sr L-lines in each are substantially lower in intensity than HTC
LSM. Therefore, despite the XRD patterns suggesting LSM
formation in LiCl-KCl, EDX confirms that the perovskite that
forms is Sr-deficient. Since SrCO; is not present in the XRD
pattern of the collected powder, it is possible that this precursor
was dissolved and washed away with the salt, post synthesis.
Pure LSM was determined to be unable to form in any of the
eutectic molten salt systems tested thus far. To gain more
insight on the thermodynamics and interactions of LSM
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perovskite within the molten salts, HTC LSM was dwelt in
LiNO;-KNO; and LiCI-KCl respectively, washed, and collected
for XRD measurements. The XRD patterns shown in Fig. 2a
indicate that LSM is not stable when exposed to either molten
salt. Specifically, SrCO; is present after dwelling in LiNO;-
KNO3;, and Li,MnOj; is present after dwelling in both LiNO3;-
KNO; and LiCl-KCIl. The SEM images and EDX spectra for the
HTC powder, post dwell LiNO;-KNOj3, and post dwell LiCI-KCl
in Fig. 2b-g. After dwelling in LiNO3;-KNO3, the particle surfaces
are significantly more faceted than the as is and dwelt-LSM in
LiCl-KCl. Nonetheless, the Sr L-lines in both the dwelt powders
have diminished Sr L-lines compared to the HTC LSM as indi-
cated by the red dashed lines. The difference in surface
morphology in the LINO;-KNO;-dwelt powder could be a result
of the NO; ™ ions in solution stabilizing different crystal facets®>
after Sr is leached out of the perovskite. The LiCl-KCl-dwelt
spectrum has an even lower Sr L-line intensity compared to
that of the LiNO3;-KNO;-dwelt spectrum, which indicates that
the chloride containing salt (the more Lux acidic molten salt)
leaches out more Sr from the perovskite lattice. The more acidic
solution would dissolve the segregated SrCO; to then be
removed from the powder during the washing step as outlined
in the experimental procedures (see ESIt), and thus not appear
in the XRD pattern in Fig. 2. As a result, LSM of a target La, g-
Sr,MnO; stoichiometry is not stable in any of the molten salt
solvents used to determine the influence of the anionic char-
acter of the salts. Pure phase LSM was also found to not form in
any of the above investigated molten salts. Thus, while the
anion does play a role in the MSS of LSM, it is not the deciding
factor.

Pd

Pd

4 5 6
Energy (keV)

(a) XRD patterns of HTC LSM compared to HTC LSM dwelt in LINOs—KNO3z and LiCl-KCl eutectics at 600 °C for 2 hours. The mass ratio of

powder to salt was 1 : 8. SEM images and EDX patterns of (b and c) HTC LSM, (d and e) LINO3—KNO3 dwelt LSM, and (f and g) LiCl-KCl dwelt LSM.
The dashed red lines indicate diminishing Sr L-line intensities compared to HTC LSM.
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Influence of molten salt cation on LSM formation

In this section, the molten salts investigated were single salt
nitrate systems (LiINOz; and KNOj) since each of these salts had
desirably low melting points and would give direct insight on
the influence of the cation on LSM formation. HTC LSM was
dwelt in LiNO; and KNO; to determine any influence on the
acidic character of the cation on LSM perovskite. The XRD
patterns in Fig. 3 clearly indicate identical patterns for the HTC
LSM as is, and the HTC LSM dwelt in KNO3;. When dwelt in
LiNO;, the corresponding pattern contains peaks for Li,MnO;
and SrCO; as identified before for the LSM dwelt in Li*-con-
taining molten salts. The EDX spectrum for LiNOz-dwelt LSM
clearly identifies a diminished Sr L-line compared to that in the
HTC LSM spectrum (Fig. 3e and g). However, while the KNO;-
exposed LSM has a significantly more intense Sr L-line, it is still
slightly lower than the Sr-L line for HTC LSM (Fig. 3b and g).
These results indicate that the molten salt cation has a signifi-
cant effect on the retention of Sr in the LSM perovskite. Even
though HTC LSM experienced slight Sr depletion when exposed
to the KNOj; melt, it is possible that prolonged exposure during
the heat up and cool down furnace steps exacerbated the salt
leaching Sr from the LSM lattice. Furthermore, a small peak for
the potassium K-line around 3.3 keV is present, which suggests
that Sr near the surface of the perovskite has been replaced by
a K'. We do not expect this to be detrimental for LSM from the
standpoint of application in solid state devices such as fuel cells
and electrolyzers, since the incorporation of a small amount of
K" into the melt-synthesized perovskites would be incorporated
in either the A (La) or B (Mn) sublattice as acceptor dopants,
resulting in the formation of oxygen vacancies or holes, which
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are already part of the native point defect structure of LSM.?**°
Nonetheless, KNO; is the most promising molten salt to
preserve LSM perovskite phase with a desired stoichiometry and
was then investigated further for the MSS of LSM.

