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ABSTRACT: The synthesis of kinetically stabilized, i.e., metastable, dielectric semi-
conductors, represents a major frontier within technologically important fields as
compared to thermodynamically stable solids that have received considerably more
attention. Of long-standing theoretical interest are Sn(II) perovskites [e.g., Sn-
(Zr,/,Ti; ;)O3 (SZT)], which are isoelectronic Pb-free analogues of Pb(Zr,,,Ti;;,)O;
(PZT), a commercial piezoelectric composition that is dominant in the electronics
industry. Herein, we describe the synthesis of this metastable SZT dielectric through a
low-temperature flux reaction technique. The SZT has been found, for the first time, to
grow and to be stabilized as a nanoshell at the surfaces of Ba(Zr,,,Ti;/,)O; (BZT)
particles, i.e., forming as BZT—SZT core—shell particles, as a result of Sn(II) cation
exchange. In situ powder X-ray diffraction (XRD) and transmission electron microscopy
data show that the SZT nanoshells result from the controlled cation diffusion of Sn(II)
cations into the BZT particles, with tunable thicknesses of ~25—100 nm. The SZT
nanoshell is calculated to possess a metastability of approximately —0.5 eV atom™ with
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respect to decomposition to SnO, ZrO,, and TiO, and cannot currently be prepared as stand-alone particles. Rietveld refinements of
the XRD data are consistent with a two-phase BZT—SZT model, with each phase possessing a generally cubic perovskite-type
structure and nearly identical lattice parameters. Mdssbauer spectroscopic data (''”Sn) are consistent with Sn(II) cations within the
SZT nanoshells and an outer ~5—10 nm surface region comprised of oxidized Sn(IV) cations from exposure to air and water. The
optical band gap of the SZT shell was found to be ~2.2 eV, which is red-shifted by ~1.2 eV compared to that of BZT. This closing of
the band gap was probed by X-ray photoelectron spectroscopy and found to stem from a shift of the valence band edge to higher
energies (~1.07 eV) as a result of the addition of the Sn Ss* orbitals forming a new higher-energy valence band. In summary, a novel
synthetic tactic is demonstrated to be effective in preparing metastable SZT and representing a generally useful strategy for the

kinetic stabilization of other predicted, metastable dielectrics.
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I. INTRODUCTION

Synthetic advances in the preparation of metal oxides have led
to the discovery of thousands of new compounds that have
made a tremendous impact in a wide range of fields, including
dielectrics, ferroelectrics, magnetic materials, and photo-
catalysts. A predominant majority of known metal oxides
have been synthesized using traditional high-temperature
ceramic methods, thereby favoring the formation of
thermodynamically stable compounds. In more recent years,
the prediction of thermodynamically unstable oxides has
received more attention for their potential to show new and/
or enhanced physical and chemical properties.' > While the
possible advantages of metastable oxides have long been
theorized, in practice, their syntheses have proven to be
challenging. Frequently, the synthesis of metastable oxides has
relied upon serendipity or simple trial-and-error approaches.
Considering this high degree of difficulty, metastable oxides
have therefore remained significantly underexplored. However,
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the number of metastable metal oxides that can potentially be
kinetically stabilized has been predicted to far exceed those
that are thermodynamically stable and currently known.*’
Some metal oxide systems are well-known to exhibit very
few or no thermodynamically stable phases, such as those
systems containing In(I), Cu(I), and Sn(II) cations. This is the
result of their preference for coordination environments (e.g.,
linear or asymmetric as a result of a stereoactive lone pair) that
act to destabilize most of the common structure types of metal
oxides, thus leading to their decomposition to simpler oxides.
However, recent large-scale computational studies have
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demonstrated that semiconductors in these systems have the
potential to possess desirable properties such as high char§e
carrier mobility, defect tolerance, and small band gaps.”’
Research in the Maggard and Jones groups has led to the
discovery of promising new routes to the synthesis of
metastable perovskites by the flux-based topotactic trans-
formation of structural precursors with high cohesive energies
that aid in their kinetic stabilization.”” For example, a highly
facile exchange of Sn(II) on the A site of the perovskite
structure was found using a low-melting SnCIF peritectic flux,
such as in the synthesis of Ba,_,Sn,ZrO; (x = 0 to ~0.6).°
These new Sn(II)-containing oxide semiconductors show a
high metastability, with a calculated AEg,,y,, of up to —0.3 eV
atom™. Their kinetic stabilization is achieved by inhibition of
phase segregation and the relatively low reaction temperatures.
In these cases, significantly red-shifted band gaps down to ~2.0
eV are found with increasing metastability, as well as increased
rates of photocatalytic oxidation of water to molecular oxygen.*
However, a pure Sn(II) perovskite oxide has yet to be reported
as a result of their metastability.

Perovskite oxides with compositions close to Sn(Zr,Tiy)-
O; have long been recognized as a technologically important
dielectrics, as they represent Pb-free analogues of the
commercial Pb(Zrl_yTiy)O3 piezoelectric.'™"* Despite this
recognition, the synthesis of Sn(Zr,sTiys)O; had not yet been
achieved owing to the associated challenges of SnO as a
reactant, the ease of oxidation of Sn(II) to Sn(IV) in air, and
its rapid disproportionation to SnO, and Sn at temperatures as
low as ~300 °C.">"* The difficulty in preparing this Sn(II)
perovskite oxide also stems from its high degree of
metastability toward decomposition to the binary oxides, e.g.,
28n(Zry3Tip5)O;3 = 2SnO + ZrO, + TiO,. Additionally, in the
case of SnTiO;, there is a more stable polymorph with an
ilmenite-type structure that has been experimentally prepared
and is borderline thermodynamically stable.”” Given these
synthetic barriers, described herein is the remarkable synthesis
and investigation of the Sn(II)-containing perovskite oxide
Sn(ZrysTips)O; obtained from a low-temperature cation-
exchange reaction as a nanoshell covering Ba(ZrysTigs)O;
particles.

Il. EXPERIMENTAL SECTION

lla. Synthetic Procedure. The BZT particles were prepared via
grinding stoichiometric amounts of BaCO; (Alfa Aesar, 99.8%), TiO,
(J. T. Baker, >99%), and ZrO, (Beantown Chemical, 99.5%) with a
10% molar excess of BaCO;. Next, an equimolar mixture of NaCl and
KCl was added to serve as an eutectic flux with a salt:product ratio of
20:1, and thereby lower the reaction temperature. This mixture was
subsequently ground for 20 min. The reactants were heated to 1100
°C and held for 24 h before radiative cooling to room temperature.
The BZT product was repeatedly washed with deionized water to
remove the remaining flux.

A 40% Sn-containing composition, ie., 0.6 BZT—0.4 SZT, was
prepared by grinding BZT with stoichiometric amounts of SnCl, (Alfa
Aesar, 99% minimum) and SnF, (Alfa Aesar, 97.5%) in a glovebox
under an Ar atmosphere. The resulting powder was loaded into a
fused silica tube and sealed under dynamic vacuum. The mixture was
heated to 350 °C at a rate of 12 °C min~’, held for 12 h, and then
allowed to radiatively cool to room temperature inside the furnace.
The final products were washed multiple times with deionized water
to remove BaCIF and any unreacted SnCIF and then allowed to dry at
80 °C overnight. A 20% Sn-containing composition was similarly
prepared.

lIb. Characterization. Powder X-ray diffraction (XRD) patterns
were measured on a PANalytical Empyrean X-ray diffractometer
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operating with Cu Ka radiation (45 kV, 40 mA) with a step size of
0.0131° in 26. The data were refined via the Rietveld method using
the GSAS-II software package, as a check of both the overall structure
type, lattice parameters, and site occupancies.16 Temperature-
dependent XRD data were also measured in situ under the same
conditions of a typical reaction, i.e, as the BZT and SnCl,/SnF,
reactants were heated from 25 to 375 °C within a sealed capillary
under an Ar atmosphere. An initial room-temperature data set was
taken, which was followed by a second data set taken at 250 °C.
Subsequent data sets were taken in 10 °C intervals up to 380 °C. The
dwell time for each step was S0 min.

The high-angle annular dark-field scanning TEM (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (STEM-EDS) elemental
maps of BZT—SZT core—shell particles were recorded with a FEI
Titan Themis STEM instrument operating at 200 keV and equipped
with a Super-X EDS detector in conjunction with a low-background
sample holder to minimize Cu background peaks and maximize X-ray
collection efficiency. EDS data were analyzed using the Velox software
from Thermo Fisher Scientific. Samples were prepared by dropping
freshly prepared dispersions of as-prepared material in Milli-Q water
(sonicated until dispersed) onto a 300 mesh copper grid with a lacey
carbon support film. The water was then allowed to evaporate before
the sample was placed in the sample holder. Focused ion beam (FIB)
slicing to obtain the STEM-EDS cross section of BZT—SZT core—
shell particles was obtained by adhering a small sample of powder to a
holder using Pt. The sample was milled on two parallel sides using a
focused Ga ion beam to form a wafer that was then transferred to a
copper TEM grid holder for imaging.

Ultraviolet—visible (UV—vis) diffuse reflectance data were
measured on a Shimadzu UV-3600 instrument equipped with an
integrating sphere to probe the onset of optical absorption and band
gap sizes. The data were transformed using the Kubelka—Munk, F(R),
function.'” A pressed barium sulfate disc served as the background. A
Ca'"™$n0; source was used for Mdssbauer spectroscopic experi-
ments on the samples reacted with 40% Sn(II) cations, (Bay¢Sny,)-
(ZrysTigs5) O3, and 20% Sn(II) cations, (BaggSny,)(ZrysTigs)Os3. The
measurements were carried out in a standard liquid nitrogen bath
cryostat at 78 K. The source was kept at room temperature. The
sample was mixed with a-quartz and enclosed in small PMMA
containers at an optimized thickness.'® Fitting of the data was
performed by using the WinNormos for Igor6 program package.'’
Samples were further characterized by XPS methods.