The XRD patterns for the attempted LSM MSS in KNO; are
shown in Fig. S5.f The mass ratio of LSM oxide precursors to
KNO; was varied from 3 : 1 (mass powder to mass KNO3) up to
1:12, yet pure phase LSM was not obtained in any instance. At
greater amounts of salt to LSM precursor ratios (the 1 : 8 and
1: 12 samples), the SrtMnOj; phase is observed. In all patterns,
a KosMn,0,-2H,0 phase is present with variable intensity.
Since the HTC LSM was shown to remain stable in KNO; at the
same temperature and time in a 1 : 8 powder to salt mass ratio,
the most thermodynamically stable phase at such conditions is
LSM perovskite. The experimental conditions of mixing stoi-
chiometric amounts of La,03;, Mn,03, and SrCO; precursors
with KNOj3, heating to 600 °C, dwelling, then cooling back down
to room temperature, may instead facilitate the reaction
between K' and Mn,O; at a lower temperature to form
a complex. This is observed in Fig. S61 with varying the amount
of Mn,0; precursor dwelt in KNO3 at 600 °C for 2 hours, and
collecting XRD patterns of the resulting powder. Counterintui-
tively, when the amount of KNO; relative to Mn,O; decreases
a far greater amount of K, sMn,0,-2H,0 forms, whereas Mn,0;
is the major phase when the amount of KNO; relative to Mn,03
increases. The StMnO; phase may form at greater amounts of
KNO; to LSM precursors as a result of this change in Mn,0;
solubility and consistently high La,0O; solubility in KNO;.>

Given that mixing and heating from room temperature may
provide avenues for undesired secondary phases to form, there

La

Mn

LiNos

Counts (a.u.)
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(a) XRD patterns of HTC LSM compared to HTC LSM dwelt in LINOs and KNOs. The dwell conditions were 600 °C for 2 hours, and the

mass ratio of powder to salt was 1 : 8. SEM images and EDX spectra are presented for (b and ¢) KNOz-dwelt HTC LSM, (d and e) LINOz-dwelt HTC
LSM, and (f and g) HTC LSM. The dotted red line shows a direct comparison between the Sr L-line intensities for each spectrum.
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is a need to instead introduce the mixed LSM precursors at the
same time directly into equilibrated KNO; at 600 °C. This
feeding procedure® was followed as described in the ESI. The
XRD pattern (see Fig. S71) for the fed LSM into equilibrated
KNO; shows completely pure phase LSM formation after
dwelling for 1 hour before removing the crucible from the hot
plate. SEM/EDX also show a particle size distribution ranging
from ~10 to 200 nm, with the majority of particles spanning 15—
45 nm in diameter (see Fig. S87), and a comparable Sr L-line
intensity to that of HTC LSM with a slight peak for K that may
be substituted for Sr near the surface of the perovskite. Thus,
the feeding procedure is the more successful method to expe-
ditiously form pure phase LSM nanoparticles of desired stoi-
chiometry, when the appropriate molten salt KNO; is identified.

Thermodynamic basis for molten salt chemistry: LSM
formation in KNO; and not LiCI-KCI

Of the molten salt systems tested for the MSS of LSM, LiCIl-KCl
and KNO; were the closest to successful considering the extent
of secondary phases that formed and EDX analysis. The failure
to form LSM in the LiCl-KCl eutectic melt can be understood
from the context of supersaturation in the molten salt. The
driving thermodynamic factor regarding nucleation and
perovskite formation within a molten salt is heavily influenced
by solubilities within the melt.'>*® Specifically, the central
equations are as follows:
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AG* = AG;omOf(m, X) (2)

AG,,, — 10T e’ )
omo = T3 AR

Au = kT 1In(1 + o) (4)

=% 5)