The electron spectroscopy instrument is described in detail in refs
20 and 21 and has a base pressure of 107" mbar. The Mg K line (12
kV, 200 W) of a nonmonochromatic X-ray source was used for XPS.
The angle of observation, i.e., the angle between the source and the
analyzer, is 54°. Survey scans were recorded at a pass energy of 40 eV
and were followed by high-resolution scans at a pass energy of 10 eV
for all core electron spectra of all elements constituting the samples
and the valence electron spectra. XPS has a probing depth of ~10 nm
and allows the identification of the relative concentration and
chemical states of an element. The samples were charging during the
acquisition of electron spectroscopy data, and an electron-
compensation flood gun was used when analyzing the samples to
compensate for the charging. The XP spectra were calibrated by
setting the Ti** peak to 458.8 eV, which is close to the binding energy
found for TiO, samples.

lic. Electronic Structure and Total Energy Calculations.
Density functional theory methods were implemented as employed in
the Vienna Ab Initio Simulation Package (VASP; version 4.6) to
calculate the predicted, geometry-relaxed structure of Sn(ZryTiy5)O;
(SZT) and its total energy.n’23 To model its chemical composition
with disordered Ti/Zr atoms on the B site of the perovskite structure,
superstructures were created with dimensions of 4 X 4 X 4 of the
original cubic unit cell [space group Pm3m (No. 221)]. The
superstructure contained a total of 64 Ti/Zr sites, and the B-site
atoms randomly placed within it, giving the SZT composition.
Perdew—Burke—Ernzerhof functionals were utilized within the
generalized gradient approximation and the projector-augmented
wave method. The Brillouin zone was automatically sampled using a 2
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Figure 1. In situ powder XRD of the Sn(II)-exchange reaction (top) upon heating from room temperature to ~375 °C and schematic of the Sn(1I)

exchange occurring at the BZT particles’ surfaces (bottom).
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Figure 2. HAADF, EDS maps, and line scan of core—shell BZT—SZT particles, after FIB cutting, revealing particles formed with a Ba-containing
core and Sn-containing shell. Color maps show the segregated Ba-core and Sn-shell areas, with elemental contributions of O, Ti, and Zr shown
throughout the particles. A line scan (top right) across a single particle shows the segregation of Ba- and Sn-containing regions.

X 2 X 2 Monkhorst—Pack grid. The unit cell and the Sn positions
were fully geometry relaxed (no symmetry restrictions), with 107 and
107 set as the energy and ionic-step convergence criteria,
respectively. Total internal energy calculations were utilized to
calculate the stability of SZT against decomposition to the simpler
oxides, e.g, TiO,, SnO, and ZrO,, using methods as established
previously.”**** The formation energies of the metal oxides were
benchmarked for consistency against values found in the Open
Quantum Materials Database (OQMD), as determined by total
energy calculations within VASP at 0 K.*°

lll. RESULTS AND DISCUSSION

llla. Synthesis and Structural Characterization of
BZT—SZT Core—Shell Structure. Upon initial consideration,
cation exchange of the A site of a perovskite compound may
seem unfeasible because of the relatively densely packed
structure. For this reason, layered or porous structures have
historically been considered the most suitable for exhibiting
facile ion exchange owing to their relatively “open” diffusion
pathways. However, there has been a recent renaissance in the
use of topotactic ion-exchange reactions in close-packed
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structures, which has led to the discovery of a number of
new, metastable functional solids.”” The success of these
reactions often relies upon the maintenance of the underlying
close-packed structure during the exchange process and can be
facilitated via the soft, or low-temperature, exchange
conditions. Inspired by these prior studies, we investigated
the synthesis of core—shell BZT—SZT [Ba(ZrysTiys)O5—
Sn(ZrysTigs)O;3] compositions via low-temperature ion-
exchange reactions, e.g, Ba(ZrysTips)O; + 0.2SnCl, +
0.2SnF, — 0.6Ba(ZrysTips)03—0.48n(Zr,  Tips)Os +
0.4BaCIF. The role of the Sn(II)-based flux, i.e., SnCIF, is to
facilitate cation mobility at low temperatures without
dissolving the underlying perovskite substructure. In situ
powder XRD was used to probe the reaction progress,
illustrated in Figure 1 (top), and shows the ion-exchange
reaction occurs starting at temperatures as low as ~225 °C and
continuing up to ~350 °C. Room-temperature powder XRD
data show the peaks corresponding to the two reactants,
namely, the (110) peak of BZT and SnCIF (both labeled in
Figure 1). The next data set, taken at 250 °C, shows the
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Figure 3. Bright-field and HAADF images of the BZT—SZT core—shell interface showing a single crystalline BZT core and polycrystalline SZT

shell. Red boxes indicate observed lattice fringes in the SZT shell.