Explanations of the above equations along with key ther-
modynamic parameters for nucleation can be found else-
where.? Briefly, AG* is the nucleation energy barrier, AGy, is
the homogeneous nucleation energy barrier, f{m,x) is the
heterogeneous nucleation shape factor which is a function of
nucleus radius and wettability, Q is the volume of a nucleus, 7y.¢
is the interfacial free energy between the crystal nucleus and the
molten salt phase, and ¢ is the supersaturation. The actual
solubility of component A in a mixture comprising the molten
salt and A is denoted as X,. When a product, P, is formed by the
reaction between reactants A and B, X3 is the solubility of A in
the molten salt when equilibrium is achieved between P, B, A,
and the molten salt. Here, we focus on the change in chemical
potential between the actual and equilibrium state, Au, and the
supersaturation, ¢. Regarding the formation of LSM, it is more
useful and elucidating to apply this formulation to each reac-
tant and calculate respective supersaturation values. Fig. 4
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Fig. 4 Concentrations of metal ions present during MSS of LSM. (a) LiCl-KCl eutectic at 550 °C. Blue circles indicate La concentrations. (b)
Concentrations of La in LICI-KCl at 550 °C plotted on a magnified scale. (c) KNOz at 600 °C. (d) Feed into KNOz at 600 °C.
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shows the measured concentrations of ions in the melt
(samples drawn from the melt) as a function of time. These
concentrations are the respective equilibrium concentrations,
X3, for each reactant and were collected at the 8 h mark since
the measured concentrations were relatively stable. The actual
solubilities, equilibrium solubilities in the molten salt in the
presence of the desired product phase, and calculated super-
saturations are presented in Table 1. The gy, and oy, values are
around 2 orders of magnitude larger than og,, which indicates
that there is much less of a thermodynamic driving force to
incorporate Sr into the perovskite lattice. This is observed in
Fig. 4a and b where La and Mn concentrations in the salt melt
over the course of perovskite formation are significantly lower
than Sr, which was expected as less La and Mn would be solu-
bilized as more product perovskite precipitates out of solution.
Sr concentrations in the salt melt remained relatively constant
throughout the duration of the synthesis, which further
demonstrates Sr is not reacting with the other precursors and
therefore not being accommodated in the product perovskite
phase. However, since Sr L-lines were observed in the EDX
spectra in Fig. 1b and S4b-ef for the LiCI-KCl MSS samples, it is
possible that the non-zero supersaturation for Sr allows for trace
amounts of Sr to react with the other precursors and incorpo-
rate into the perovskite lattice.

While a high solubility of a component in the molten salt, X,,
may appear favorable for a larger supersaturation, it is impor-
tant that the X3 value be lower than X, to drive the reaction
forward. In other words, the chemical potential of the compo-
nent in the desired product phase must be lower than the
chemical potential of the precursor phase A alone in equilib-
rium with the molten salt. If this is satisfied, the change in
chemical potential of A will be negative and indicate a favorable
reaction (Fig. S9t). The greater this difference, the more spon-
taneous the reaction and hence, a smaller nucleation activation
energy barrier prevails as shown in eqn (2) and (3). In LiCI-KCl
eutectic, the high concentration of Sr in the melt can be
attributed to the Lux acidity of both the Li* and C1~, which have
been shown to significantly solubilize alkaline earth metals and
oxides.*"**> Furthermore, the Lux-acidic environment induces
a less favorable environment for Sr within the perovskite lattice.
Fig. S10f shows XRD patterns for HTC Lag St 4C0¢2Feo 503
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(LSCF) as synthesized, dwelt in LiCI-KCl eutectic, and in KNO3
at 600 °C for 4 hours. The patterns for as-synthesized and KNO;-
dwelt LSCF are nearly identical, yet noticeable down-shifted
peaks appear on the shoulders of the main LSCF peaks in the
LiCl-KCl pattern. These down-shifted peaks indicate lattice
relaxation® and suggest Sr is leached out of the lattice when
exposed to an acidic molten salt. Elemental analysis via ICP-MS
indicates that Sr concentrations are indeed diminished for the
LiCI-KCI eutectic-dwelt LSCF, whereas the KNO;-dwelt and as-
synthesized LSCF are similar (ESI Table 1}). Since Sr is less
stable in the perovskite lattice, these results suggest that

s o9t in the LiCl-KCl eutectic is increased compared to
Us in the KNO; melt. As a result, the magnitude of Aug; in
LiCl-KCl eutectic is smaller than that in KNOj so there is less of
a driving force for Sr to nucleate into the perovskite phase in
LiCl-KCl. Stated another way, the partition coefficient of Sr
between LiCl-KCl and the perovskite phase is very high and
thus, LSM does not form.

KNO; is a desirable molten salt since K" has the lowest
acidity among alkali metals according to Lux-Flood theory, and
nitrates are less acidic than chlorides. Thus, KNO; is overall less
acidic than LiCI-KCl eutectic.*” Therefore, it was expected that
more of the Sr would be retained in the perovskite phase when
equilibrated in the less acidic KNO; melt. From Fig. 4c, it is
readily apparent that Sr melt solubility is indeed drastically
reduced in the KNO; melt compared to LiCl-KCI eutectic over
the course of LSM formation. Moreover, the decreasing
concentration of each metal as time progressed reflects that
each precursor is able to react and form LSM. The XRD patterns
of KNO;-dwelt HTC LSM and LSCF demonstrate that the less
acidic properties of KNO; favor Sr remaining in the perovskite
phase instead of Sr in solution, as opposed to the more acidic
properties of LiCl-KCl eutectic, and are essential for the
successful synthesis of phase pure perovskite (Fig. 3, S10 and
Table S17). Thus, the formation of LSM in a KNO; melt gives
credence to the greater stability of Sr in the LSM phase in the
molten salt compared to Sr in the molten salt. It is postulated
that the supersaturation of Sr, gg;, is now higher than that in the
LiCI-KCl eutectic. As a result, it is clear from eqn (3) and (4) that
the nucleation activation energy barrier for LSM in a KNO; melt
will be lower in magnitude than that in a LiCI-KCl eutectic. The