disappearance of the SnCIF peaks (mp ~ 197 °C) and the
appearance of three new peaks corresponding to BaCIF (mp ~
1000 °C). This is consistent with the exchange of Sn(II) for
Ba(Il) beginning at these reaction temperatures. Importantly,
the perovskite (110) peak is still present and indicates the
maintenance of the underlying B—O substructure of the
perovskite during the exchange. As the temperature was
increased to 350 °C, there was an increase in the relative
intensity of the BaCIF peaks, but no new peaks were observed.
The mechanism of the exchange of Sn(II) for Ba can be
described as shown in Figure 1 (bottom). The first step of the
reaction begins at ~200 °C, as SnCl,/SnF, melts and coats the
BZT particles. The formation of BaClF from SnCIF is
exothermic (—1028 kJ mol™') and serves as the primary
thermodynamic driving force for the exchange.”® At higher
temperatures, the Sn(II) cations begin to diffuse into the BZT
particles and more completely exchange with Ba(II) cations.
Attempts to synthesize pure SZT, ie, 100% Sn, were
unsuccessful and resulted in significant decomposition via the
formation of SnO and ZrO,. It is also noted that several other
reaction temperatures and times were investigated but led to
either an incomplete reaction (e.g,, temperatures of <350 °C)
or decomposition (e.g, temperatures of >350 °C or longer
reaction times).

Changes in the chemical composition of the BZT—-SZT
particles were probed using TEM methods, shown in Figure 2
and Figures S1 and S2. High-resolution images of representa-
tive particles reveal the core of the particles to be crystalline
and correspond to a Ba-rich region, i.e.,, Ba(Zry3Tiys)Os. Also
observed was a polycrystalline Sn-containing shell at the
surfaces of each particle that is comprised exclusively of Sn, Ti,
Zr, and O, having a composition consistent with Sn(Zr, s Tiy)-
O;. The polycrystalline nature of the SZT shell can be seen in
Figure 3. While the BZT core is single crystalline and aligned
with the beam, only certain subregions on the SZT shell are
aligned as indicated by the red boxes in Figure 3. To
characterize the extent of diffusion of Sn into the particles
more fully, representative particles were FIB-cut to characterize
their cross sections. Representative images and EDS maps are
shown in Figure 2, where there is clear evidence of a Sn-
containing shell (orange color) and a Ba-containing core
(green color). The line scan clearly illustrates that the weight
fraction of Ba sharply decreases starting at ~175 nm from the
particle center. Concurrent with the precipitous decrease in Ba
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concentration was a parallel increase in the amount of Sn,
consistent with the cation substitution of Sn(II) for Ba(II) as
found in the powder XRD data. The intraparticle boundary
between the Ba core and Sn shell is fairly sharp as there is only
an ~30 nm region, located ~190—220 nm from the particle
center, which contains appreciable amounts of both Ba and Sn.
On average, the Sn-containing shell was found to be ~25—100
nm for BZT—SZT core—shell particle sizes ranging from ~500
nm to 1 ym.

The results presented above indicate that, as the SnCIF
melts and reacts at the particles’ surfaces at temperatures as
low as 250 °C, the Sn(II) cations exchange with the Ba cations
with the exothermic formation of the BaCIF salt. However,
chemical diffusion is insufficient under these reaction
conditions to extend throughout the micrometer-sized
particles, thus resulting in a Sn-containing outer shell on all
of the BZT particles. Importantly, this suggests that potential
routes to the synthesis of pure SZT could be to decrease the
primary BZT particle size to better match the Sn diffusion
length observed via TEM or, alternatively, to improve the A-
site cation diffusion such as through chemical doping.”’
Furthermore, the influence of defects and grain boundaries on
the Sn(1I) substitution is still being considered and could play
an important role in the diffusion of the Sn(II) cation. A small
region containing both Ba and Sn indicates that it is possible
for both A-site cations to coexist in a disordered, solid—
solution-type fashion and that the observation of two distinct
regions is simply a consequence of the reaction kinetics. As one
can observe in the line scan in Figure 2, the Sn shell also
contains both B-site cations, Ti and Zr, as well as O. While the
Ti concentration remains relatively constant between the Ba-
containing core and Sn-containing shell regions, there is a
small observed decrease in Zr concentration and a slight
increase in the O concentration when shifting closer to the
particles’ surfaces. These changes are consistent with a small
amount of decomposition and the formation of a small amount
of ZrO, impurity at the surfaces, as observed by powder XRD
of samples heated to higher temperatures where the level of
decomposition was significantly increased. The increasing O
signal intensity at the particle surface could also be the result of
small amounts of surface oxidation of Sn(II) to Sn(IV), as is
described in more detail below.

To probe the crystalline structures of the Ba(Zry;Tiys)O;
(BZT) core and the Sn(ZrysTiy5)O; (SZT) shell, powder

https://doi.org/10.1021/acs.chemmater.2c02192
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XRD data were refined to both a two-phase model (SZT and
BZT) and a single-phase model [BSZT; containing mixed A-
site cations, i.e., (Bal_ySny)ZrolsTiO.SOﬂ for comparison. Both
phases were modeled as cubic perovskites [space group Pm3m
(No. 221)]. Final refined parameters are listed in Table 1, and

Table 1. Refinement Results of XRD Data from the One-
Phase and Two-Phase Models

one phase two phases

parameter BSZT BZT SZT
lattice parameter (A) 4.0927(1) 4.0963(1) 4.088(1)
R, (%) 3.65 3.55
phase fraction 0.99 0.59 0.40
Ba fraction 0.61(6) 1.00“ 0.00“
Sn fraction 0.39(6) 0.00” 1.00¢
Zr fraction 0.491(7) 0.55(3) 0.461(1)
Ti fraction 0.509(7) 0.45(3) 0.53(1)

“Value not refined.

comparisons of the modeled and measured diffraction data are
plotted in Figure 4. Given that both models represent a similar
overall A-site ratio of the Ba and Sn atoms, they naturally lead
to relatively equally good fits of the powder XRD data. The
solid—solution model yields a small R,, of 3.65% with a Ba:Sn
ratio of ~60:40 and a Zr:Ti ratio of ~50:50, consistent with
the average composition of the particles. The refined lattice
parameter of 4.0927(1) A also matches the previously reported
value for (Bag4Sny,)(ZrysTips)Os." The final R, for the two-
phase model is slightly better at 3.55%, with an average Zr:Ti
molar ratio of ~50:50. The SZT phase refined to a slightly Zr-
poorer fraction, which is consistent with the TEM observations
and the formation of small amounts of ZrO,. The refined BZT
and SZT phase fractions were 0.59 (59%) and 0.40 (40%),
respectively, consistent with the reaction stoichiometry and
TEM observations. A remaining minor phase fraction of 0.01
(~1%) corresponded to the presence of the ZrO, impurity.
Furthermore, there was no evidence for the formation of the
ilmenite-type SnTiO; that was recently characterized for the
first time."” The lattice parameter of the BZT component
refined to 4.0963(1) A, while that of the SZT lattice parameter
was found to be slightly smaller at 4.088(1) A. A slight
decrease in the lattice parameter in SZT is consistent with the
substitution of the smaller Sn(II) cation for the larger Ba(II)
cation.

Several other core—shell materials have previously been
investigated via XRD and can serve as a comparison to BZT—
SZT. The predominance of prior examples showed a core and

a shell form that constitute two phases that were easily
distinguishable using powder XRD methods, unlike the case
described above for BZT—SZT. For example, ZnO—ZnS$
core—shell materials have been reported where ZnO forms in a
hexaéonal structure while ZnS crystallizes in a cubic structure
type.” The resulting diffraction pattern clearly showed peaks
for both materials and made for the unambiguous determi-
nation of two distinct phases being present. In another example
of CdSe—CdS, more similar to BZT—SZT, both the core and
the shell had the same wurtzite structure type. In this case,
where both the core and shell crystallize with closely similar
lattice parameters, refinements of the resulting diffraction
pattern cannot be used to clearly distinguish between one- or
two-phase models.”” The CdSe—CdS example is analogous in
that both the BZT core and SZT shell are cubic perovskites
with similar lattice parameters. Therefore, XRD’s inability to
distinguish between the core—shell and solid—solution models
in this scenario are expected and can be attributed to the fact
that the peak intensities of the X-ray diffraction pattern
represent an averaged distribution of atomic scattering. The
atomic scattering can be represented by an averaged scattering
present within a crystalline structure with atomic-site disorder
[ie, (BageSng4)ZrysTipsO;] or the sum of two phases (ie.,
0.6BaZr0_5Ti0_503—0.4San0.5Ti0.503).3’1 In a scenario where
the core and shell have the same structure and practically
identical lattice parameters, electron microscopy is useful for
distinguishing between a two-phase core—shell model or a one-
phase model containing atomic-site disorder.

As described above, both the BZT core and SZT shell were
found to maintain the perovskite-type structure. The Sn(II)-
exchanged SZT nanoshell, however, was found to contain
many polycrystalline domains (Figure 3) that could not be well
isolated and indexed by selected area electron diffraction.
Rietveld refinements of the BZT and SZT phase fractions in
the two-phase model were consistent with the expected loaded
stoichiometry for a crystalline SZT nanoshell with a perovskite-
type structure. As a test of the sensitivity of the refinements to
the presence of Sn in the structural model, refinements of the
disordered model of (Bay¢Sny 4)(ZrysTiys)O5 were attempted
in which the Ba:Sn A-site occupancy ratio was fixed to 100:0.
These resulted in an R, of ~11%. Next, the Ba:Sn ratio was
allowed to refine, yielding a significantly smaller R, of ~4%
and a Ba:Sn ratio of ~60:40. The combined results of the XRD
and TEM measurements thereby showed the highest
consistency with a polycrystalline SZT nanoshell over a BZT
core, with both phases having a cubic perovskite-type structure
and nearly identical lattice parameters. Further questions that
probed below include the oxidation state of Sn(II) versus

—+— Observed
— Calculated
—— Difference

(110)

Intensity (a.u.)