Product
T

Tablel (Top) Molar ratios of each elementin LSM powders analyzed via ICP-MS. (Bottom) Supersaturations of each element calculated for LiCl-
KCL LSM

LSM La mole ratio Sr mole ratio Sr/La mole ratio Mn mole ratio
HTC LSM 0.81 £+ 0.09 0.206 + 0.002 0.25 £+ 0.01 1.1+ 0.1
LiCI-KCl 0.76 £+ 0.09 0.019 +£ 0.002 0.025 £ 0.001 1.0 £ 0.1
KNO; feed 0.74 £+ 0.04 0.183 + 0.009 0.247 £ 0.001 1.00 £+ 0.05
LiCI-KCI LSM La Sr Mn
X (umol g7 salt) 8.28 174.62 41.54
X3 (umol g7 salt) 0.053 59.044 0.155
o 160 2.9575 268

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemistry of the molten salt and how it affects the reactants and
products is thus an important aspect in the MSS of LSM.

When the oxide precursors were fed to the KNO; melt
equilibrated at 600 °C, the concentrations of each metal in the
melt were drastically lower than those in the experiment where
the precursors and salt mixtures were mixed and heated
together from room temperature. Specifically, Fig. 4d indicates
each of the precursors have relatively stabilized in solution even
at the first sample collection at 30 minutes. Thus, the precur-
sors are rapidly reacting and forming the target perovskite when
introduced to the melt at 600 °C, which drastically accelerates
LSM formation compared to heating from room temperature.
The higher concentrations of Sr that prevail in the mix and heat
method may be a result of the precursors being exposed to and
reacting at lower temperatures in the molten salt during the
ramp schedule as explained earlier. The marked decrease in
precursor concentrations displayed in Fig. 4c at the 1 h mark,
and then consistent concentrations from there on, suggest a lag
where the melt was still heating to 600 °C despite the heating
program reaching 600 °C earlier. By contrast, since all precur-
sors in the feed method are directly introduced to the melt at
600 °C, all three can rapidly react to form the desired perovskite
phase. In this case, Fig. 4d shows no drastic decrease in
precursor concentrations, indicating firstly that melt is indeed
at 600 °C upon drawing the first sample, and secondly that the
reaction has likely already occurred and equilibrated in the
molten salt. This rapid kinetics of formation of PTO has
important implications to not only further elucidate critical
factors for PTO formation in molten salts, but also facilitate
mass production of PTOs for industrial applications.

Conclusions

In conclusion, the synthesis of LajgSro,MnO; from oxide
precursors in various molten salts was investigated to deter-
mine the influence of molten salt chemistry on the efficacy of
LSM formation. It was determined that varying the molten salt
anion alone did not facilitate LSM formation and thus indicates
that the molten salt anion is not the critical factor. The less
acidic K" cation compared to Li' is preferred for the MSS of
LSM, but pure phase LSM was only obtained by feeding oxide
precursors into an equilibrated KNO; melt. The size distribu-
tion of the LSM formed via feeding and dwelling for 1 hour
spanned from ~10-200 nm, with the majority of particles
ranging from 15-45 nm in diameter. LSM did not form in LiCl-
KCl as a result of the large thermodynamic barrier impeding
LSM formation due to high acidity of the salt ions in solution
creating a more favorable environment for Sr in the molten salt
instead of the product perovskite phase. The reaction mixture
instead resulted in the formation of A-site deficient lanthanum
manganite perovskite phase. Conversely, the relatively low
acidic KNO; has a lower nucleation barrier and thus results in
a lower partition coefficient of Sr between the melt and the
perovskite phase. Phase pure LSM with the desired composition
can therefore rapidly form when fed into in this molten salt
medium. Essentially, an appropriate molten salt for LSM and
other perovskite synthesis requires the molten salt ions, with an
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emphasis on the cation, to be less acidic than the precursors. In
a broader context for the MSS of other PTOs, researchers should
consider the inherent chemistry of each salt system and, if
necessary, select those with low Lux acidity.
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