Intensity (a.u.)

—+— Observed
Calculated
—— Difference

(110)

T
26 (%)

Figure 4. Rietveld refinement plots of the measured diffraction pattern compared to (left) the disordered BSZT model and (right) the BZT—SZT
core—shell model. Miller indices for the perovskite(s) and ZrO, are labeled in blue/blue gray and orange, respectively.
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Figure S. Energetic schematic of the formation of the SZT as a nanoshell covering a BZT particle, i.e., Ba(ZrysTip5)O; + 0.4SnCIF —
0.4Sn(ZrysTiy5)O5 + 0.6Ba(ZrysTiy5)O; + 0.4BaClF, followed by the decomposition pathway to the ground state to give BaO, SnO, ZrO,, and

TiO,.

Sn(IV), the potential structural displacement of the Sn(II)
cation arising from its stereoactive lone pair, and the changes
in the optical absorption and band gap.

llib. Energetics of Forming a Nanoshell of Metastable
SZT. While the preparation of Sn(II)-containing perovskite
oxides, e.g., Sn(ZrysTigs)O; (SZT), has represented a well-
established and synthetically intractable problem, the under-
lying thermodynamics have not been fully explored. Using
prior published procedures,”**** the thermodynamics of the
BZT—SZT reaction are depicted in Figure 5. These data are
plotted as a change in total internal energy as compared to the
reactants BZT and 0.4SnCIF. As illustrated, formation of SZT
is highly energetically uphill as compared to that of BZT by
+1000 meV formula™. The energetic penalty to form SZT is
thermodynamically offset by the formation of BaClF from
SnCIF of —1120 meV formula™. Therefore, the net reaction
for the formation of the BZT—SZT core—shell particle is
favorable by —120 meV formula™. In situ PXRD, which shows
the spontaneous formation of BaCIF upon the melting of
SnCIF, supports these calculations that the formation of BaCIF
is exothermic and drives the formation of SZT. As expected,
SZT is metastable toward decomposition to the simpler oxides.
The calculated metastability for SZT in this reaction is
equivalent to approximately +500 meV atom™, which is much
greater than the prior highest achieved metastability of
approximately +300 meV atom ™" Furthermore, the calculated
metastability of SZT reflects the experimental evidence that
shows heating BZT—SZT above the synthesis temperature of
350 °C leads SZT to decompose to its binary oxides.®

Given the energetically favorable pathway for the decom-
position of SZT, there must be a substantial kinetic
stabilization that facilitates its formation. Its kinetic stabiliza-
tion can likely be attributed to two key factors. The first is that
the large lattice cohesive energy of the BZT precursor enables
the B—O substructure to be stabilized during the cation-
exchange reaction. As discussed in recent computational
studies, the intuitive idea is that stronger bonds lead to a
greater ability to “lock in” higher-energy atomic configurations.
This concept was formulated after an analysis of ~30000
compounds in the Materials Project Database that found that
the most synthesizable metastable compounds tend to be those
with high lattice cohesive energies.”> The high cohesive
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energies of these perovskites are reflected in their high melting
points, e.g., 1618 °C for BaTiO; and 2705 °C for BaZrO,, >
where the melting point is directly related to the lattice
cohesive energy through Lindemann’s criterion for melting.*
The second factor is that the low synthesis temperature
significantly hinders the requisite ion diffusion that is required
for SZT decomposition. As SZT is metastable versus a ground
state consisting of its binary oxides SnO, TiO,, and ZrO,, there
is a significant amount of atomic diffusion and/or rearrange-
ment that must occur to enable this phase segregation. The
necessity for this atomic diffusion on the bulk scale, combined
with the relatively low synthesis temperature, serves to
kinetically stabilize the SZT nanoshells. Similar to the concept
of increasing the lattice cohesive energy, metastable com-
pounds that decompose via phase segregation have been
shown to have an increased synthesizability, thus a higher
degree of metastability, compared to those that simply undergo
a polymorphic transformation.’”> Taken together, these
concepts can help to identify and unlock the pathways to
metastable compounds that might otherwise be considered too
thermodynamically unstable to represent viable synthetic
targets.

lllc. Spectroscopic Characterization. In addition to the
result of a decreased thermodynamic stability, the exchange of
Ba(II) for Sn(II) cations on the A site of the A(Zry Tiys)O;
perovskite oxide could potentially be expected to yield subtle
changes to the local coordination environments, as well as
possible changes in the oxidation states [i.e., Sn(II) vs Sn(IV)]
and/or modulation of its optical properties. For example, the
stereoactive lone pair of the Sn(II) cation has been predicted
in many prior theoretical studies to yield a distortion of its
local coordination environment in the perovskite struc-
ture.'"”"” In addition, the Sn(II) cation has been found to
be relatively easily oxidized at the surfaces upon exposure to
water.® Conversely, the higher energies of the 5s* electrons of
the Sn(II) cation have previously been shown to yield
significantly smaller band gaps and visible-light photocatalytic
activity for water-splitting reactions. To probe and more deeply
understand these changes within the SZT nanoshells, ''*Sn
Mossbauer, UV—vis diffuse reflectance, and X-ray photo-
electron spectroscopy were employed on the BZT—SZT core—
shell particles.
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Figure 6. ''°Sn Mdssbauer spectra for BZT—SZT products with 40% Sn (top left) and 20% Sn (top right) loading in the reaction, showing the
relative molar fractions of Sn(II) and Sn(IV) cations. At the bottom left is a high-resolution TEM image of the outer surface of the SZT shell with a
thin amorphous layer that contains oxidized Sn(IV) cations, and at the bottom right are the calculated molar fractions of the BZT core, SZT shell,
and oxidized outer layer assuming a 1 ym diameter spherical particle and a 10 nm oxidation layer. The SZT thickness was 80 and 40 nm for 40% Sn
and 20% Sn, respectively, which is consistent with the Mossbauer spectroscopic data.

The oxidation state of Sn was investigated using ''°Sn
Mossbauer spectroscopy, as shown in the spectra in Figure 6,
for flux reactions loaded with 20% and 40% Sn. The 20% Sn
composition was prepared to serve as a comparison to the 40%
Sn composition. The fitted parameters to the spectra are listed
in Table S1. The data show the presence of both Sn(IV) and
Sn(II), with the majority of the signal corresponding to Sn(1I)
cations in each sample. This confirms that the Sn remains
predominantly in the +2 oxidation state after undergoing the
flux-exchange reaction. The minority Sn(IV) fraction in each is
attributed to surface oxidation of Sn(II) cations that occurs
during the washing step to remove the BaCIF side products.
This is consistent with prior studies on ilmenite-type SnTiO;,
which was likewise ascribed to surface oxidation from washing
with deionized water.’® The TEM image of the SZT surface,
shown in Figure 6 (bottom left), revealed a thin ~5—10 nm
amorphous layer that can be attributed to the partial oxidation
of the Sn(II) cations in the near-surface regions of the
particles. EDS maps and a line scan for the image are shown in
Figure S3. This amorphous layer of oxidation appears to be
surface limited, while the subsurface SZT remains unoxidized
as Sn(II) and polycrystalline.

The observed increase in the Sn(IV) fraction from 13% to
32% correlates inversely with the amount of Sn(II) loaded into
the sample, i.e., for the thicker (40% Sn) and thinner (20% Sn)
SZT shells, respectively. As a greater amount of Sn(II) is
exchanged into the BZT core, the SZT shell extends deeper
into the particle and leads to a decrease in the fraction of Sn
present at the surface that can be oxidized. The extent of
surface oxidation was modeled using the calculated volume
fractions of a spherical particle (1 ym diameter), yielding the
results shown in Figure 6 (bottom right). For the 40% Sn and
20% Sn BZT—SZT particles, shell thicknesses of 80 and 40 nm
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were used, respectively, while a 10 nm oxidation layer was
assumed for both, consistent with the TEM data. This yielded
calculated volume fractions of the SZT shell and BZT core,
which were closely consistent with the experimentally
determined ratios. The calculated volume fraction of the
Sn(IV) in the oxidized surface region was calculated to be
~14% for the 40% Sn-loaded sample and ~27% for the 20%
Sn-loaded sample. These surface fractions closely match the
measured Sn(IV) and Sn(II) fractions from the Mossbauer
spectroscopic data. Thus, the larger amount of oxidized Sn(IV)
cations in the 20% Sn-loaded SZT-BZT sample arises because
of its greater fraction exposed at the surfaces in the thinner
SZT shells, showing the oxidation of Sn(II) is surface restricted
rather than extending into the bulk. Alternately, if the oxidation
of Sn(1I) occurred throughout the bulk of the particles, then
the 40% Sn-loaded samples would show the largest amount of
Sn(IV). However, this is in contradiction with the Mdssbauer
spectroscopic data.

The observed quadrupole splitting in the "*Sn Mdssbauer
spectroscopic data, shown in Table S1, also suggested that the
Sn(1I) coordination is likely slightly distorted within the A site
of the perovskite-type structure. Recent reports on the
exchange of Sn(II) cations into a layered Ba perovskite show
the preference for the Sn(Il) cations to occupy asymmetric
coordination sites to accommodate its stereoactive lone pair.’’
On the basis of the '?Sn M&ssbauer data and the literature, it
is perhaps likely that SZT actually crystallizes as a pseudocubic
structure rather than an ideal cubic perovskite, with minor
random displacements of the Sn(II) cation. A possible
explanation for the presence of the Sn(II) lone pair within
the structure is that the smaller Sn(II) cation (~0.93 A) sits
within an A site vacated by the larger Ba cation (1.36 A), which
in turn allows the Sn(II) cation to undergo a displacement to
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Figure 7. BZT structure as a cubic perovskite determined from Rietveld refinement of X-ray diffraction data shown as a 4 X 4 X 4 supercell where
the Ba cations have symmetric 12-fold coordination to O (left). The BZT structure served as the starting model for SZT DFT relaxation. DFT-
relaxed SZT structure as a pseudocubic perovskite showing random Sn(II) displacement that is induced by its stereoactive lone pair (right). Only

Sn atoms were allowed to move while the B—O substructure was left unaltered from the BZT parent structure.
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Figure 8. Tauc plots of UV—vis DRS data for pure BZT and core—shell BZT—SZT particles for the indirect band gap transition (top left), their
respective valence band edge spectra (top right and bottom left; the data points used for fitting the valence band cutoff are colored green), and
schematic of the densities-of-states diagrams as the conduction and valence bands are aligned among the SZT shell, mixed region, and BZT core

(bottom right).

better accommodate its lone pair. Geometry relaxations of the
cubic SZT structure using DFT methods showed random
distortions of the Sn(II) cations, as illustrated in Figure 7 for
one example. Generally, these displacements had relatively
small to no energetic impact on the total energy, with random
distortions leading to its observed pseudocubicity. A relatively
flat energetic landscape of randomly displaced Sn(II) cations is
thus observed within the perovskite structure.

The BZT—SZT core—shell particles exhibit an orange color
after the Sn(II)-exchange reactions, suggesting a significant
red-shift of its band gap into the visible regions that is
consistent with prior reports.” Optical UV—vis diffuse
reflectance measurements were taken on powdered samples
to determine the band gaps of the starting BZT and BZT—SZT
core—shell particles. As shown in Figure 8, both Tauc plots
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show that the lowest-energy band gap transitions are indirect
with respective values of ~3.39 and ~2.23 eV. Thus, the outer
shell of SZT has a band gap that has been red-shifted by ~1.2
eV. To probe the origins of the change in its band gap, valence
band XPS data were measured for both BZT and BZT—-SZT
(illustrated in Figure 8). The valence band cutoffs were
determined by extrapolating the slopes of the intensity to the
baseline. These data show that the energy of the valence band
edge of BZT—SZT has been shifted to higher energies by
~1.07 eV compared to that of pure BZT. This measured
difference in the edges of the valence bands is nearly equal to,
within error, the change in band gap measured by UV—vis
diffuse reflectance. Thus, this result supports prior calculations,
showing that the nature of the reduced band gap energy of the
Sn(II)-containing compounds is derived from an increase in
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the valence band energy as a consequence of the new Sn 5s/O
2p antibonding interactions.”**’

The resultant band edge positions suggest a likely
mechanism for enhanced charge separation of the light-
generated excitons within core—shell BZT—SZT particles, as
illustrated in Figure 8 (bottom left). As confirmed by the
valence band XPS, the valence band energy of the SZT shell is
significantly higher than that of the BZT core. Therefore,
photogenerated holes will potentially be preferentially driven
to the SZT shell at the surface where they can be used to drive
oxidation reactions, such as molecular oxygen from water.
Additionally, because the conduction bands of the BZT core
and SZT shell are both derived from the same Ti 3d states,
their conduction bands are at essentially closely similar
energies. Because of the n-type nature of SZT, as described
previously,” the band bending at the semiconductor—electro-
lyte interface will likely cause electrons to diffuse from the
surface within the depletion region. While applicable to BZT—
SZT, this strategy of fabricating core—shell particles to drive an
effective separation of electrons or holes is potentially
applicable to many other combinations of semiconductor
photocatalysts.

IV. CONCLUSIONS

A Sn(Il) perovskite oxide, Sn(Zr,Tiy5)O;, has been
synthesized for the first time in the form of a nanoshell over
a Ba(ZrysTiy5)O; core. The presence of the perovskite SZT
shell was probed via X-ray diffraction and TEM/EDS methods.
The Sn(II) perovskite is highly metastable with respect to its
more stable binary oxides by +0.500 eV atom™'. Despite the
thermodynamic instability, the successful synthesis of SZT is
attributed to the strong kinetic stabilization afforded by the
high lattice cohesive energy of the underlying perovskite “BO;”
substructure, as well as the kinetic barriers to cation diffusion
that would be required for decomposition to take place. The
low reaction temperatures, enabled by the low-melting SnCIF
flux, help facilitate this kinetic stabilization by suppressing
cation diffusion during the exchange reaction. ''”Sn Mossbauer
spectroscopy confirmed the oxidation state of Sn to be
predominantly +2, while surface oxidation leads to a thin layer
of Sn(IV). Compared to the parent BZT, the new SZT has a
red-shifted band gap of ~1.16 eV down to ~2.23 eV that can
facilitate new visible-light absorption. This observed red-shift
was attributed to the insertion of a higher-energy valence band
as found by valence band photoelectron spectroscopy. The
higher-energy valence band of the surface SZT can lead to a
strong driving force for photogenerated holes to reach the
particle surface to drive oxidation reactions. The successful
synthesis of SZT reveals a generalizable strategy for the
preparation of functional and highly metastable oxides.
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